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ABSTRACT: Accurate mass analysis can provide useful information on
the stoichiometry and composition of protein-based particles, such as
virus-like assemblies. For applications in nanotechnology and medicine,
such nanoparticles are loaded with foreign cargos, making accurate mass
information essential to define the cargo load. Here, we describe
modifications to an Orbitrap mass spectrometer that enable high mass
analysis of several virus-like nanoparticles up to 4.5 MDa in mass. This
allows the accurate determination of the composition of virus-like
particles. The modified instrument is utilized to determine the cargo load
of bacterial encapsulin nanoparticles that were engineered to encapsulate foreign cargo proteins. We find that encapsulin
packages from 8 up to 12 cargo proteins, thereby quantifying cargo load but also showing the ensemble spread. In addition, we
determined the previously unknown stoichiometry of the three different splice variants of the capsid protein in adeno-associated
virus (AAV) capsids, showing that symmetry is broken and assembly is heterogeneous and stochastic. These results demonstrate
the potential of high-resolution mass analysis of protein-based nanoparticles, with widespread applications in chemical biology
and nanotechnology.

■ INTRODUCTION

Over the past two decades, mass spectrometry of protein
complexes under near-native conditions (native MS) has
developed into a field of its own.1 Breakthroughs in
instrumentation and sample preparation now make it possible
to analyze intact protein complexes up to several megadaltons
in mass, including membrane protein complexes, with relatively
high accuracy and precision.2−4 Our group and others have
used MS to study intact virus capsids, capsid assembly, capsid
composition, and cargo encapsulation.2,5−11 There is consid-
erable interest in the use of virus capsids for applications in
vaccine delivery, gene therapy, nanomedicine, and nano-
technology.12−16 MS analysis of these megadalton virus
particles still poses a significant challenge due to reduced
sensitivity of most instruments for higher masses. Native MS is
traditionally and still predominantly performed on modified
(quadrupole-) time-of-flight (TOF) instruments, where the
operating pressures of several pumping stages are increased to
improve transmission of high m/z ions via collisional
cooling.17−22 More recently, we developed an Orbitrap-based
platform for application in native MS, demonstrating the use of
the mass analyzer in detection of noncovalent protein complex
ions up to approximately 20 000 m/z with improved resolving

power compared to traditional TOF instruments modified for
native MS.23−26 It was shown that Orbitrap-based analysis
offers great potential for characterizing microheterogeneity in
large protein complexes, such as small ligand binding on the
800 kDa GroEL chaperonin and glycosylation profiling on
intact proteins under native conditions.23,27−30 Here, we seek to
further extend and explore the upper mass limits of the
Orbitrap platform with the purpose of analyzing virus like
assemblies.

■ EXPERIMENTAL SECTION
Sample Preparation. Samples were prepared for mass spectrom-

etry by buffer exchange to ammonium acetate, using Vivaspin 500 K
10 kDa MWCO centrifugal filter units. GroEL samples were analyzed
from 50 mM ammonium acetate, pH 6.8. Encapsulin and
dodecahedron samples were analyzed from 150 mM ammonium
acetate, pH 6.8. The AAV1 samples were prepared as previously
described42,43 and analyzed in 100 mM ammonium acetate, pH 6.8.
CCMV was analyzed from 50 mM ammonium acetate, pH 5.0.
Aliquots of 1−2 μL, at a final concentration of ∼2 μM, were loaded
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into gold-coated borosilicate capillaries (prepared in-house) for
nanoelectrospray ionization.
Instrument Modifications. The Exactive Plus mass spectrometer

(Thermo Fisher Scientific, Bremen, Germany) was modified to include
an adjustable gas supply for the HCD cell, and analogue filters were
removed from the image current preamplifier to allow detection over
the entire frequency range. The control software of the instrument was
modified to allow the standard mass range of this instrument to be
increased from m/z 50−6000 to m/z 400−40 000. In addition,
maximum RF voltages were applied to all RF multipoles including the
C-trap. Instead of trapping in the C-trap, ions were allowed to enter
the HCD cell and were stored there prior to their return back into the
C-trap. Manual tuning of the voltage offset on the transport octapole
was used for mass filtering of the incoming protein ions, as previously
described.23 Frequency reduction on RF multipoles was implemented
by adding high-voltage capacitors to corresponding RF coils and
electronic boards automatically adjusted resonance frequency while
keeping the amplitude constant.

■ RESULTS
On the basis of theoretical considerations regarding the ion
optics of the instrument (see Supporting Information text and
Figures S1 and S2), we hypothesized that more efficient
focusing of ions, especially in the C-trap, would be beneficial for
transmission of high m/z ions (>20 000). A schematic of the
instrument is presented in Figure 1. We sought to more

effectively focus high mass ions in the front-end ion guides and
C-trap by lowering their RF frequency. The effects of reducing
the RF frequencies of the front-end ion guides on high m/z ion
transmission were tested on large Cesium Iodide clusters (up to
20 000 m/z) and GroEL CID product ions (ranging from 15
000 to 40 000 m/z). A 5- to 10-fold increase in ion transmission
could be demonstrated for CsI clusters at 20 000 m/z and
GroEL product ions at 30 000 m/z. Moreover, the instrument
modifications allowed detection of GroEL product ions up to
40 000 m/z, compared to 30 000 m/z in the standard
configuration. At the transient time of 64 ms that was used
to analyze GroEL, intact 14-mer ions are detected with an
effective resolution of ∼1500 (M/ΔM, fwhm), whereas there is
a shallow decline in effective resolution for the higher m/z 13-
mer and 12-mer ions, down to ∼1000 at m/z 40 000 (see
Supporting Information Table S1 and Figures S3−S5).
We further explored the performance of the modified

instrument for the analysis of megadalton (MDa) virus
assemblies (Figure 2). Therefore, we analyzed an array of
particles, namely the bacterial nanocontainer encapsulin (2.1
MDa, d ∼ 24 nm), the adenovirus dodecahedron (Dd, 3.5
MDa, d ∼ 22 nm), adeno-associated virus serotype 1 (AAV1,

3.7 MDa, d ∼ 27 nm), and cowpea chlorotic mottle virus
(CCMV, 4.5 MDa, d ∼ 28 nm). Encapsulin, Dd, AAV1, and
CCMV could all be mass analyzed on the modified instrument
(see Figure 2). All the detected ion signals originate from well-
defined charge state distributions that are nearly baseline
resolved for all species. The standard deviations on the
obtained masses are all on the order of 0.01%. Details of the
peak assignments are provided in Supporting Information
Table S2. These MS analyses are considerably more precise and
accurate than conventional techniques that are used to
determine the size and mass of protein nanoparticles, such as
size exclusion chromatography, light-scattering based techni-
ques or gel-based assays. Although attempted, we were so far
not able to analyze particles larger than CCMV, such as the 13
MDa HK97 head II particle on the Orbitrap-based platform.31

It is estimated that the upper limit of the instrument for intact
protein complexes is currently at 25 000−30 000 m/z,
corresponding to a mass of roughly 5 MDa in positive-mode
nanoelectrospray. Because all ions generated in the source must
pass the C-trap twice, which we identified as a bottleneck for
high-mass transmission, this limit is lower compared to the
highest m/z that can be observed for HCD product ions, which
only pass the C-trap once after being generated in the HCD
cell.
Encapsulin is a recently discovered bacterial nanoparticle,

consisting of 60 copies of a capsid-like protein that form a T = 1
icosohedral capsid-like particle that encapsulates a functional
enzyme in vivo in bacteria.32 More recently, it was shown that
encapsulin can also be utilized as a nanocontainer to package
non-native cargo proteins.33 To demonstrate the utility of the
modified Orbitrap platform in chemical biology and nano-
technology, we analyzed encapsulin loaded with foreign
fluorescent cargo proteins (Figure 3). Whereas the spectrum
in Figure 2 seems to represent a single charge state distribution,

Figure 1. Schematic of the Exactive Plus instrument.

Figure 2. Native MS of virus-like particles on the modified Exactive
Plus. Shown are encapsulin (top), adenovirus dodecahedron (top-
middle), adeno-associated virus serotype 1 (bottom-middle) and
cowpea chlorotic mottle virus (bottom). Corresponding structures are
also shown on the graphs. The quoted masses represent the average ±
standard deviation over all charge states in the spectrum. For detailed
peak assignments, see Supporting Information Table S2.
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we observed that it is actually the sum of many very closely
overlapping distributions, originating from the encapsulin
nanoparticle with a variable number of the cargo proteins
encapsulated. We discovered this only when we applied high
energy to the ions in the HCD cell, promoting dissociation,
whereby subsequently up to two encapsulin monomeric
subunits became expelled from the intact precursor ions. In
the resulting high m/z fragment ions, the underlying
distributions of the different species became resolved (Figure
3).
The resulting masses correspond to an integer number of

loaded cargo proteins, thereby verifying the more accurate mass
assignments on the HCD product ions compared to the intact
parent ions (see Supporting Information Table S3). We
observe charge state distributions corresponding to nano-
particles of the 60-mer encapsulin, encapsulating between
exactly 8 and 12 copies of foreign fluorescent cargo molecule.
The intensity weighted average number of encapsulated cargo
molecules is determined at 10.6 TFP per encapsulin nano-
particle. The results show that the modified Orbitrap platform

can be used to quantify the encapsulated cargo in this ∼2 MDa
bacterial nanocontainer with sufficient resolution to also
characterize the ensemble spread. To validate the above
quantitation procedure, we used the extracted intensity
information on the individual encapsulin-cargo stoichiometries
to reconstruct a theoretical spectrum for the intact particle
(Supporting Information Figure S6). We used an in-house
developed software package SOMMS (SOlving complex
Macromolecular Mass Spectra) to generate spectra of
encapsulin 60-mer with 8−12 copies of the cargo molecule.34

These spectra illustrate how the very close overlap between the
different charge state distributions results in one unresolved ion
series (the required resolution to separate these peaks at half-
height is 2500−3000, currently beyond the capabilities of the
instrument). Summing the theoretical spectra together
reasonably reproduces the experimental spectrum of the
undissociated encapsulin with the determined mixed number
of fluorescent cargo proteins encapsulated.
The Dd and AAV1 particles have similar masses of around

3.5 MDa. Still, the corresponding mass spectra shown in Figure
2 look strikingly different. Dd has been proposed as a
noninfective vector for gene transfer and is structurally a
dodecahedron made of adenovirus pentons, i.e., a 60-mer
homo-oligomeric assembly, having a single defined mass. AAV1
has a T = 1 icosahedral capsid and is extensively used as a
vector for gene therapy and vaccine delivery.35,36 It is the first
approved gene therapy vector in the Western world.37 In AAVs,
alternatively splicing and differential codon usage of a single
capsid gene produces three variants of the capsid viral protein,
VP1/VP2/VP3. The VP3 sequence is common between all
three splice variants, and VP2 and VP1 have N-terminal longer
sequences, with VP1 containing a phospholipase domain in its
unique region. The exact amounts of VP1/VP2/VP3 in the
capsid are unknown but estimated to be 1/1/10, based on
densitometry analyses of the capsid proteins resolved on SDS-
PAGE.38−40 Despite many reported crystal structures and cryo-
electron microscopy reconstructions of several AAV serotypes,
it is currently not known whether there is any defined VP1/
VP2/VP3 stoichiometry in the capsid, as only the common part
between the three splice variants (VP3) is clearly resolved in
those structures. In our mass spectrum of AAV1 capsids, we
were able to resolve three series of peaks (see Figure 4). From
the calculated masses, we can determine the copy numbers of
VP1/VP2/VP3, also applying the constraint that the total copy
number in the capsid is fixed at n = 60. On the basis of the
sequences of VP1/VP2/VP3, their monomer masses are
calculated to be 81375/66225/59606 Da, respectively. On the
basis of these theoretical masses, the experimental masses of the
intact capsids were used to estimate the VP1/VP2/VP3 copy
numbers, where we considered every theoretical mass within 2
standard deviations of the experimental mass to be a possible
match.
The masses listed in Figure 4 correspond to capsids with a

single copy of VP1 and between 9 and 11 copies of VP2 (with
all remaining subunits VP3). For all three series of peaks, the
charge state assignment is relatively ambiguous. We get a
similar standard deviation of 0.5 kDa on the calculated masses,
regardless of whether the masses are calculated using the
charge-state range of 165−178 or 164−177 (a bigger shift in
charge state assignment does result in bigger errors). By
simulating theoretical spectra of AAV1 capsids with different
VP1/VP2/VP3 stoichiometries using SOMMS, it became
apparent that there is substantial peak overlap between capsids

Figure 3. Identifying and quantifying foreign cargo encapsulation
(Teal Fluorescent Protein, TFP) in bacterial encapsulin. (a) Native
MS spectrum of encapsulin at high collision energy, showing
dissociation of up to two encapsulin monomeric subunits. (b)
Zoom-in of the peaks corresponding to the first (top) and second
(bottom) dissociation products; colors according to number of
encapsulated cargo molecules. (c) Total intensity of all identified
encapsulin-cargo stoichiometries. For detailed peak assignments, see
Supporting Information Table S3.
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with different VP1 and VP2 copy numbers and that it is
therefore fundamentally impossible to resolve more than the
three series of peaks (Figure 4b). Considering the two
alternative charge state assignments, we calculated a total of
six masses, matching a total of 8 stoichiometries (see
Supporting Information Table S4). From these calculations,
we extract that there are 0−2 copies of VP1, 8−11 copies of
VP2, and 48−51 copies of VP3 in individual AAV1 particles.
These results demonstrate for the first time that there is no
defined VP1/VP2/VP3 stoichiometry for AAV1 and, therefore,
suggest that assembly is stochastic such that the relative amount
of VP1/VP2/VP3 that is incorporated in the capsid might
depend mainly on their relative expression levels. The variable
copy numbers of VP1/VP2/VP3 offer an explanation for the
lack of VP1/VP2 density in the structural analyses of AAV, as
the lack of symmetry would preclude VP1/VP2 to clearly
appear in reconstructions of the particles.
To illustrate the benefit of the native MS-based approach

described here, data acquired by SDS-PAGE and negative stain
electron microscopy on AAV1 particles are provided in
Supporting Information Figure S7. These represent more
conventional techniques for the analysis of AAV and other
protein-based nanoparticles in general. Whereas SDS-PAGE
does provide good separation of VP1/VP2/VP3, such an
experiment only provides an ensemble average regarding the
relative amounts of the three different capsid proteins, as the
particles fully disassemble when analyzed under denaturing
conditions. Techniques such as negative stain electron
microscopy visualize the intact particles, but despite the
relatively high spatial resolution attained, no information can
be gained on the relative amounts of VP1/2/3 in the absence of
any distinct morphological features. SEC or gel shift assays
similarly lack the resolution to resolve mass differences on the
order of 0.1%. As discussed above, even when the particles were

analyzed with atomic-level resolution using X-ray crystallog-
raphy, no density corresponding to the unique regions of VP1
and VP2 could be seen, because of the inherent variability
between the particles. For these reasons, the ability to
determine with high precision and mass resolving power the
absolute masses of nanoparticles makes the MS-based approach
described here a uniquely powerful analytical tool.

■ DISCUSSION
Most native MS platforms described so far employ a markedly
different strategy for improving transmission of high mass ions.
In most TOF-based platforms, the source regions and ion
guides are operated at elevated pressure to improve trans-
mission of high mass ions via collisional cooling.17−22 Whereas
enhanced collisional cooling is in principle also possible on the
Orbitrap-based instrument described here, there is a possible
benefit of the strategy for improved high mass transmission that
we employ. By increasing the quasi-potential well depth of the
ion focusing devices, we prevent the introduction of excessive
gas in regions of the instruments where this is unwanted. Most
notably, it was recently demonstrated that the main reason for a
decay of signal for larger ions in the analyzer is due to collisions
with background gas.41 We identified the C-trap as a bottleneck
for efficient high mass transmission, but collisional cooling in
this region would lead to particularly high pressures in the
Orbitrap as well, which we anticipate to lead to rapid decay of
coherent and stable oscillation of the ions inside the Orbitrap
analyzer.
In conclusion, we have identified limitations for high mass

analysis in the Orbitrap-based platform for native MS and
developed a successful strategy to improve the instruments
sensitivity at high m/z. This allows the characterization of virus-
like assemblies with superior mass resolving power, thereby
facilitating analyses such as the quantification of cargo
encapsulation in engineered virus like particles for nano-
technology, and the precise definition of protein stoichiome-
tries in heterogeneous protein assemblies.
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