pubs.acs.org/JPCB

Article

Disassembly Intermediates of the Brome Mosaic Virus Identiﬁed by
Charge Detection Mass Spectrometry
Kevin M. Bond,† Nicholas A. Lyktey,† Irina B. Tsvetkova, Bogdan Dragnea,* and Martin F. Jarrold*
Cite This: J. Phys. Chem. B 2020, 124, 2124−2131

Downloaded via INDIANA UNIV BLOOMINGTON on July 17, 2020 at 17:41:29 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: Capsid disassembly and genome release are critical steps in the lifecycle of a
virus. However, their mechanisms are poorly understood, both in vivo and in vitro. Here, we
have identiﬁed two in vitro disassembly pathways of the brome mosaic virus (BMV) by charge
detection mass spectrometry and transmission electron microscopy. When subjected to a pH
jump to a basic environment at low ionic strength, protein−RNA interactions are disrupted.
Under these conditions, BMV appears to disassemble mainly through a global cleavage event
into two main fragments: a near complete capsid that has released the RNA and the released
RNA complexed to a small number of the capsid proteins. Upon slow buﬀer exchange to
remove divalent cations at neutral pH, capsid protein interactions are disrupted. The BMV virions swell but there is no measurable
loss of the RNA. Some of the virions break into small fragments, leading to an increase in the abundance of species with masses less
than 1 MDa. The peak attributed to the BMV virion shifts to a higher mass with time. The mass increase is attributed to additional
capsid proteins associating with the disrupted capsid protein−RNA complex, where the RNA is presumably partially exposed. It is
likely that this pathway is more closely related to how the capsid disassembles in vivo, as it oﬀers the advantage of protecting the
RNA with the capsid protein until translation begins.

■

INTRODUCTION
Nonenveloped positive-sense single-stranded RNA (ssRNA)
viruses1 can be found in all domains of life and include many
serious human pathogens. As there are few eﬀective vaccines
and antiviral drugs, new control methods are needed. RNA
uncoating and its presentation to the host’s translational
machinery are crucial stages in the virus life-cycle. The genome
of ssRNA viruses is protected by a capsid assembled from
protein subunits. The capsid is a metastable structure: although
it protects the genome outside the cell, it must be readily
disrupted to present the genome for replication once inside.2
Uncoating is regulated, temporally and spatially, in ways that
are poorly understood, so that viral RNA is delivered intact to
the right place and its presence does not trigger the defense
mechanisms of the host cell.3
Brome mosaic virus (BMV) is a plant virus representative of
a broad category of ssRNA viruses; it has proven to be a good
model for virus replication studies.4 Its capsid is composed of
180 copies of the same protein, arranged with T = 3
icosahedral symmetry.5 Protein−protein interactions including
electrostatic and hydrophobic are able to stabilize the BMV
capsid even in the absence of RNA. Coulomb forces dominate
RNA−protein interactions, speeding up assembly and adding
stability to the virion. However, speciﬁc interactions also
exist.6,7 The BMV genome is divided into four segments,
RNA1, RNA2, RNA3, and RNA4, packaged in morphologically
identical capsids. RNA1 and RNA2 are packaged individually
as single molecules, whereas RNA3 is copackaged with
subgenomic RNA4. The physiochemical properties of the
virions depend on the type of RNA they contain. It is believed
© 2020 American Chemical Society

that diﬀerences in stability are important for orchestrating
RNA release.8,9 Methods used to control virion-stabilizing
interactions in vitro include changing temperature,10 pH,11 and
ionic strength.12,13
Nearly all plant viruses multiply in the cytoplasm. In vitro,
BMV virus particles are stable at acidic pH and low ionic
strength but disassemble at basic pH in the absence of divalent
cations. Intracellular pH varies from 6.0 to 7.5 and salt
concentrations are below 200 mM.14 According to the in vitro
phase diagram, these conditions are too mild to result in the
breakdown of BMV virions.15 Thus, the chemical force driving
disassembly must be diﬀerent for the uncoating of BMV RNA
in the cell,3 or disassembly (uncoating) is not necessary in
order to present the RNA to the host translational machinery.
The latter scenario forms the cotranslational disassembly
hypothesis,16−18 whereby RNA presentation is mediated by a
global capsid rearrangement known as the swelling transition.
This feature, common in a few icosahedral plant viruses,
including BMV, can be induced in vitro by increasing the pH
above 6.5 and removing stabilizing divalent cations.19,20 The
capsid remains stable when fully swollen because of the ionic
interactions between positively charged side groups of the coat
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RESULTS
The BMV capsid protein has a molecular mass of 20,295 Da,
and so the expected mass of the empty T = 3 capsid is 3.653
MDa. The packaged RNAs have masses of approximately
1.042, 0.921, and 0.962 MDa for RNA1, RNA2, and RNA3/4,
respectively.41 Thus, the virions should have molecular masses
of 4.695, 4.574, and 4.615 MDa, respectively. The BMV virions
employed in this study were derived from Nicotiana
benthamiana (see the Methods section). The relative
abundances of the RNA1, RNA2, and RNA3/4 containing
virions are expected to lie in the ranges of around 9−12, 14−
30, and 59−77%, respectively.42,43 Taking into account the
relative abundances and the resolution of the CDMS
measurements, the three forms are expected to coalesce into
a single, almost-Gaussian peak at around 4.61 MDa with a full
width at half-maximum (fwhm) of around 0.136 MDa. A ﬁgure
showing the coalescence of the three peaks is given in the
Supporting Information (Figure S1). The instrumental
resolution and the expected uncertainty in the mass measurements are discussed in the Methods section.
Native mass spectrometry requires the use of a buﬀer
composed of a volatile salt; ammonium acetate is a widely used
choice and was employed here. A typical CDMS spectrum of
freshly puriﬁed BMV, buﬀer exchanged into 100 mM
ammonium acetate at pH 5.15, is shown in Figure 1. The

proteins and the negatively charged polyphosphate backbone
of RNA. The involvement of a swelling transition in the
cotranslational hypothesis has been challenged through
mutational assays for the chlorotic cowpea mottle virus
(CCMV)21a close relative of BMV. In this case, an
alternative presentation pathway was proposed, which
maintains the idea of partial protection of the RNA by a
capsid that does not completely disassemble. The nature of
potential disassembly intermediates is therefore central to the
translational processes. Moreover, it oﬀers potential clues for
the design of virus-based gene therapy vectors.22,23
In vitro studies of the disassembly of empty BMV and
CCMV capsids have been performed by neutron scattering,15
time-resolved small-angle X-ray scattering (TR-SAXS),24 and a
ﬂuorescence thermal shift assay.25,26 Tresset and co-workers
used TR-SAXS to investigate the disassembly of empty CCMV
capsids triggered by a pH change from acidic to neutral
conditions at 0.5 M ionic strength.24 They observed large
intermediates, small intermediates, and dimers. The large
intermediates were assigned to capsids that had split into two
pieces, and the smaller intermediates were assigned as
fragments of the large intermediates. However, whereas
neutron scattering and TR-SAXS provide average size
information, unambiguous identiﬁcation of intermediates is
diﬃcult because the results are averaged over many
intermediates.
In this work, we use charge detection mass spectrometry
(CDMS) to identify disassembly intermediates for BMV.
CDMS is well suited to the analysis of high mass,
heterogeneous samples.27−40 It is a single-particle technique
where the m/z and charge (z) of each ion are measured
simultaneously using a detection cylinder embedded in an
electrostatic linear ion trap. Measurement of both m/z and z
avoids the need to resolve charge states in the m/z spectrum,
which is necessary with conventional MS. The m/z and z are
multiplied to give the mass of each ion and the masses are then
binned to give a mass distribution. Previously, CDMS has been
used to identify assembly intermediates for the hepatitis B virus
(HBV) capsid36−38 and to analyze samples of adeno-associated
virus where empty particles and particles with a full genome
and partial genome were resolved.39
In this study, we used two CDMS-based approaches to
investigate the disassembly of BMV. In the ﬁrst, a rapid mixing
device coupled to CDMS is used to record mass distributions
at ﬁxed time points after a rapid pH change at varying salt
concentrations. In the second, CDMS spectra are measured as
a function of time after the addition of EDTA (ethylenediaminetetraacetic acid). EDTA chelates divalent cations
and promotes swelling and disassembly of the BMV capsids at
neutral pH. These studies address two pathways of in vitro
virus disassembly. The pH jump is thought to weaken
protein−RNA and protein−protein interactions and promote
RNA release. Under these conditions, the results suggest that
the BMV virions disassemble into two large fragments: a nearly
complete capsid that has released the RNA and the released
RNA complexed to a small number of capsid proteins. In the
second pathway (where the capsid is disrupted by chelation of
divalent cations), the RNA continues to interact strongly with
the capsid proteins, whereas the protein−protein interactions
are weakened. Under these conditions, the virion mass initially
increases presumably because the RNA is exposed through the
pores of the swollen capsid and able to recruit additional
capsid proteins to the complex.

Figure 1. CDMS spectra of wt BMV in 100 mM ammonium acetate
at pH 5.15 (top) and at pH 6.80 (bottom). Intensities for portions of
the spectra corresponding to intermediate masses have been
multiplied 10x (blue lines).

main peak at 4.71 MDa (peak width 0.194 MDa) is almost
certainly due to BMV virions. When the same BMV sample is
buﬀer exchanged into 100 mM of ammonium acetate at
neutral pH (pH 6.80), the main peak position is virtually
unchanged at 4.70 MDa (peak width 0.191 MDa), indicating
that a pH change alone does not disassemble BMV, at least on
the timescale of these experiments (where buﬀer exchange
takes around 10 min and data collection takes around 30 min).
The peaks at around 4.7 MDa were the highest mass features
observed in these CDMS spectra: BMV dimers and higherorder multimers were not detected.
The peak assigned to the full BMV capsids at around 4.70
MDa is almost 2.0% larger than the expected mass of 4.61
MDa. Deviations are known to occur in native mass
spectrometry of protein complexes because of incomplete
desolvation, counter ions, and adduct addition. In this case,
counter ions are also expected to be associated with at least
some of the RNA backbone phosphate groups, which should
be ionized, except under very acidic conditions. The peak at
4.70 MDa is considerably broader than expected. The
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measured fwhm is 0.194 MDa and the expected fwhm is 0.136
MDa (as discussed above). The increased peak width indicates
that there is an additional source of heterogeneity, which is
consistent with the measured mass being slightly higher than
expected.
In addition to the main peak at around 4.70 MDa, there are
small peaks at around 3.78 MDa in Figure 1. This is near to the
expected mass of the empty capsid (3.653 MDa). However, the
deviation is 3.6%, which seems too large for this peak to be
attributed to the empty capsid. Furthermore, the empty capsid
is not thought to be stable under the conditions used here.44
Instead, we hypothesize that the peak at 3.78 MDa may
correspond to almost empty BMV capsids stabilized by one or
more cellular RNA fragments, or to a low abundance capsid
variant with around 77% of a T = 3 capsid proteins. This capsid
variant was not observed by other methods, perhaps because of
its low abundance.
Disassembly by pH Jump. Previous work has shown that
raising the ionic strength to greater than 1 M with lithium
chloride at neutral pH causes BMV to disassemble.24 Involatile
salts like lithium chloride are incompatible with electrospray
ionization and so we attempted to induce disassembly by
raising the ammonium acetate concentration. BMV did not
signiﬁcantly disassemble with ammonium acetate concentrations up to 1 M, and higher concentrations interfered with
the electrospray process. As an alternative to raising the ionic
strength, we explored the idea of using of a pH change to cause
disassembly. Raising the pH to around 10.5 was found to cause
rapid disassembly of BMV with the rate of disassembly
depending on the ammonium acetate concentration. MALDI
(matrix-assisted laser desorption and ionization) mass spectra
and gel electrophoresis assays showed that the integrities of
both the protein and RNA were not aﬀected by this pH within
the experimental time frame (see Figures S2 and S3 in the
Supporting Information).
To provide a short reaction time and minimize subsequent
aggregation of disassembly intermediates and products, a rapid
mixing device was used to introduce the BMV virions to the
basic environment. The resulting mixture travels along a
capillary and then the disassembly reaction is terminated by
electrospraying the mixture. The reaction time can be varied by
changing the length of the capillary between the mixing device
and the electrospray source. The pH jump was generated by
mixing a solution of BMV virions in ammonium acetate (pH of
6−7) with a solution that consisted of ammonium hydroxide
and the same concentration of ammonium acetate as the BMV
solution (pH around 11). The resulting mixture had a pH of
10.2−10.6, depending on the ammonium acetate concentration employed (see Table S1 in the Supporting Information
for typical pHs). Several reaction times were tested. The results
presented here were obtained with a reaction time of 30 s and
are illustrative of the main intermediates observed.
Figure 2 shows CDMS spectra measured with ammonium
acetate concentrations ranging from 75 to 10 mM. In all cases,
the BMV concentration was 0.20 mg/mL after mixing. The
dashed vertical line at 4.71 MDa is at the center of the peak
assigned to intact BMV. With an ammonium acetate
concentration of 75 mM (top spectrum in Figure 2) most of
the virions remain intact. The 75 mM spectrum in Figure 2 is
similar to the spectra in Figure 1. There is intensity in the 75
mM spectrum for masses below 0.2 MDa that presumably
results from dimers, small dimer oligomers, and perhaps some
small RNA fragments. However, 75 mM ammonium acetate at
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Figure 2. CDMS spectra measured for BMV disassembly induced by
a pH jump with a rapid mixing device. The measurements were made
(i.e., the samples were electrosprayed) 30 s after mixing. The dashed
vertical line at 4.71 MDa is at the center of the peak assigned to intact
BMV virions. The intermediate mass ranges are magniﬁed 5× to show
low-intensity features. Several diﬀerent ammonium acetate concentrations were used, ranging from 75 to 10 mM. The ammonium
acetate concentration employed in each case is indicated on the
spectra. The BMV concentration after mixing was 0.2 mg/mL for all
samples and the pH after mixing was 10.2−10.5, depending on the
ammonium acetate concentration (see Table S1 in the Supporting
Information for typical pHs). The spectra are normalized so that the
most intense feature in each spectrum has approximately the same
intensity.

a pH of around 10.5 is apparently too mild to cause eﬃcient
capsid disassembly within 30 s.
When the ammonium acetate concentration was lowered to
50 mM (second spectrum from the top in Figure 2), there was
a substantial increase in the number of ions with intermediate
masses (i.e., between 0.5 and 3.5 MDa). However, the features
are broad and there were no well-deﬁned peaks present in the
intermediate regime. Ions with masses below 0.5 MDa are
signiﬁcantly more abundant that in the 75 mM spectrum.
Upon further reduction of the ammonium acetate
concentration to 25 mM, there was a substantial increase in
the intensities at intermediate masses, with two broad peaks
emerging, centered on around 1.42 and 3.33 MDa. In addition,
there is a smaller peak centered on around 3.85 MDa that
appears as a high mass shoulder on the larger 3.33 MDa peak.
We attribute these features to the initial products of the
disassembly process. Note that the sum of the masses of the
two main peaks, 3.33 and 1.42 MDa, is very close to the mass
of the BMV virion, suggesting the possibility that the virion
cleaves, in one event, into two large fragments. However, it is
not possible to say which fragment retains the RNA from the
mass measurements alone.
In Table 1, we consider two limiting disassembly scenarios
where either all the RNA is retained in one fragment or no
RNA is retained. With these assumptions, we determine the
fraction of capsid proteins that must be retained to give the
masses of the main features in the 25 mM spectrum at 3.85,
3.33, and 1.42 MDa.
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Table 1. Fraction of the Capsid Proteins Remaining for the
Three Main Peaks Observed in the CDMS Spectra
Measured for Disassembly at pH ∼10.5 and Low Salt
fraction of capsid proteins remaining
peak, MDa

all RNA retained (%)

no RNA retained (%)

3.85
3.33
1.42

79
65
13

93
40

The peak at around 3.85 MDa must have retained at least
some of the ∼1 MDa RNA (because it is less than 1 MDa from
the 4.71 MDa peak). If all the RNA is retained in the species
responsible for the 3.85 MDa peak, only around 79% of the
capsid proteins remain. For the peak at around 3.33 MDa, the
fraction of the capsid proteins that remain is 65% if all the
RNA is retained, and around 93% if none of the RNA is
retained. Finally, for the 1.42 MDa peak, only around 13% of
the capsid proteins remain if all the RNA is retained. This
fraction increases to 40% if all the RNA is lost.
Finally, with 10 mM ammonium acetate (bottom spectrum
in Figure 2), few intact capsids remain after 30 s. There is a
broad low-intensity distribution in the CDMS spectrum that
extends to masses beyond 6 MDa. The species with masses
greater than 4.7 MDa presumably results from the aggregation
of capsid fragments. There is a small maximum in the
distribution at around 1.5 MDa, which is close to the mass of
the large peak in the 25 mM spectrum. However, the peaks
between 3 and 4 MDa have largely vanished, suggesting that
the larger fragments undergo further dissociation to yield small
fragments.
To further investigate the nature of the species formed by
BMV disassembly following the pH jump, transmission
electron microscopy (TEM) images were recorded for BMV
capsids after a pH jump in 25 mM ammonium acetate. For the
images in Figure 3A,B, the samples were applied to the grids
immediately after the solutions were mixed to generate the pH
jump. For the images in Figure 3C,D, the samples were applied
to the grids around 15 min after mixing. For Figure 3A,B
(samples applied immediately after mixing), some of the BMV
virions appear to remain intact (as indicated by the black
arrows in Figure 3A,B) and some appear to have broken up
(white arrows). In the BMV virions that appear to be intact, a
dense core can often be observed, which is usually located
asymmetrically within the capsid and only partially adhering to
the lumenal surface. We associate this core with a condensed
form of RNA. Incomplete (broken) capsids are abundant and,
signiﬁcantly, they mostly appear to be empty. In Figure 3C,D
(sample applied around 15 min after mixing), most of the
capsids are broken into smaller fragments and some of the
genome appears to be bound to a small amount of capsid
protein. The red arrows indicate possible RNA density
associated with capsid fragments. In both cases, the images
show many capsids which have a stain that has penetrated the
virus. This is indicative of disruption of the barrier quality of
the virus capsid. Taken together, these results suggest that the
3.33 MDa peak in the CDMS spectra following the pH jump
(Figure 2) is due to empty partial capsids and the lower mass
1.42 MDa peak is due to RNA complexed with a few capsid
proteins.
Disassembly via a Swelling Transition. The second
approach to virus disassembly examined here was designed to
include the reversible swelling transition that is known to occur

Figure 3. TEM images of negatively stained wt BMV capsids
disassembled by a jump to pH ∼10.5 in 25 mM ammonium acetate.
(A) Image of wt BMV capsids placed on the EM grids immediately
after the pH jump. Note shells with dense core (black arrows) and
empty shells with small missing part (white arrows). (B) Zoomed in
portion of the image in (A). (C) Image of wt BMV capsids placed on
the grid 15 min after the pH jump. (D) Zoomed in portion of the
image in (C). The red arrows indicate possible RNA density
associated with capsid fragments.

for BMV. This requires more moderate conditions that are
closer to equilibrium. Swelling, a 10% expansion of the virus
capsid, results from removal of Mg2+ cations by a chelating
agent and deprotonation of glutamic acid residues above pH
6.2.19 The swollen structure has sixty 2 nm pores45 and the
RNA becomes accessible to RNAse degradation.20
To induce the swelling transition, BMV virions were
dialyzed against an ammonium acetate solution that contained
1 nM of EDTA for varying lengths of time. CDMS mass
distributions measured as a function of dialysis time are shown
in Figure 4. For an ammonium acetate concentration above 75
mM, we did not observe a signiﬁcant disassembly for a dialysis
time of 24 h. The results presented in Figure 4 are from
experiments performed with 10 mM ammonium acetate at pH
7. The BMV virions were initially transferred into a 10 mM
ammonium acetate solution without EDTA by means of a
buﬀer exchange column. The spectrum measured at time t = 0
(the top spectrum in Figure 4) is similar to the BVM spectra in
Figure 1. The main peak at 4.74 MDa is attributed to intact
BMV virions with small contributions from peaks at 3.78, 3.27
MDa, and a low mass peak at around 120 kDa. As dialysis and
exposure to EDTA progresses, the mass distributions change.
After 1 h, the peak attributed to the virion has broadened and
shifted to a higher mass. There is also a substantial increase in
the abundance of ions with masses less than 1 MDa.
After 3 h, the broadening and shift of the peak originally
attributed to the virion have continued. At this point, the
center of the high mass peak has shifted to a higher mass by
over 0.5 MDa and the width has more than doubled. The
fraction of ions with masses < 1 MDa has continued to
increase and a second peak with a mass of around 500 kDa has
2127
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5B), it appears that the stain has penetrated some of the
particles (see black arrowheads for examples). With increased
time of exposure to EDTA (Figure 5C,D), the particles appear
less spherical and the number of broken particles increases. In
the image from the 3 h time point (Figure 5D), most particles
are broken and many shaded unstructured areas are observed,
which may consist of nucleoprotein complexes (examples are
indicated by white arrows).

■

DISCUSSION
In the case of the pH jump experiments, our results suggest
that disassembly is mainly driven by a disruption of the normal
interactions between the RNA and the capsid proteins. EM
images show that at close to neutral pH, the RNA is distributed
over the lumenal cavity wall. At high pH, the RNA collapses to
form an often asymmetrically disposed dense core, suggesting
that the RNA has condensed. It is known that RNA
condensation can be caused by ammonium ions replacing
water around the RNA and providing a bridge between RNA
strands by hydrogen bonding with phosphate oxygens.46 In
addition, the pH is slightly above pI = 10.7 for free arginine.
Arginine is a major component of the N-termini of BMV coat
proteins involved in electrostatic interactions with the
genome.47
The weakening of genome−capsid interactions allows for
the formation of two main disassembly products attributed to a
near complete capsid without the genome and the free genome
with a small number of capsid proteins attached. This cleavage
may occur through the propagation of a crack that separates
the nucleoprotein complex from a partial empty shell.
Interestingly, crack propagation through an avalanche
mechanism has been observed in recent rapid compression
experiments by atomic force microscopy.48 In that work, empty
capsids had a lower barrier for crack propagation than virions.
Preliminary simulations consistent with the experimental
results suggested that capsid failure occurs through dislocation
proliferation, which supports the idea of cleavage of empty
partial capsids. This disassembly pathway closely resembles the
one proposed previously to explain early experiments done at
high LiCl salt concentration and neutral pH.15
The second disassembly pathway examined here involves
weakening of capsid protein−protein interactions by removal
of magnesium cations, which are known to stabilize the
capsid.5,19 The magnesium ions were removed by chelation
with EDTA. As the magnesium ions are removed from the
virus capsid at neutral pH, the carboxyl groups of glutamic acid
residues at the protein−protein interfaces become deprotonated, causing a repulsion between the proteins. The capsid
swells by around 10% and pores, ∼2 nm in diameter, form at
the threefold symmetry axes.43 In this case, the interactions
between the capsid proteins and RNA are not substantially
altered. However, it has been shown that capsid structural
transitions are accompanied by RNA rearrangement.10,49
Speciﬁcally, RNA expands radially toward the surface of the
particle as the capsid swells. The opening of pores in the virus
capsid exposes the RNA to solution, which allows the RNA to
bind capsid proteins from solution. The binding of additional
capsid proteins causes the mass of the particle to increase. As
shown in Figure 4, the mass of the main peak in the CDMS
spectra systematically increases with dialysis time. Under these
conditions, the capsid proteins are not stripped from the
genome and this pathway of swelling and capsid disruption
matches the cotranslational disassembly model proposed by

Figure 4. CDMS spectra measured as a function of time during
dialysis of wt BMV into 1 nM EDTA at pH 6.8. The BMV capsid
concentration was 0.2 mg/mL. The intermediate portions of each
spectrum have been magniﬁed by 10× (blue line). Spectra are shown
for 0, 1, and 3 h after starting dialysis. The vertical dashed line at 4.74
MDa is at the center of the main peak in the 0 h spectrum, which is
assigned to intact wt BMV.

appeared. A low-intensity distribution centered around 1.4
MDa has also appeared. This peak has a mass that is similar to
the low mass peak in Figure 2 that was tentatively assigned to
RNA associated with a few capsid proteins.
Figure 5 shows negative stain TEM images taken for some of
the same time points as the CDMS measurements shown in
Figure 4. Before dialysis (Figure 5A), most particles appear to
be close to spherical. The stain has not penetrated inside the
capsid very much, which suggests that the genome is
distributed across the lumenal surface (see white arrow
heads for examples). At the 1 h dialysis time point (Figure

Figure 5. TEM images of wild-type (wt) BMV virions disassembled
under moderate conditions. (A) Image of wt BMV virions in 100 mM
ammonium acetate at pH 7. (B−D) Images of wt BMV particles in
100 mM ammonium acetate at pH 7 after 1, 2, and 3 h dialysis with 1
nM EDTA. Note: stain does not penetrate inside the capsid before
dialysis (white arrowhead), after dialysis the stain has penetrated most
capsids (black arrowhead), at the longer time points some density is
visible outside the capsids (white arrows).
2128
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Wilson et al.,16,50 where the coat proteins continue to protect
the RNA from the environment, while at the same time
allowing host machinery to bind to RNA to begin transcription. Thus, when the BMV capsid swells and the coat
protein lattice is disrupted, it is possible that the RNA does not
need to leave the capsid to be exposed to the cellular organelles
to start replication.

for several minutes. Images were acquired at an accelerating
voltage of 120 kV on a JEOL JEM 1400 plus transmission
electron microscope and analyzed with the ImageJ Processing
Toolkit to estimate the diameters of the particles.
CDMS Interfaced with a Rapid Mixing Device.
Measurements were performed on a home-built instrument
described elsewhere.52−56 CDMS is a single-particle technique
where the m/z (mass to charge ratio) and charge are
simultaneously determined for individual ions and then the
m/z and charge are multiplied to give the mass. Measurements
are performed for several thousand ions and then binned to
give a mass spectrum.
Ions are generated by a commercial nESI source (Advion
Triversa Nanomate) operated in positive mode, and enter the
CDMS instrument through a heated capillary. The ions pass
through an ion funnel, an RF hexapole ,and an RF quadrupole.
They are then accelerated through a potential diﬀerence of 100
V and focused into a dual hemispherical deﬂection analyzer
(HDA). The HDA transmits a narrow band of kinetic energies
into the ion trap where ions are trapped and oscillate back and
forth through a detection cylinder. The ion trap is a modiﬁed
cone trap and the detection cylinder is embedded between the
two ends caps. With the end caps grounded, ions pass through
the trap. The ﬁrst step in a trapping cycle is to raise the
potentials on the back end cap to the trapping potential. Ions
are then deﬂected back through the trap. Shortly after, the
potential on the front end cap is raised to the trapping
potential. Ions in the trap when the front end cap is switched
to trapping mode are trapped and oscillate back and forth
through the detection cylinder. When ions enter the detection
cylinder, they induce a charge which is detected by a charge
sensitive ampliﬁer; when they leave the induced charge
dissipates. After a predetermined trapping time (100 ms in
these experiments), the end caps are set to ground to empty
the trap.
The periodic signal from the trapped ion is ampliﬁed,
digitized, and then analyzed in real time by a Fortran program
using fast Fourier transforms. The ion signal was optimized to
maximize the fraction of single ion trapping events. Empty,
partial (where an ion is trapped for less than 100 ms), and
multiple ion trapping events were discarded during data
analysis. The m/z is derived from the oscillation frequency and
the charge is derived from the magnitudes of the fundamental
and ﬁrst harmonic. The calibration of the charge and m/z
measurements has been described elsewhere.54 Before binning,
the ions were weighted by m/z−1/2 to compensate for the
trapping probability being inversely proportional to the ion
velocity.
The mass resolving power is determined by the precision of
the m/z and charge measurements. The precision of the charge
measurement is determined mainly by the trapping time. With
the 100 ms trapping time used here, the RMSD in the charge
measurement is around 1.2e (elementary charges). The
precision of the m/z measurements is limited mainly by the
energy distribution of the ions. The ion energy aﬀects the ion’s
oscillation frequency. Under the conditions used here the m/z
resolving power is around 50. Combining the m/z resolving
power with the z resolving power (around 64) leads to a mass
resolving power for the BMV virion of around 39. The
expected peak width (fwhm) for a single homogeneous species
with a mass of 4.6 MDa is around 117 kDa. The accuracy of
the mass measurement depends on the calibration of the m/z
and charge measurements. The calibration is performed using
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CONCLUSIONS
Two distinct pathways of BMV capsid disassembly have been
discovered by CDMS and TEM. When a pH jump rapidly
places the virions into a basic environment, they mainly break
through a global cleavage event into two fragments attributed
to a near complete capsid that has released the RNA and a
nucleoprotein fragment consisting of the released RNA
complexed to a small number of the capsid proteins. The
empty capsid subsequently breaks apart into smaller fragments.
This behavior is similar to what is observed under high ionic
strength conditions where the RNA is released leaving behind
an almost complete empty capsid.
Upon slow buﬀer exchange and removal of divalent cations
the protein−protein interactions are disrupted and the BMV
capsids swell. However, there is no evidence for separation of
the RNA from the capsid, indicating that solution conditions
which disrupt the coat protein interactions alone are not
suﬃcient to strip the capsid protein from the genome. In this
case, the peak attributed to the virion increases in mass with
time, suggesting that additional proteins associate with the
exposed RNA in the disrupted coat protein−RNA complex. It
is likely that this pathway is more closely related to how the
capsid disassembles in vivo, as it oﬀers the advantage of
protecting the RNA with coat protein until translation begins.
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METHODS

Preparation of BMV Capsids. Solutions were prepared
with ultrapure water (18 MΩ cm at 25 °C) and analytical
grade reagents. All reagents, unless speciﬁed, were purchased
from Sigma-Aldrich (St Louis, MO) and used as received.
BMV was expressed in N. benthamiana via Agrobacteriummediated gene delivery.51 Seven days after infection, N.
benthamiana leaves were homogenized in virus buﬀer (250
mM NaOAc, 10 mM MgCl2, at pH 4.5) and then centrifuged
at 5,000 rpm for 25 min using an Eppendorf F-35-6-30 rotor.
The supernatant was layered on a 10% sucrose cushion in virus
buﬀer and centrifuged at 26,000 rpm for 3 h using a Beckman
SW 32 rotor. The pellets were re-suspended in 38.5% CsCl
(w/v, virus buﬀer) and centrifuged at 45,000 rpm for 24 h on a
Beckman 65 TY rotor. The resulting virus band was collected
and dialyzed against SAMA buﬀer [50 mM NaOAc, 8 mM
Mg(OAc)2, at pH 4.6] for 24 h, with three changes. The virus
concentration was measured by UV−vis absorption spectrometry using a NanoDrop 1000 at 260 nm [εA(0.1%) = 5.15].
For CDMS, the BMV samples were transferred into
ammonium acetate solutions of speciﬁed concentration by
spin-column SEC (Bio-Rad Laboratories, Inc.).
Transmission Electron Microscopy. Electron-transparent samples were prepared by placing 10 μL of a dilute sample
onto a carbon-coated copper grid. After 10 min, the excess
solution on the grid was removed with ﬁlter paper. Samples
were stained with 10 μL of NanoVan (methylamine vanadate,
at pH 8) for 10 min. The excess solution was removed by
blotting with ﬁlter paper and the sample was then left to dry
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pyruvate kinase (PK). PK is a tetramer in solution and under
native electrospray conditions the mass spectrum for PK
contains the tetramer and multimers of the tetramer (i.e.,
octamer, dodecamer, etc.). We have previously shown that
charge states can be resolved for PK with long trapping times.
The absolute uncertainty in the mass measurements is
estimated to be ±25 kDa.
In order to monitor the BMV disassembly reaction at
speciﬁc time points, a rapid mixing device was interfaced with
the commercial nano-electrospray source. The rapid mixing
device included a dual syringe pump that had one syringe
loaded with intact BMV capsids in ammonium acetate at a
neutral pH and the other syringe was loaded with the same
concentration of ammonium acetate, but at a pH value of
around 11. When the two solutions were mixed, the BMV
concentration is halved, the ammonium acetate concentration
is unchanged, and the pH becomes around 10.9−11.0. A total
ﬂow rate (after mixing) of 500 nL/min was employed. The
syringes were connected to a PEEK mixing tee (P-888 from
IDEX Health & Science) by fused silica capillaries (Polymicro
Technologies, 363 μm O.D.). The ﬂow exits the mixing tee via
a fused silica capillary with a cross-sectional area larger than the
combined cross-sectional areas of the two capillaries entering
the mixing tee. The inner diameter of the exiting capillary is
stepped down with a P-720 microtight union assembly (IDEX
Health & Science) to match the inner diameter of the Advion
LC Coupler, which allows the rapid mixing setup to be
interfaced with the chip-based nESI source (Advion Triversa
Nanomate). The length of the capillary exiting the mixing tee
dictates the reaction time. The reaction time can be estimated
from the ﬂow rate and the volume of the exiting capillary. A
variety of reaction times were employed. Results shown here
were obtained with a reaction time of 30 s.
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