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Abstract. Since the concept was first introduced by Brian Chait and co-workers in 1991,
mass spectrometry of proteins and protein complexes under non-denaturing conditions
(native MS) has strongly developed, through parallel advances in instrumentation, sam-
ple preparation, anddataanalysis tools.However, the success rate of nativeMSanalysis,
particularly in heterogeneous mega-Dalton (MDa) protein complexes, still strongly de-
pends on careful instrument modification. Here, we further explore these boundaries in
native mass spectrometry, analyzing two related endogenous multipartite viruses: the
BromeMosaic Virus (BMV) and theCowpeaChloroticMottle Virus (CCMV). BothCCMV
and BMV are approximately 4.6 megadalton (MDa) in mass, of which approximately 1
MDA originates from the genomic content of the virion. Both viruses are produced as

mixtures of three particles carrying different segments of the genome, varying by approximately 0.1 MDA in mass
(~2%). This mixture of particles poses a challenging analytical problem for high-resolution native MS analysis, given
the largemass scales involved.We attempt to unravel the particle heterogeneity using bothQ-TOFandOrbitrapmass
spectrometers extensively modified for analysis of very large assemblies. We show that manipulation of the charging
behavior can provide assistance in assigning the correct charge states. Despite their challenging size and heteroge-
neity, we obtained nativemass spectra with resolved series of charge states for both BMV andCCMV, demonstrating
that native MS of endogenous multipartite virions is feasible.
Keywords: Native mass spectrometry, Virus, Genome, Brome Mosaic Virus (BMV), Cowpea Chlorotic Mottle Virus
(CCMV), Q-TOF, Orbitrap
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Introduction

M ass spectrometry of protein complexes under non-de-
naturing, near-native conditions (native MS) has ad-

vanced strongly since the concept was first reported by Brian
Chait and co-workers in 1991 [1]. These advances were made
possible by important technical developments, mainly through
extension of the achievable upper mass (and m/z) ranges, the
optimization of nanospray ionization sources, and improve-
ments in the mass resolving power. Equally important have
been improvements in sample purification and handling
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protocols, data analysis and interpretation algorithms, and soft-
ware solutions [2–5]. As such, native mass spectrometry now
often becomes integrated in workflows in biology and chem-
istry (sometimes in combination with other mass spectrometric
and structural biology methods) to obtain structural informa-
tion on proteins and protein complexes [6–14]. Our group as
well as others expanded the repertoire of samples measurable
from smaller soluble proteins in the kilodalton (kDa) range,
through more heterogeneous protein assemblies obtained by
affinity purification, to membrane embedded protein com-
plexes and virus capsids in the megadalton (MDa) range [15–
19]. Although the limits of what is measurable have been
stretched and extended greatly, a number of technical and
experimental challenges remain. Notably, the success of ana-
lyzing heterogeneous assemblies depends greatly on the size of
the system and level of heterogeneity. Endogenous viruses
pose both these challenges, as they are not only extremely large
(diameter >25 nm, mass >1 MDa) but also commonly exhibit
natural heterogeneity because of the genomic or proteinaceous
cargo they encapsulate. Although for many viruses the compo-
sition of the capsid is known in detail from high-resolution
structural analysis with X-ray crystallography or cryo-electron
microscopy, the composition of encapsulated nucleic acid or
proteins is less well characterized. The encapsulated cargo of a
virus particle often does not adhere to the same high order of
symmetry as the icosahedral capsid does and variations be-
tween individual particles will average out in the analysis. To
obtain a more comprehensive understanding of the composi-
tion of a virus particle, including details about the encapsulated
cargo, orthogonal approaches to high-resolution structural
analysis are thus required. Here, we use native mass spectrom-
etry to analyze two closely related endogenous heterogeneous
protein–nucleic acid assemblies; the multipartite plant viruses
Cowpea Chlorotic Mottle Virus (CCMV) and Brome Mosaic
Virus (BMV).

CCMV and BMV share a number of important biochemical
and biophysical features (Figure 1). Both belong to the
bromoviridae family and contain positive sense single stranded
RNA (ssRNA) genomes that are packaged into a non-
enveloped icosahedral T=3 capsid consisting of 180 copies
of the capsid protein (CpCCMV or CpBMV) [20–22]. A main
difference between BMV and CCMV is the virus host organ-
ism, Cowpea plants for CCMV and grasses for BMV [20].
Their capsid proteins are highly homologous, sharing 70%
sequence identity and the masses of the Cp monomers differ
less than 50 Da. Both capsid proteins adopt a common
Bjellyroll^ fold and are structurally highly homologous. CCMV
and BMV are multipartite viruses, which mean that the end
result of infection is a mixture of particles that consist of the
same protein capsid encapsulating different segments of the
genome (Figure 1e). In both BMV and CCMV, three distinct
particles are formed that are all required for infectivity [23, 24].
The viruses package RNA1 and RNA2 separately but co-
package RNA3 and a sub-genomic RNA4 [25]. No other
proteins are packaged in the virions and infection readily
occurs through mechanical inoculation [20, 26]. A segmented

genome is commonly believed to provide the opportunity for
genetic reassortment, thus increasing diversity [27]. Addition-
ally, multipartite genomes allow viruses to encode more infor-
mation while keeping the size of the packaging capsid small.
Recently, however, Vaughan et al. proposed that partitioning
also helps leveraging the differences in the RNA/protein inter-
action to regulate processes leading to replication [28]. There-
fore, the ability of distinguishing between different genomic
cargoes encapsulated is an essential first step in pursuing
studies aimed at following the fate of each of the particles
during the virus life cycle or its laboratory equivalent.

In this paper, we test whether and how we are able to dissect
the mass heterogeneity in BMV and CCMV by high resolution
native mass analysis making use of both quadrupole time-of-
flight (Q-TOF) and Orbitrap mass analyzers and organic addi-
tives to manipulate the charging of these assemblies during the
electrospray process.

Experimental
CCMV and BMV were purified after infection in Cowpea and
Nicotiana benthamiana plants, respectively, as previously de-
scribed in detail [29–31].

Sample buffers were exchanged to mass spectrometry buffer
using centrifuge filter units (Millipore, Darmstadt, Germany).
Typically, either 50 mM ammonium acetate at pH 5.0 (CCMV)
or 100 mM ammonium acetate pH 7.3 (BMV) was used for
mass analysis. For spectra acquired under charge reducing con-
ditions, buffers were the same but with the addition of 25 mM of
triethylammonium acetate (TEAA). Small aliquots of the sample
(at approximately 2 μMbased on the monomeric capsid protein)
were infused into the mass spectrometer using nano-electrospray
sources consisting of gold-coated borosilicate capillaries that
were produced in-house. Native MS experiments were per-
formed on quadrupole time-of-flight (Q-TOF, MS vision;
Waters, Manchester, UK) or Orbitrap EMR mass spectrometers
(Thermo Scientific, Bremen, Germany) modified for the analysis
of high molecular weight proteins [2, 32, 33]. In both instru-
ments, Xenon was used in the collision cell. Typical Q-TOF
settings were: 1300–1500 V capillary voltage, 100–200 V cone
voltage, 250 V collision energy, 10 mbar source pressure and
2×10–2 mbar collision gas pressure. Tandemmass spectrometry
experiments were acquired with up to 50 V extraction cone
voltage and 400 V collision energy. Typical Orbitrap EMR
settings were: 1300 V capillary voltage, 200 V extended trap-
ping, 1×10–9 bar ultra-high vacuum pressure, 250–500 ms
injection time, and FT resolution 4000 at 200m/z. Spectra were
analyzed using Masslynx 4.1 (Waters, for Q-TOF spectra) or
Xcalibur 2.2Qualbrowser (Thermo Scientific, for Orbitrap EMR
data). Instruments were calibrated using CsI clusters.

Simulation of mass spectra was performed using the
SOMMS package [34], which generates charge state envelopes
for a user-defined envelope width, peak width, mass, and
charge state range. In general, the position and width of the
charge states envelope were set to match experimental data as
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much as possible. The peak width was estimated from the
experimental data. The relative abundance of the different
components was set equally unless the simulated spectra were
used to estimate the relative abundances from an experimental
spectrum.

Results and Discussion
The masses of the BMV and CCMV capsid proteins were
determined from spectra of denatured monomeric CpCCMV

and CpBMV to be 20,251 and 20,295 Da, respectively (data
not shown). These measured masses hint at the removal of the
initiator methionine and N-terminal acetylation for both Cp’s
(theoretical masses of 20,254.33 and 20,295.47 Da for CpCCMV

and CpBMV respectively). No other forms of the capsid proteins
could be detected. Based on these data and the expected ge-
nome content, we generated a table with the theoretical masses
for the three distinct intact BMV and CCMV particles
(Table 1).

We initially recorded native mass spectra of BMV on a
modified Q-TOF instrument (Figure 2a). The exact m/z posi-
tion of the BMV signal varied strongly between experiments

(23,000–28,500m/z) and seemed to be largely dependent on
the angle of the electrospray needle relative to the mass spec-
trometer entrance. This variation is more commonly observed
when using Z-spray sources but varies from analyte to analyte.
In the majority of the spectra, the most abundant charge state
envelopes were present around 26,000m/z. However, in all
cases, less abundant charge distributions were detected at
higher m/z, with approximately 10% lower charge. This signal
persisted at low collisional activation, indicating that they are
not (merely) a result of initial gas-phase dissociation. As these
low abundant distributions are often convoluted by more abun-
dant distributions and dissociation products, we focused our
analysis mainly on the higher charged distribution appearing at
lower m/z. Initial analysis of the spectrum in Figure 2a indicat-
ed the presence of three distinct species. Charge state assign-
ment was confident for two of the species, resulting in masses
of 4575.2±0.5 and 4618.9± 0.7 kDa, which matched well
with the expected masses for RNA2 and RNA3+4 particles,
respectively. The charge state assignment of the third species
was more ambiguous, and was determined as either 4710.3
± 1.3 or 4684.9 ± 1.0 kDa, which corresponds to a charge
difference of 1z. Nonetheless, this is in good proximity of the
expected mass for an RNA1 filled BMV particle. Based on

Figure 1. Structural and genomic composition of Brome Mosaic Virus (BMV) and Cowpea Chlorotic Mottle Virus (CCMV). (a)
Structure of the protein capsid of BMV (based on PDB entry 1JS9) shows high similarity with (b) the structure of CCMV (PDB entry
1CWP). (c) This similarity becomes even more apparent when the asymmetric trimeric units (BMV in red, CCMV in blue) are overlaid.
The characteristic Bjellyroll^ folds can be seen here. (d) Alignment of BMV and CCMV capsid protein sequences shows high
homology (70% sequence identity). (e) Schematic representation of the genomic architecture of BMV and CCMV. End results of
infection are a mixture of particles carrying different segments of the single stranded RNA. RNA1 and RNA2 are packaged
separately, whereas RNA3 and RNA4 are co-packaged. All protein structures were rendered using PyMol software
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the measured masses, we simulated spectra for the different
species using the software package SOMMS (Supplementary
Figures S1 and S2) [34]. This allowed approximation of the
relative levels of the three components as 1.5:1:1
(RNA3+4:RNA2:RNA1, respectively). This is close to the
values obtained from gel electrophoresis densitometry
(1.5:1:0.7, Supplementary Figure S4).

We additionally acquired spectra of the BMV virions on the
Orbitrap EMR mass spectrometer (Figure 3) [2, 33]. We often
observe that large complexes retain more charges when
sprayed on the Orbitrap instrument, compared with the Q-
TOF instrument. Although we cannot fully explain this, we
suspect it to be due to a different design of the source and the
different desolvation characteristics in both instruments. The
resulting charge state envelope on the Orbitrap centers around
23,000m/z and is clearly base-line resolved, but appeared to

contain only a single component related to a particle with a
mass of 4621 kDa, which we assigned as the RNA3+4 packed
BMV virion. The RNA2- and RNA1-containing particles are
most likely not resolved at the current instrument resolution
because of a combination of factors. First, the retention of more
charges causes charge states to be more closely positioned to
each other, leaving less free space for multiple components.
Second, in the current m/z region, the charge states of the three
particles are predicted to cluster more closely together in
groups of three (see also the simulations in Figure 3b). Finally,
the more abundant RNA3+4 peaks are predicted to be posi-
tioned on the left side of these clusters so any tailing of these
peaks can overlap with the RNA1 and RNA2 charge states.

Both the mass measurement and the quantification of the
different BMV particles, but in particular the RNA1 virion, are
hampered by the significant overlap in the charge states of the

Table 1. ExpectedMasses for CCMV and BMVVirions. Protein Mass is Based on Assumed Sequences and Processing after Comparison with Masses Obtained by
Mass Spectrometry Under Denaturing Conditions. RNA Lengths and Sequences are Taken from the Viper Database. Masses are in Dalton and RNA Lengths in
Number of Nucleotides

CCMV
Particle Protein copies Protein mass RNA length RNA mass Total mass
RNA1 180 3645401 3171 1020949 4666351
RNA2 180 3645401 2774 892246.9 4537648
RNA3/4 180 3645401 2173/824 964450.8 4609852
BMV
Particle Protein copies Protein mass RNA length RNA mass Total mass
RNA1 180 3653190 3234 1041798.7 4694989
RNA2 180 3653190 2865 921040.4 4574230
RNA3/4 180 3653190 2111/876 961774.4 4614964

Figure 2. Native mass spectra of BMV endogenous virions acquired on a quadrupole time of flight instrument. (a) BMV sprayed
from aqueous ammonium acetate and (b) sprayed from a mixture of ammonium acetate and triethylammonium acetate. In this
particular case, charge reduction through triethylammonium acetate addition lowers the number of particles that are resolved
although the spacing between the charge states is increased. Insets: magnified regions of the boxed areas of the spectra, with peaks
corresponding to three charge states of the three distinct BMVparticles colored. The charge state assignments for themiddle charge
states are indicated at the top
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different particles. Therefore, we attempted to move the BMV
ion signals to higher m/z by reducing the charge they attain in
the ESI process. A method to reduce the charge states of
proteins in the gas phase is through addition of proton-
scavenging compounds that have high gas-phase basicity to
the spray buffer. Several of these compounds have been report-
ed in literature but have to be used with caution especially
when measuring high molecular weight proteins [35, 36]. They
are generally not as volatile as the commonly used ammonium
acetate and can cause extensive adduct formation, resulting in
peak broadening and loss of mass resolving power. To circum-
vent this, we chose to add 25 mM of triethylammonium acetate
(TEAA) prior to injection in the mass spectrometer, as this

compound is volatile and has a similar pKA as ammonium
acetate. When applied on the Q-TOF instrument, this shifted
the center of the charge state distribution to approximately
29,500m/z through a loss of around 12% of the initial charge
in ammonium acetate (Figure 2b). In the resulting spectrum, we
were able to detect two distinct species and assigned their
masses as 4576.9±0.3 and 4620.3±0.3 kDa, in good agree-
ment with the RNA2 and RNA3+4 masses. Simulation of the
BMV masses indicated that in this m/z region, it is most likely
not possible to resolve RNA1 from the other two particles,
especially since it overlaps mainly with the RNA2 signal
(Supplementary Figure S3).

Up to this point, we succeeded to confidently identify
RNA2 and RN3+4 loaded BMV virions. In an ultimate at-
tempt to identify RNA1 particles, we performed tandem MS
experiments on both BMV sprayed from aqueous ammonium
acetate or an ammonium acetate/triethylammonium acetate
mixture (Figure 4). TandemMS, in combination with collision
induced dissociation, is a commonly used tool in native mass
spectrometry of protein complexes. It assists in identifying
components of the complex by making use of the principle of
asymmetric charge partitioning. As the protein complex ions
collide with the inert gas molecules, single subunits are unfold-
ed and ejected, appearing at low m/z (the low mass product).
The high mass product, essentially the complex missing the
ejected subunit, moves to higher m/z as it has a reduced charge
density. For virus capsids, generally homo-oligomers, loss of
multiple monomeric subunits is often detected, resulting in
high mass products with increasingly higher m/z. As the quad-
rupole selection efficiency of ions with close to 30,000m/z is
rather poor, we had to perform the CID of the TEAA treated
samples by selecting the full charge state envelope. Loss of up
to three CpBMV subunits was detected for the ammonium
acetate samples, whereas in the triethylammonium acetate
samples it was limited to loss of two subunits, primarily be-
cause the maximum collision energy was reached. Although
especially in the products around 33,000m/z there seemed to
be multiple species present, only two could be confidently
assigned as RNA2 and RNA3+4.

As described above, BMV and CCMV are highly similar
viruses, both structurally and genomically. Therefore, we
continued our native MS experiments on endogenous CCMV
virions using a Q-TOF mass spectrometer. We detected a
relatively broad charge state envelope around 26,000m/z,
which is in good agreement with estimations based on a 4.5
MDa particle (Figure 5a). In addition, we analyzed the sam-
ple under similar conditions in an Orbitrap EMR with ex-
tended mass range (Figure 5b). Both Q-TOF and Orbitrap
spectra shown here of CCMV only show a single series of
charge states in the spectrum, in agreement with what we
previously reported [2]. Based on the expected masses in
Table 1, we simulated mass spectra of the three CCMV
particles theoretically present in the spectrum (Figure 6a).
This clearly shows that at the m/z position where CCMV
ion signals are located, around 26,000m/z, resolving the three
types of particles that are putatively present requires a higher

Figure 3. (a) Native mass spectra of BMV on the Orbitrap EMR
with extended mass range. (b) Top: Enlargement of the region
around 22,750m/z a shows single series of well-resolved
charge states. However, only a single mass could be assigned
from this envelope. Bottom: Simulation of the theoretical
masses of BMV in the same region indicates close positioning
of the peaks belonging to the different BMV particles
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mass resolving power than is feasible with the current gen-
eration of instruments. This requirement for high resolution is
not so much a result of small mass differences between the
particles as it is due to significant overlap of the charge state
positions of the three particles. Therefore, we hypothesized
that shifting the different species to a m/z other than 26,000
could allow a better separation of the individual types of
particles. To achieve asymmetric charge partitioning, all-ion
fragmentation of CCMV was performed using over 250 V
collisional activation in the Q-TOF’s Xenon filled collision
cell (Figure 5c). Surprisingly, inspection of the low m/z
region of the spectrum (inset) indicated that instead of
unfolding and ejection of CpCCMV monomers, backbone
fragmentation was favored. Thus, very limited charge reduc-
tion was detected. Alternatively, addition of TEAA to the
spray buffer resulted in an approximate loss of 25% of the
charge on the CCMV particles, giving rise to signal around
35,000m/z, instead of 26,000m/z (Figure 5d). Although at
least one clear series of charge states could be detected in this
spectrum, the corresponding mass (4622 kDa) could not be
assigned unambiguously to one of the expected CCMV par-
ticles. Additionally, simulated spectra at this m/z position
(Figure 6b) showed strong overlap for the peak positions of
RNA2 and RNA3/4 particles. Although peaks for RNA1
particles seem better positioned, it still depends on their
relative abundances and the mass resolving power whether
the different components can be distinguished.

In this paper, we explore the capabilities of separating and
analyzing very large heterogeneous particles ( i.e., the endog-
enous multipartite virions of CCMV and BMV) using four
different native mass spectrometry approaches. To our

knowledge, the collection of native mass spectra of genome-
containing virion samples in literature is quite limited [37].
Viral genomes are very diversely organized through nature
and it is commonly accepted that each different organization
provides some benefit during the lifecycle of the associated
virus. Advantages of the genome segmentation as is present in
multipartite viruses such as BMV and CCMV include in-
creased stability, enhanced replication rate, and increased ge-
nome recombination. A disadvantage is the requirement of all
particles for successful infection and any demands that this has
on the timing of the production of the different particles during
the infection cycle [38–40]. An intrinsic part of understanding
multipartite virus biology is the measurement of the ratios of
the different particles (genome segments) that are naturally
produced during infection. Although this is commonly done
through agarose gel electrophoresis, the native MS approach
described here can potentially complement this data. For BMV
and CCMV, these experiments can additionally confirm the co-
packaging of the RNA3 and RNA4 segments. Native mass
spectrometric analysis of such virions is challenging for a
number of reasons. Although CCMV and BMV are highly
similar, the results obtained for the two viruses showed quite
some differences. One striking aspect was the gas-phase frag-
mentation behavior: CpCCMV backbone fragmentation in
CCMV but ejection of CpBMV monomers for BMV. This can
be an indication of structural differences between the protein
capsids or their interaction with the genome. Regardless, it
imposes an extra difficulty in the nativeMS analysis of CCMV
as it introduces additional heterogeneity in the precursor spec-
trum and prevents efficient asymmetric charge partitioning in
the tandem MS spectrum. The heterogeneity in the BMV and

Figure 4. Tandem MS spectra acquired on a quadrupole time-of-flight instrument of BMV sprayed from aqueous ammonium
acetate (a) or an ammonium acetate–triethylammonium acetate mixture (b). Collision induced dissociation results in sequential loss
of CpBMV subunits, resulting in distinct product ions that are colored in the spectrum. The precursor signal is colored red
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CCMV spectra is a direct result of both incomplete desolvation
and declustering, and the composition of the different particles.
The most efficient way to identify all the components in these
samples is to increase the mass resolving power. For both

BMV and CCMV, we were able to acquire base-line resolved
Orbitrap mass spectra. Although this greatly increased the
resolution in the BMV spectra (from ~290 to ~510 full width
at half maximum), it unfortunately lowered the number of

Figure 5. Native mass spectra of multipartite CCMV endogenous virions acquired under different experimental conditions using
different mass analyzers. (a) Spectrum acquired using a quadrupole time-of-flight instrument. A single series of resolved charge
states can be resolved at high collisional activation. (b) Spectrum acquired on an Orbitrap EMR with extended mass range,
displaying baseline resolved ion signals. Similar to previously reported spectra, only a single series of charge states can be resolved,
although with considerably higher resolution than the equivalent time-flight spectrum. (c) All ion fragmentation of CCMV on the
quadrupole time-of-flight instrument does not show the characteristic charge reduction of asymmetric charge partitioning. Surpris-
ingly, the preferred fragmentation pathway appears to be capsid protein backbone fragmentation. (d) Quadrupole time-of-flight
spectrum after charge reduction using triethylammonium acetate. A more clearly resolved series of charge states is detected.
Additionally, at least one additional poorly resolved series of peaks becomes visible
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distinct particles that were resolved. Based on the theoretical
masses, we estimated that to adequately resolve the different
BMV particles, around 650–1000 resolution on the EMR is
required. This moderate increase in resolution could potentially
be achieved by improving the life-time of ions inside the
Orbitrap mass analyzer, as this allows acquisition of spectra
at longer transient times. Although the Q-TOF spectra were
acquired with lower resolutions, we were able to distinguish
three different BMV particles. Improvement of the desolvation
and declustering on these instruments has the potential to
increase the mass resolving power in these spectra and addi-
tionally improve the charge state assignment. The Orbitrap
spectra of BMV appeared at lower m/z than their associated
Q-TOF spectra, where the peak overlap was nearly complete,
indicating that an increase in resolution is not the only require-
ment to analyze these heterogeneous megadalton assemblies.
Especially interesting is the comparison with spectra acquired
previously on adeno-associated virus 1 (AAV1) [2]. With
masses of approximately 3.7 MDa but heterogeneities of only
7 kDa (0.19%), this sample would be highly challenging, but
analysis is moderately simplified as the m/z shift caused by the
heterogeneity is lower than the m/z differences between two
charge states, yet resolvable by the mass spectrometer. A way
to avoid this overlap of charge states is to make the analysis
independent of the charge state assignment. This can be done
through a number of alternative techniques, including charge

detection mass spectrometry [18, 41–43], gas-phase electro-
phoretic mobility molecular analysis (GEMMA) [44–46], and
nano(electro)mechanical-mass spectrometry (NEMS) [47–50].
Although these techniques allow analysis of a range of analyte
masses and sizes, the mass heterogeneities in the BMV and
CCMV sample are currently too small to be detected, empha-
sizing the need to expand mass heterogeneity limits [46]. For
native mass spectrometry, charge reduction, either through
addition of proton-scavengers or through asymmetric charge
partitioning in CID, can extend these limits. Addition of the
low amounts of triethylammonium acetate did not impose any
additional mass spectrometric difficulties and did not require
adaptation of the commonly used sample preparation methods.
Acquisition of tandem MS spectra remained possible for the
megadalton BMV particles, and detection of the charge-
reduced products (up to 40,000m/z) was not limited by the
detection of the time-of-flight mass analyzer but merely the
maximum collision energy available. Although no new com-
ponents could be identified, the RNA2 and RNA3+4 particles
were well resolved and their detection and relative abundance
in the MS1 spectrum could be confirmed.

In conclusion, the analysis of BMV and CCMV as reported
here is indicative of the current challenges in mass spectrome-
try of heterogeneous high molecular weight complexes, but
also shows the advances and potential of the native mass
spectrometry toolkit. The mass resolving power achieved on

Figure 6. SOMMS mass spectrum simulations of CCMV using the expected masses from Table 1. Spectra are independently
simulated for RNA1 (blue), RNA2 (red), and RNA3+4 (green) particles. The position and charge state of peaks labeled with an
asterisk are added in the top right corner. (a) Simulation around 26,000m/z, similar to data in Figure 5a and b. The mass difference
between RNA1 and RNA2 (128,700 Da) is almost exactly five times them/z position of the labeled peaks. Therefore, the RNA1 181+
charge state overlaps significantly with the RNA2 176+. The resolution required to resolve the different particles is higher than is
feasible with the current generation of mass analyzers. (b) Simulation around 35,000m/z, similar to data in Figure 5d. Near infinite
resolution is required to resolve RNA2 and RNA3+4 particles. RNA1 particles are better positioned but the ability to resolve them
also depends on their relative intensities
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these high molecular weight assemblies is already very close to
that required to successfully resolve and quantify the compo-
nents in a heterogeneous mixture of virions.

Acknowledgments
M.vd.W., J.S. and A.J.R.H are supported by Proteins@Work
(project number 184.032.201), funded by The Netherlands
Organization for Scientific Research (NWO). M.vd.W. and
A.J.R.H. are additionally supported by a Projectruimte grant
(12PR3303-2) from Fundamenteel Onderzoek der Materie
(FOM). B.D. acknowledges support from the U.S. Army Re-
search Office, award number W911NF-13-1-0490. J.J.L.M.C
is grateful for the contributions from the European Science
Foundation (ESF) for a EURYI Award and the European
Research Council (ERC) for a Consolidator Grant (ProtCage,
grant number 616907).

Open Access
This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s)
and the source, provide a link to the Creative Commons
license, and indicate if changes were made.

References
1. Hillenkamp, F., Karas, M., Beavis, R.C., Chait, B.T.: Matrix-assisted laser

desorption/ionization mass spectrometry of biopolymers. Anal. Chem. 63,
1193A–1203A (1991)

2. Snijder, J., van de Waterbeemd, M., Damoc, E., Denisov, E., Grinfeld, D.,
Bennett, A., Agbandje-McKenna,M.,Makarov, A., Heck, A.J.R.: Defining
the stoichiometry and cargo load of viral and bacterial nanoparticles by
Orbitrap mass spectrometry. J. Am. Chem. Soc. 136, 7295–7299 (2014)

3. Sobott, F., Hernandez, H., McCammon,M.G., Tito,M.A., Robinson, C.V.:
A tandem mass spectrometer for improved transmission and analysis of
large macromolecular assemblies. Anal. Chem. 74, 1402–1407 (2002)

4. Reading, E., Liko, I., Allison, T.M., Benesch, J.L.P., Laganowsky, A.,
Robinson, C.V.: The role of the detergentmicelle in preserving the structure
of membrane proteins in the gas phase. Angew. Chem. Int. Ed. Engl. 54,
4577–4581 (2015)

5. Yang, Y., Barendregt, A., Kamerling, J.P., Heck, A.J.R.: Analyzing protein
micro-heterogeneity in chicken ovalbumin by high-resolution native mass
spectrometry exposes qualitatively and semi-quantitatively 59 proteoforms.
Anal. Chem. 85, 12037–12045 (2013)

6. Marcoux, J., Robinson, C.V.: Twenty years of gas phase structural biology.
Structure 21, 1541–1550 (2013)

7. Sharon, M.: Biochemistry. Structural MS pulls its weight. Science 340,
1059–1060 (2013)

8. Snijder, J., Heck, A.J.R.: Analytical approaches for size and mass analysis
of large protein assemblies. Annu. Rev. Anal. Chem. (Palo Alto, CA) 7,
43–64 (2014)

9. Martinez-Rucobo, F.W., Kohler, R., van deWaterbeemd,M., Heck, A.J.R.,
Hemann, M., Herzog, F., Stark, H., Cramer, P.: Molecular basis of
transcription-coupled pre-mRNA capping. Mol. Cell 58, 1079–1089
(2015)

10. Loo, J.A.: Studying noncovalent protein complexes by electrospray ioni-
zation mass spectrometry. Mass Spectrom. Rev. 16, 1–23 (1997)

11. Chen, X., Schauder, S., Potier, N., van Dorsselaer, A., Pelczer, I., Bassler,
B.L., Hughson, F.M.: Structural identification of a bacterial quorum-
sensing signal containing boron. Nature 415, 545–549 (2002)

12. Chait, B.T., Kent, S.B.: Weighing naked proteins: practical, high-accuracy
mass measurement of peptides and proteins. Science 257, 1885–1894
(1992)

13. Cevher, M.A., Shi, Y., Li, D., Chait, B.T., Malik, S., Roeder, R.G.:
Reconstitution of active human core Mediator complex reveals a critical
role of the MED14 subunit. Nat. Struct. Mol. Biol. 21, 1028–1034 (2014)

14. Jaquinod, M., Leize, E., Potier, N., Albrecht, A.-M., Shanzer, A., van
Dorsselaer, A.: Characterisation of noncovalent complexes by electrospray
mass spectrometry. Tetrahedron Lett. 34, 2771–2774 (1993)

15. Hopper, J.T.S., Yu, Y.T.-C., Li, D., Raymond, A., Bostock, M., Liko, I.,
Mikhailov, V., Laganowsky, A., Benesch, J.L.P., Caffrey, M., Nietlispach,
D., Robinson, C.V.: Detergent-free mass spectrometry of membrane pro-
tein complexes. Nat. Methods 10, 1206–1208 (2013)

16. Snijder, J., Rose, R.J., Veesler, D., Johnson, J.E., Heck, A.J.R.: Studying 18
MDa virus assemblies with native mass spectrometry. Angew. Chem. Int.
Ed. Engl. 52, 4020–4023 (2013)

17. Zhou, M., Morgner, N., Barrera, N.P., Politis, A., Isaacson, S.C., Matak-
Vinkovic, D., Murata, T., Bernal, R.A., Stock, D., Robinson, C.V.: Mass
spectrometry of intact V-type ATPases reveals bound lipids and the effects
of nucleotide binding. Science 334, 380–385 (2011)

18. Pierson, E.E., Keifer, D.Z., Selzer, L., Lee, L.S., Contino, N.C.,Wang, J.C.-
Y., Zlotnick, A., Jarrold, M.F.: Detection of late intermediates in virus
capsid assembly by charge detection mass spectrometry. J. Am. Chem.
Soc. 136, 3536–3541 (2014)

19. Marty, M.T., Zhang, H., Cui, W., Blankenship, R.E., Gross, M.L., Sligar,
S.G.: Native mass spectrometry characterization of intact nanodisc lipopro-
tein complexes. Anal. Chem. 84, 8957–8960 (2012)

20. Acheson, N.H.: Fundamentals of molecular virology, 2nd edn. John Wiley
& Sons, Hoboken, NJ (2011)

21. Speir, J.A., Munshi, S., Wang, G., Baker, T.S., Johnson, J.E.: Structures of
the native and swollen forms of cowpea chlorotic mottle virus determined
by X-ray crystallography and cryo-electron microscopy. Structure 3, 63–78
(1995)

22. Lucas, R.W., Larson, S.B., McPherson, A.: The crystallographic structure
of brome mosaic virus. J. Mol. Biol. 317, 95–108 (2002)

23. Agrawal, H.O., Tremaine, J.H.: Proteins of cowpea chlorotic mottle, broad
bean mottle, and brome mosaic viruses. Virology 47, 8–20 (1972)

24. Bancroft, J.B., Hiebert, E., Rees, M.W., Markham, R.: Properties of Cow-
pea chlorotic mottle virus, its protein and nucleic acid. Virology 34, 224–
239 (1968)

25. Rao, A.L.N.: Genome packaging by spherical plant RNA viruses. Annu.
Rev. Phytopathol. 44, 61–87 (2006)

26. Maloy, O.C., Murray, T.D.: Encyclopedia of plant pathology. Wiley, New
York, Chichester (2001)

27. Flint, S.J.: Principles of virology, 3rd edn. ASM Press: Blackwell, Oxford,
Washington, D.C (2009)

28. Vaughan, R., Tragesser, B., Ni, P., Ma, X., Dragnea, B., Kao, C.C.: The
tripartite virions of the bromemosaic virus have distinct physical properties
that affect the timing of the infection process. J. Virol. 88, 6483–6491
(2014)

29. Verduin, B.J.: The preparation of CCMV-protein in connection with its
association into a spherical particle. FEBS Lett. 45, 50–54 (1974)

30. Ni, P., Wang, Z., Ma, X., Das, N.C., Sokol, P., Chiu, W., Dragnea, B.,
Hagan, M., Kao, C.C.: An examination of the electrostatic interactions
between the N-terminal tail of the Brome Mosaic Virus coat protein and
encapsidated RNAs. J. Mol. Biol. 419, 284–300 (2012)

31. Bujarski, J.J.: Bromovirus isolation and RNA extraction. Methods Mol.
Biol. 81, 183–188 (1998)

32. van den Heuvel, R.H.H., van Duijn, E., Mazon, H., Synowsky, S.A.,
Lorenzen, K., Versluis, C., Brouns, S.J.J., Langridge, D., van der Oost, J.,
Hoyes, J., Heck, A.J.R.: Improving the performance of a quadrupole time-
of-flight instrument for macromolecular mass spectrometry. Anal. Chem.
78, 7473–7483 (2006)

33. Rose, R.J., Damoc, E., Denisov, E., Makarov, A., Heck, A.J.R.: High-
sensitivity Orbitrap mass analysis of intact macromolecular assemblies.
Nat. Methods 9, 1084–1086 (2012)

34. van Breukelen, B., Barendregt, A., Heck, A.J.R., van den Heuvel, R.H.H.:
Resolving stoichiometries and oligomeric states of glutamate synthase
protein complexes with curve fitting and simulation of electrospray mass
spectra. Rapid Commun. Mass Spectrom. 20, 2490–2496 (2006)

35. Dyachenko, A., Gruber, R., Shimon, L., Horovitz, A., Sharon, M.: Allo-
steric mechanisms can be distinguished using structural mass spectrometry.
Proc. Natl. Acad. Sci. U. S. A. 110, 7235–7239 (2013)

1008 M. van de Waterbeemd et al.: Intact Viruses by Native Mass Spectrometry



36. Catalina, M.I., van den Heuvel, R.H.H., van Duijn, E., Heck, A.J.R.:
Decharging of globular proteins and protein complexes in electrospray.
Chemistry 11, 960–968 (2005)

37. Fuerstenau, S.D., Benner, W.H., Thomas, J.J., Brugidou, C., Bothner, B.,
Siuzdak, G.: Mass spectrometry of an intact virus. Angew. Chem. Int. Ed.
Engl. 40, 9822 (2001)

38. Iranzo, J., Manrubia, S.C.: Evolutionary dynamics of genome segmentation
in multipartite viruses. Proc. Biol. Sci. 279, 3812–3819 (2012)

39. Nee, S.: The evolution of multicompartmental genomes in viruses. J. Mol.
Evol. 25, 277–281 (1987)

40. Sicard, A., Yvon, M., Timchenko, T., Gronenborn, B., Michalakis, Y.,
Gutierrez, S., Blanc, S.: Gene copy number is differentially regulated in a
multipartite virus. Nat. Commun. 4, 2248 (2013)

41. Keifer, D.Z., Pierson, E.E., Hogan, J.A., Bedwell, G.J., Prevelige, P.E.,
Jarrold, M.F.: Charge detection mass spectrometry of bacteriophage P22
procapsid distributions above 20 MDa. Rapid Commun. Mass Spectrom.
28, 483–488 (2014)

42. Kukreja, A.A., Wang, J.C.-Y., Pierson, E., Keifer, D.Z., Selzer, L., Tan, Z.,
Dragnea, B., Jarrold, M.F., Zlotnick, A.: Structurally similar woodchuck
and human hepadnavirus core proteins have distinctly different temperature
dependences of assembly. J. Virol. 88, 14105–14115 (2014)

43. Pierson, E.E., Keifer, D.Z., Kukreja, A.A., Wang, J.C.-Y., Zlotnick, A.,
Jarrold, M.F.: Charge detection mass spectrometry identifies preferred non-
icosahedral polymorphs in the self-assembly of woodchuck hepatitis virus
capsids. J. Mol. Biol. (2015)

44. Allmaier, G., Laschober, C., Szymanski, W.W.: Nano ES GEMMA and
PDMA, new tools for the analysis of nanobioparticles-protein complexes,
lipoparticles, and viruses. J. Am. Soc. Mass Spectrom. 19, 1062–1068
(2008)

45. Bacher, G., Szymanski, W.W., Kaufman, S.L., Zöllner, P., Blaas, D.,
Allmaier, G.: Charge-reduced nano electrospray ionization combined with
differential mobility analysis of peptides, proteins, glycoproteins,
noncovalent protein complexes, and viruses. J. Mass Spectrom. 36,
1038–1052 (2001)

46. Kaddis, C.S., Lomeli, S.H., Yin, S., Berhane, B., Apostol,M.I., Kickhoefer,
V.A., Rome, L.H., Loo, J.A.: Sizing large proteins and protein complexes
by electrospray ionization mass spectrometry and ion mobility. J. Am. Soc.
Mass Spectrom. 18, 1206–1216 (2007)

47. Chaste, J., Eichler, A., Moser, J., Ceballos, G., Rurali, R., Bachtold, A.: A
nanomechanical mass sensor with yoctogram resolution. Nat. Nanotechnol.
7, 301–304 (2012)

48. Hanay, M.S., Kelber, S., Naik, A.K., Chi, D., Hentz, S., Bullard,
E.C., Colinet, E., Duraffourg, L., Roukes, M.L.: Single-protein
nanomechanical mass spectrometry in real time. Nat. Nanotechnol.
7, 602–608 (2012)

49. Jiang, C., Cui, Y., Zhu, K.-D.: Ultrasensitive nanomechanical mass sensor
using hybrid opto-electromechanical systems. Opt. Express 22, 13773–
13783 (2014)

50. Naik, A.K., Hanay, M.S., Hiebert, W.K., Feng, X.L., Roukes, M.L.:
Towards single-molecule nanomechanical mass spectrometry. Nat.
Nanotechnol. 4, 445–450 (2009)

M. van de Waterbeemd et al.: Intact Viruses by Native Mass Spectrometry 1009


	Examining the Heterogeneous Genome Content of Multipartite Viruses BMV and CCMV by Native Mass Spectrometry
	Abstract
	Section12
	Section13
	Section14
	Acknowledgments
	References


