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Preface:

The emerging niche of native mass spectrometry in structural biology. 
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Some scientists study protein complexes in terms of the vast interaction net-
works that can be uncovered by proteomics screens, while others study them in 
terms of the atomic structural models derived from x-ray crystallography and 
NMR spectroscopy experiments. Others might focus on the interactions with 
other types of molecules in the cell, such as the lipid bilayer, various sorts of nu-
cleic acids or the countless known metabolites in the cell. Or they might try to 
understand the post-translational modifications that proteins are susceptible to, 
and how they modulate protein complex formation and a protein’s biological ac-
tivities. Regardless of which aspect of protein complexes one focuses on, the an-
alytical tools that are associated with a particular field offer a technically biased 
and limited perspective. The bigger picture may emerge by comparing notes on 
what protein complexes look like from these different perspectives.

I like to consider ‘protein’ as a blanket term, describing vastly different types of 
biological structures. The presence of more than a few peptide bonds is practi-
cally the only thing they all have in common. They might range from single pol-
ypeptide chains of a few kilodaltons to enormous clusters of proteins that are up 
to hundreds of megadaltons in mass. They might be rock solid, structured and 
rigid, or practically without a set structure at all. The analytical tools we use to 
describe them may be very well suited to describe some protein complexes, but 
grossly inappropriate to describe others, depending on these parameters such 
as size, solubility, flexibility or the presence of post-translational modification 
or other types of biomolecules that may also be part of the complex. Moreover, 
a polypeptide chain might exist in a multitude of different forms: in different 
oligomeric states, different structural conformations, in complex with different 
interaction partners and with different stoichiometries of ligands bound or side 
chains modified. Meanwhile, all of these different forms are pulled out the cell by 
the same tag or antibody recognition site in preparation for subsequent analysis. 
What does ‘pure’ really mean if the analytical tool is blind to all these different 
versions of the protein complex that are present in the sample? Our analytical 
tools limit, or conversely, open up, our perspective. How we account for our 
models of even the most basic biology is ultimately down to which analytical 
tools we used to reach our conclusions.

Some analytical tools are less appropriate for molecules of a certain size: large 
complexes present a special challenge for NMR spectroscopy, whereas the lower 
end of the mass range is particularly challenging for electron microscopy. X-ray 
crystallography applies well over the entire relevant mass range, but is strictly 
limited by the requirement for well-diffracting crystals and therefore less suited 
to study dynamic, flexible and heterogeneous samples. Heterogeneity of stoi-
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chiometry, structure and conformation is generally speaking a very challeng-
ing aspect when analyzing protein samples. Most analytical tools provide a bulk 
measurement, but lack the required resolution to distinguish between coexist-
ing states, especially as these may be present over a large dynamic range. Sin-
gle-molecule techniques might provide an answer in this respect, but often lack 
the precision to describe aspects of a protein structure to an appreciable level of 
detail. Electron microscopy may provide a notable exception. However, the high 
resolution information from an electron microscopy experiment still requires 
averaging over many particles, and sorting out which single particles belong to 
which species becomes increasingly challenging with smaller differences in the 
observed densities.

In practical terms, many techniques that are used in structural biology lack 
chemical specificity, in the sense that the observed signals are interpreted with 
the expected 20 amino acids in mind. For instance, x-ray crystallography and 
electron microscopy both provide a detailed electron density map, but electrons 
on a sulfur or carbon atom don’t look all that different. Especially at resolutions 
>3Å, most of the atomic model is inferred from what is previously known about 
the amino acid sequence, post-translational modifications, bound metal ions 
and ligands: the map itself serves mostly to trace the backbone of the polypep-
tide chains. Therefore, when the identity of the polypeptide chains, the nature 
of post-translational modifications, the type of bound ligands may be brought 
into question, such techniques as x-ray crystallography and electron microscopy 
fall short, in spite of the high resolution nature of the information they provide. 

Where many analytical tools thus practically lack chemical specificity for the 
analysis of protein complexes, the use of mass spectrometry comes into play. 
Determining the masses of proteins and protein complexes with high precision 
and accuracy provides mass spectrometry with an unmatched power to pinpoint 
the copy numbers of subunits and ligands assembling in a protein complex. 
Mass spectrometry techniques for the analysis of protein complexes are coming 
along with broad mass range, and sufficiently high resolving power to deter-
mine the precise identity and stoichiometry of many co-occuring components 
in rather heterogeneous mixtures of protein complexes. Mass spectrometry is 
therefore very well suited to determine the composition of protein complexes 
and uncovering the ensemble of quarternary structures as which the proteins 
exists. But, as with any technique, specific challenges and limitations still apply. 
Mass spectrometry works especially well for the study of quaternary structure 
by virtue of the high accuracy and precision of the mass determination, espe-
cially in comparison to alternative tools such as size-exclusion chromatography, 
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multi-angle light scattering, analytical ultracentrifugation and various types of 
gel electrophoresis. Mass spectrometry’s ability to simultaneously detect multi-
ple coexisting complexes in a heterogeneous mixture also requires a sufficient-
ly high resolving power. An important limitation of mass spectrometry is that 
achieving this high precision, high accuracy and high resolving power in anal-
ysis of protein complexes becomes increasingly challenging with increasingly 
larger assemblies.

The challenge of analyzing large protein complexes has been addressed in several 
previous mass spectrometry studies of large protein complexes like the ribosome 
or proteasome, whereas the Heck lab has focused a lot on protein cages, most 
notably virus capsids. Virus capsids play a pivotal role in the viral replication 
cycle, and may therefore be important therapeutic targets. They are also being 
developed as vehicles for gene and vaccine delivery and as assembly scaffolds 
or nanoreactors/-containers in nanotechnology (1). These studies include mass 
spectrometry of chaperonin complexes (2-4), ferritin-like protein cages (5-7), de 
novo designed protein cages (8), empty virus-like particles of hepatitis b virus, 
norovirus and bacteriophages P22 and MS2 (9-15), as well complete, infectious 
viruses (16). Development of the analytical tool and studying the protein cage 
are two scientific aims that have gone hand-in-hand in these studies, and they 
continue to do so in the chapters of this thesis. 

Chapter 1 reviews the current state of predominant mass spectrometry tech-
nologies for the analysis of large protein complexes. Chapter 2 discusses how 
mass spectrometry can be applied to study an intact 18 megadalton virus capsid 
and discusses which properties of the samples and instrumentation ultimately 
limit what size of molecule is still accessible to the technique. Chapter 3 dis-
cusses how the mass range of a more recently introduced instrument may be 
further extended to allow high-resolution analysis of megadalton virus particles. 
Chapters 4 through 6 discuss specific applications of mass spectrometry to study 
capsid structures, thereby illustrating the full potential for the structural and bi-
ophysical characterization of large protein complexes by this technique. Finally, 
in Chapter 7 I will discuss some possible future directions for mass spectrometry 
of large protein complexes.
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 1 Abstract.
The size and mass analysis of newly discovered protein complexes may be a first 
important step towards determining the constituents, the stoichiometry and 
possibly the shape and topology of these assemblies. Moreover, methods for size 
and mass analysis may be used to study assembly and dissociation behavior of 
these complexes as a function of time or under the influence of changing envi-
ronmental conditions. Here, emerging analytical methods to characterize pro-
tein complexes are reviewed. The focus lies on native mass spectrometry (native 
MS) in particular, but a range of other electrospray ionization based methods are 
also covered. A selected number of applications that are illustrative of the cur-
rent state of these analytical approaches for the size and mass analysis of protein 
assemblies are highlighted.
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 1Whereas it has become relatively straightforward to obtain a list of protein inter-
action partners with affinity-purification and MS-based identification protocols 
(AP-MS), more precise structural analysis of a protein complex presents a much 
bigger analytical challenge (1-4). AP-MS methods do not generally yield infor-
mation on the size of a protein complex or the stoichiometry of the co-assem-
bled subunits, and also often do not disclose important information on co-in-
teracting DNA, RNA and small molecules (nucleotides, lipids, etc.). It is also 
not usually possible to distinguish between different coexisting states of higher 
order oligomers. To obtain a more complete picture of a supramolecular protein 
assembly and its composition, it is thus necessary to analyze the intact assem-
bly. Moreover, if the analytical approach would allow one to further dissect the 
purified protein complex from the top-down, additional information on protein 
subunit arrangement and shape can be obtained.

Figure 1. Structural models of Ubiquitin, IgG, the ribosome, and a virus capsid to illustrate the 
size and mass range of some biologically relevant protein complexes.

There are several challenges associated with a comprehensive analysis of protein 
assemblies. For instance, protein complexes can range from a few kilodaltons to 
several tens of megadaltons in molecular weight (See Figure 1), which ideally 
would be covered with the same analytical approach. Whereas the core-assem-
bly of a protein complex is often formed through stable high-affinity interac-
tions, accessory components may be weakly bound and transiently associated. 
The transient nature of the assembly requires that the principal of analytical sep-
aration and detection is relatively fast; so as to prevent ‘smearing’ as often ob-
served in gel electrophoresis or size-exclusion chromatography. In other words, 
when analytically separating complexes of different size/mass, the mass infor-
mation must be extracted before dissociation or re-association can take place. 
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 1 As a result, many commonly used techniques for determining protein size and 
mass, such as light-scattering based techniques, are unable to efficiently distin-
guish between multiple coexisting states due to ensemble averaging or a lack 
of resolution. Many proteins within protein complexes are also often decorated 
by post-translational modifications, and can bind small molecule substrates or 
effectors such as nucleotides, lipids or sugars, yielding very subtle variations in 
mass that can only be uncovered with high mass resolution and precision. Gen-
erally speaking, the shorter the time-scale of analytical separation and detection 
and the higher the precision and accuracy of the mass determination, the more 
information can be gained on the protein complex under study.

Electrospray ionization as a source of gas-phase ionized protein assemblies.
Because most mass analyzers are operated under high vacuum, protein com-
plexes need to be ionized and carefully transferred into the gas phase. In most 
approaches, electrospray ionization (ESI) is the method of choice (5-8). In ESI, 
an analyte solution is transferred into a conductive capillary. A potential is ap-
plied between the capillary and the inlet of the mass spectrometer. This poten-
tial difference leads to the formation of a so-called Taylor-cone at the tip of the 
capillary (9). Small charged droplets, that contain the analytes, are formed at the 
tip of the Taylor cone by jet-fission. Solvent evaporates from the droplets, which 
increases their charge density. Once the charge density reaches a certain limit, 
i.e., the Rayleigh limit, the droplets may undergo a Coulombic-driven explosion 
and jet fission. This process repeats until the droplets are so small that only a sin-
gle analyte is contained within them. As the remainder of the solvent evaporates, 
part of the excess charge on the droplet surface is carried over to the analyte, 
forming multiply charged (protonated) ions (according to the charged residue 
model of ESI) (7, 9, 10).

Whereas the solvent-free analysis of protein complexes does offer some advan-
tage (i.e., interpretation of the obtained masses is not complicated by addition-
al mass that originates from hydration layers, counter-ions, etc.), special care 
needs to be taken so as not to disrupt the native contacts of a protein complex 
or introduce gas-phase related artifacts to its structure. Several experiments and 
computational studies have pointed out that whereas some structural rearrange-
ments do take place, much of the backbone solution-phase structure can be re-
tained following complete desolvation (under carefully controlled conditions 
with minimal ion heating) (11-13). ESI is generally considered to be one of the 
most gentle ionization methods available and is the preferred ionization method 
in most MS studies of protein complexes. By using lower flow rates through the 



17

C
ha

pt
er

 1capillary, the initially formed droplets are smaller and fewer fission events take 
place before effective ionization of the analyte, which makes ionization even gen-
tler (9, 14). Scaling down to flow rates of only a few tens of nanoliters per minute 
is known as nanoESI and is the preferred ionization method in most native MS 
studies (see below). It offers the additional advantage of enhanced sensitivity.

The use of ESI in MS does pose a few restrictions on experimental design. It 
is for instance not feasible to analyze the protein complexes in buffers that are 
typically used in biochemistry and molecular biology (i.e., solutions containing 
high salt concentrations, Tris or HEPES etc.). These buffer components ionize 
very efficiently, while present at millimolar concentrations, thereby dominating 
the spectrum and even suppressing ionization of the protein analyte (typically 
present at micromolar concentrations). Moreover, these buffer components may 
form adducts with the protein complex under study, which complicate the inter-
pretation of the obtained ion signals and distorts spectral quality. One is therefore 
restricted to the use of volatile buffer components such as ammonium acetate, 
ammonium bicarbonate, or the recently introduced ethylenediamine diacetate 
(EDDA). Of these examples, ammonium acetate is by far the most commonly 
used for the analysis of intact protein complexes, even though it has a very lim-
ited buffer capacity. Ammonium bicarbonate has a higher buffer capacity, but 
may cause protein unfolding at the gas-water interface introduced by bubble 
formation of the CO2 gas (15). EDDA was recently introduced and shown to 
be particularly suitable for the analysis of the ATP-binding GroEL chaperone, 
resulting in very good desolvation and high mass resolving power (16). 

There are also concentration limits for the analysis, especially when using nano-
ESI. The lower limit depends on the sensitivity of the mass analyzer (it is typi-
cally below 100 nM in native MS studies employing nanoESI), whereas at higher 
concentrations (more than several tens of µM) the crowded solution starts to 
restrict flow through the ESI capillary. When studying protein-ligand interac-
tions, high concentrations of ligands in ESI will generate protein ions with non-
specifically bound ligands (the higher the concentration, the more likely a free 
ligand will share a droplet with a free protein and adsorb onto the protein as 
desolvation proceeds). Similarly, non-specific clustering of the protein assembly 
will also occur.

ESI generally yields a distribution of multiply charged ions. The number of 
charges that is carried over to the protein complex depends to some extent on the 
conditions of the spray solution but is dominated by the solvent-accessible area 
of the analyte (17). The charge state signature of a protein ion can thus be used 
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 1 to monitor conformational changes (that result in large changes in solvent-ac-
cessibility) and is sometimes used to monitor protein folding (18, 19). Several 
supercharging and charge-reducing agents have been described that allow one 
to manipulate the average number of charges that is acquired by the analyte (20-
24). As most MS approaches yield information on mass-to-charge ratio, charge 
state assignment is crucial for calculating accurate masses and is rather straight 
forward for highly resolved spectra of relatively small protein complexes (charge 
states can be calculated from matched peaks) (25). Specialized software has been 
described to aid in the interpretation of more complicated spectra and a more 
elaborate strategy for charge state assignment is often required in the cases of 
complicated spectra and lesser-resolved peaks (26-29).

Alternative ionization methods.
Although ESI is widely reported as the most suitable ionization technique for 
the analysis of non-covalent protein complexes, alternative ionization tech-
niques have also been successfully applied; mentioned here briefly. In particu-
lar, large non-covalent assemblies have been studied using matrix assisted laser 
desorption/ionization (MALDI) and laser-induced liquid bead ion desorption 
(LILBID) (30-32). In the case of MALDI, the analyte is embedded in a dry ma-
trix that, upon laser-excitation, ionizes, desorbs, and transfers charge to the an-
alyte. In LILBID, micro-droplets are excited at the absorption maximum of wa-
ter, which, beyond a threshold laser intensity, disrupts the droplet such that the 
analyte is transferred into the gas phase. Most notably, the use of MALDI and 
LILBID has facilitated the analysis of intact IgG antibody, RNA polymerase, de-
tergent solubilized membrane proteins, amyloid assemblies, and virus particles.

Native mass spectrometry.
Native MS is a term coined to describe the mass analysis of non-covalent protein 
complexes under non-denaturing conditions from buffered aqueous solution, 
as close to physiological conditions as is still compatible with ESI (33, 34). The 
information that native MS offers on protein complexes is outlined in Figure 
2a and discussed in detail in this section. Most reported native MS studies are 
carried out with time-of-flight (TOF) mass analyzers because of their superi-
or resolution and sensitivity for high mass, or m/z, ions. In TOF analyzers, the 
mass-to-charge ratio of an ion is determined by measuring its flight-time along 
a defined path in the analyzer. These instruments are often slightly modified ver-
sions of commercially available hybrid Quadrupole-TOF (QTOF) instruments, 
where most modifications are aimed at optimizing transmission of high mass 
ions (35-37). A schematic of a QTOF for native MS is presented in Figure 2b.
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 1

Figure 2. Workflow and Instrumentation used in Native Mass Spectrometry. A) Illustration 
of different experiments used in native MS. B) Schematic of a modified QTOF instrument. 

Adapted from reference 61, with permission. C) Schematic of a native MS Orbitrap instrument.

Whereas the standard commercial instruments are operated at a typical pressure 
of 1 millibar in the source region, the transmission of large ions is greatly im-
proved by increasing the pressure to approximately 10 millibar (38, 39). The in-
creased pressure focuses large ions by collisional cooling and a similar approach 
is often also employed in the multipole ion guides of high-mass QTOF instru-
ments (40). This can be achieved by fitting a flow-restrictive sleeve on the ion 
guide, such that more gas from the previous pumping stage leaks into the next 
region, or by feeding a gas-line into the pumping stage. The use of heavier buffer 
gas (such as argon or xenon, compared to helium or nitrogen) further improves 
the transmission of high mass ions. In addition to the source and transfer stages 
of the instrument, the collision cell is usually also operated at elevated pressures 
using a heavier inert collision gas (xenon, krypton) to further improve trans-
mission. The heavy collision gas also aids in collisional activation of large ions 
as more energy is transferred per individual collision. This activation in the col-
lision cell can also be used to improve spectral quality by stripping ions and/or 
buffer adducts from the analyte of interest (41). Sufficiently high activation leads 
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 1 to gas-phase dissociation, whereby the formed fragment ions can help confirm 
mass assignments and provide structural constraints on subunit arrangement 
(42-46). The ability for collisional activation has been further expanded in some 
instruments by extending the applicable DC collision potential to the collision 
cell (47).

Most TOF analyzers that are used in native MS have a nominal resolution (M/
ΔM) between 5000 and 10000. Compared to many other popular mass analyz-
ers, there is only a shallow drop-off in resolution with increasing m/z, which is 
one reason why TOF analyzers are very suitable for native MS studies. Despite 
the numbers for the mass resolution quoted above, the effective resolution on 
a large protein complex’ charge state reported on these instruments is usually 
no higher than 1500 and mostly only a few hundreds. Some have argued that 
effusive expansion of the ion beam for large analytes (during transfer from high- 
to low-pressure ion guides) causes similar dispersion in the pusher region and 
therefore in the obtained flight-time profiles (48). However, the main cause for 
relatively wider peaks observed in native MS studies seems to be incomplete de-
solvation of the analyte (49). Many different neutral and/or ionic adducts (sodi-
um, potassium, ammonium, acetate, water, etc.), differing only slightly in mass, 
can all be attached on the same protein complex. Rather than measuring a bare 
protein ion, one measures the unresolved envelope of the protein with a variety 
of buffer adducts with closely spaced masses, leading to extensive peak-broad-
ening. Buffer adduct formation becomes increasingly likely with larger protein 
complexes, resulting in broader peaks for higher masses. Relatively little can be 
gained with an enhancement of the instrumental resolution of the mass analyzer, 
given that the underlying isotope distributions of all the different adduct peaks 
will also overlap extensively (and to achieve ‘isotopic’ resolution on such large 
analytes at high m/z is currently simply unfeasible). For this reason, the resolv-
ing power (and with that also the accessible mass range) in native MS studies 
could be greatly enhanced if buffer adduct formation could be further reduced, 
moving towards complete desolvation.

Although the TOF has traditionally been the mass analyzer of choice, Fourier 
transform ion cyclotron resonance (FT-ICR) and Orbitrap mass analyzers have 
also been used to study large protein assemblies. Several native MS studies using 
FT-ICR mass analyzers have been reported, including the study of protein-pro-
tein and protein-oligosaccharide interactions, some of the first systematic stud-
ies of gas-phase dissociation kinetics of protein ions, and the use of alternative 
activation schemes for high mass ions, such as electron capture dissociation (50-
54). It was recently shown that the Orbitrap mass analyzer could also be mod-
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 1ified to become suitable for native MS (55). Rather than measuring the flight-
time, the Orbitrap measures the axial frequency of oscillation of trapped ions 
along a central electrode (56, 57). A schematic of the Orbitrap platform used in 
those studies is presented in Figure 2c. Unlike the TOF instruments, the front 
end of the native MS Orbitrap is not operated at elevated pressures. The only 
differences compared to its use for analyzing small molecules is tuning of the DC 
potentials of the ion lenses and trapping of the ions in the high-energy collision 
(HCD) cell (which is operated at elevated pressure using a heavier collision gas), 
before injection into the Orbitrap. It was shown that this Orbitrap platform has 
high sensitivity and superior resolving power in native MS applications (55, 58), 
which, for the reasons outlined above, is most probably due to the difference in 
the front-end of the instrument (which apparently promotes loss of buffer ad-
ducts), whereas the higher nominal resolution of the analyzer has only a minor 
contribution to its higher performance. 

In the past 20 years, native MS has established itself as a valuable tool in stud-
ying protein complex composition, structure, and assembly (34). Mass analysis 
with a precision that is routinely below 0.01% has been conducted on various 
protein complexes. Recent examples include membrane protein complexes (sol-
ubilized in detergent-micelles) (59-61), which are particularly challenging for 
many techniques in structural biology, as well as megadalton virus capsids (62, 
63), which are thought to be the biggest molecules accessible to the technique 
with the current state of instrumentation. The resolving power of the technique 
is often sufficient to monitor post-translational modifications (such as glycosyla-
tion and phosphorylation) and small ligand binding on intact protein complexes 
up to the megadalton range (16, 55, 58). Data acquisition takes on the order 
of minutes between samples, allowing kinetic measurements of relatively slow 
reactions in the minutes-to-hours timescale (64). Studies on amyloid formation 
and chaperone and virus assembly illustrate how multiple coexisting states can 
be separated, detected, and characterized simultaneously with native MS (65-
67). The quadrupole mass filter on the hybrid QTOF setup allows one to study 
the gas-phase stability and subunit arrangement of individual components from 
these complex mixtures by tandem MS using collision induced dissociation 
(CID). 

CID is a so-called slow-heating activation process, and it typically results in 
gradual unfolding of single subunits that are ejected from the complex with a 
particularly high number of charges (protons are mobile on the protein and re-
arrange to occupy the newly available surface on the unfolded subunit) (68). 
Depending on precursor ion charge and quaternary structure of the protein 
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 1 complex, alternative dissociation pathways are also observed that include the 
dissociation of lower-charged compact subunits, dissociation of higher order 
multimers from a complex, or fragmentation of the peptide backbone (13). As 
a consequence of the slow heating of ions in CID and the associated unfolding 
of subunits, the amount of structural information that can be gained from CID 
is somewhat limited. Assuming that peripheral subunits tend to dissociate first, 
the order of dissociation observed in CID can provide some clues as to the ar-
rangement and connectivity of subunits. However, this is only useful when stud-
ying hetero-multimeric assemblies and the concept of a “peripheral subunit” 
is meaningless in the context of symmetric oligomers and ring-like structures. 
Alternative dissociation pathways where higher-order multimers dissociate are 
much more informative on subunit arrangement and connectivity. These alter-
native dissociation pathways can be achieved by using an alternative activation 
method called surface induced dissociation (SID). In SID, ions collide with an 
inert surface to achieve dissociation of protein complexes. Because activation in 
SID is a single-step high-energy event, subunit contacts are broken without the 
extensive unfolding that is observed in CID (69). Hence, it is more likely with 
SID to generate subcomplexes in the gas phase that are informative for resolving 
the quaternary structure of the assembly (70, 71).

Within the framework of the native MS workflow, additional structural informa-
tion about the protein complex under study can be obtained by combining mass 
spectrometry with ion mobility spectrometry, an approach referred to as IMMS 
(72). Ion mobility is sometimes also used as a stand-alone technique to analyze 
the size of protein complexes, as is the case with differential mobility analysis 
(see section on GEMMA, below). In IMMS, a hybrid instrument performs ion 
mobility separation and MS analysis of the protein ions in sequence (73-75). 
From the ion mobility of an ion, its collisional cross section can be calculated, a 
property that is largely determined by the rotationally averaged projection area 
of the analyte. The collisional cross section of an ion thus relates to its shape, and 
IMMS measurements have been used to determine the subunit arrangement of 
protein complexes and to monitor conformational changes. IMMS has also been 
pivotal in assessing the gas-phase structure of protein ions and has gone a long 
way to show that global aspects of solution-phase structure are preserved after 
desolvation (12). 

The most popular drift-time separation techniques for native IMMS are drift 
tube ion mobility (DTIMS) and travelling wave ion mobility (TWIMS). In 
DTIMS, ions are separated on the basis of mobility by applying a static field on 
a drift tube that is densely filled with a neutral buffer gas. In TWIMS, ions are 
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 1separated in a gas-filled stacked ring ion guide under the influence of a travelling 
wave potential. Whereas the collisional cross section can be directly deduced 
from DTIMS measurements, TWIMS requires careful calibration with known 
standards from DTIMS measurements (73, 76). The collisional cross section has 
been used in two important ways to assess protein complex structure in the gas 
phase. In one approach, it is determined how the collisional cross section scales 
with the molecular weight of the protein assembly. This trend allows one to make 
the distinction between globular, ring-like, or extended sheet-like structures and 
has been used in the study of amyloid and virus assembly (65-67). In a more 
systematic approach, experimental cross sections are compared to theoretically 
modeled projections of atomic or coarse-grained models of protein structures 
obtained by X-ray crystallography or electron microscopy (46, 77). By system-
atically scanning all possible arrangements of protein subunits in an unknown 
structure, the experimental cross section can be used as a constraint to exclude a 
large space of possible subunit arrangements.

Highlighted recent applications of native mass spectrometry.

F- and V-type ATPases.
A recent break-through in native MS has been the analysis of typically insolu-
ble intact integral membrane protein complexes (59, 78). Membrane proteins 
are notoriously difficult to handle because of their poor solubility, which can 
be overcome by the use of detergent micelles. However, most ionic detergents 
are incompatible with ESI, but several non-ionic detergents have recently been 
described to facilitate the analysis of membrane protein complexes with native 
MS (61). Most notably, recent studies on a variety of ATPases demonstrate how 
stoichiometry, subunit arrangement, and even lipid and nucleotide binding can 
be uncovered with native MS (See Figure 3) (60, 79). Related to this, attempts to 
analyze membrane proteins have also been successful using MALDI or LILBID 
MS, rather than nanoESI (30, 31).

Bacterial immune response related protein complexes.
Recently, it was found that bacteria have defense systems against viral infections, 
generally known as clustered regularly interspaced short palindromic repeats 
(CRISPR) systems. In this defense mechanism, a protein-RNA complex plays a 
pivotal role, termed Cascade in Escherichia coli, which targets RNA molecules 
encoded in the genome of the bacteria towards viral DNA, where, upon binding, 
it hampers viral replication, thereby suppressing infection. 
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Figure 3. Highlighted application of Native Mass Spectrometry: subunit arrangement and 
connectivity from dissociation approaches. A) Native MS with solution phase dissociation to 

determine subunit connectivity of the CRISPR related complex Cascade. Taken from reference 
80, with permission. B) Native MS of detergent solubilized F-ATPase membrane protein 

complexes. Subunit connectivity was deduced from CID pathways. Taken from reference 79, 
with permission.
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Figure 4. Highlighted applications of Native Mass Spectrometry: protein-protein and pro-
tein-ligand binding. A) Studying antibody dimerization with native MS. “HL” refers to the 
“hinge-less” antibody monomer. Taken from reference 88, with permission. B) (left) ATP 

binding to the chaperone GroEL in EDDA buffer, analyzed on a QTOF instrument. Taken from 
reference 16, with permission. (right) ADP/ATP binding on GroEL in ammonium acetate buff-

er, analyzed on an Orbitrap instrument. Taken from reference 55, with permission.

The stoichiometry and structures of a variety of such CRISPR-related complexes, 
that typically contain half a dozen different proteins and a crRNA sequence, have 
recently been elucidated with the aid of native MS by detailing the stoichiometry, 
demonstrating subunit connectivity with solution phase dissociation, and deter-
mining subunit arrangement and shape from IMMS (See Figure 3) (80-82). The 
resulting models of the CRISPR-related complexes were shown to be in excellent 
agreement with cryoEM reconstructions of the same complexes and a critical 
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 1 first step in assigning those EM densities. These studies highlight how native MS 
serves as a valuable complement in the toolbox of structural biology. The use of 
solution-phase dissociation and IMMS to determine the topology of a protein 
complex has been reported in several studies and is becoming an integral part in 
the native MS workflow (46, 80, 83, 84).

Antibody dimerization.
Binding constants of protein-protein and protein-ligand interactions can be de-
termined from titration experiments, using native MS as a read-out to quantify 
binding (85-87). As mentioned above, care needs to be taken to ensure that no 
ESI- or MS-related artifacts are introduced in such analyses. A recent example of 
the use of native MS to determine binding affinities comes from a study where 
the determinants of antibody half-body dimerization were uncovered (See Fig-
ure 4) (88). The binding affinities for dimerization were determined in engi-
neered half-molecules of the IgG4 antibody by native MS. Titration experiments 
with native MS were used to determine the effect of a range of mutations on the 
dimerization constant of the half-antibodies to reveal which regions are particu-
larly important. Moreover, time-resolved measurements of antibody mixtures of 
different mass allowed the kinetics of subunit exchange to be determined. The 
mass-tagged mixing of subunits to determine subunit exchange between com-
plexes has been reported on several occasions (89-91). 

Small molecule binding to large protein assemblies: GroEL with ATP and 
ADP.
Many supramolecular assemblies rely on small molecule effectors or substrates 
for their biological activity. Binding of nucleotides such as ATP is very common 
but not easily studied in large protein complexes. Information on the ensemble 
state of a multiprotein complex for ATP occupancy is particularly challenging 
for many techniques with relatively low resolution. It was recently shown that 
binding of individual ATP/ADP molecules could be resolved on the 800 kDa 
GroEL chaperone using the modified native MS Orbitrap platform, which would 
facilitate detailed studies on small molecule binding on supramolecular assem-
blies (See Figure 4) (55). Binding of ADP or ATP could be easily distinguished, 
even though this represents a mass difference of only 80 Da on a total mass of 
800 kDa (i.e., 0.01%). With the use of an EDDA solution, rather than the more 
common ammonium acetate, it was recently shown that ATP binding could also 
be resolved on a more conventional QTOF instrument (16). Here, it was demon-
strated that native MS can be used to characterize the ensemble state of ATP 
binding on GroEL, and this information was used to determine the allosteric 
mechanism of ATP binding. These data clearly demonstrate that native MS may 
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 1provide an ideal tool to monitor effector and/or drug binding to proteins and 
protein assemblies.

Alternative approaches in the determination of the size and molecular mass 
of protein assemblies.

As described above, TOF MS detection is still predominant in native MS applica-
tions, but alternative means to sense and record a mass of a particle are emerging 
and being explored. They present interesting alternatives for the analysis of pro-
tein complexes in the mass range between several kilodaltons to megadaltons. 

Charge and image current detection for single-particle mass spectrometry.
Protein complexes acquire tens to hundreds of charges in ESI. This high number 
of charges makes it possible to detect single ions by measuring the image current 
they induce on a variety of detection plates, such as used in charge detection MS 
coupled to TOF, FT-ICR, and Orbitrap MS. In FT-ICR and Orbitrap mass ana-
lyzers, imaging currents are typically induced and detected when an ion pack-
et, containing typically thousands of ions, is in coherent orbiting motion. After 
being amplified, these currents can be digitized, after which these time-domain 
signals are Fourier-transformed to yield a mass spectrum. To induce a recorda-
ble image current, ~100 charges are needed. Smith et al. pioneered the applica-
tion of FT-ICR to measure the masses of single ions of macromolecular protein 
assemblies and DNA (92). They demonstrated the detection of single ions of 
BSA dimers carrying only 60 charges (93). Moreover, using FT-ICR and individ-
ual ion detection, large pieces of ~100 MDa DNA and circular double-stranded 
plasmids (~1.9 MDa) extracted from Escherichia coli could be analyzed (94). The 
plasmid ions trapped in the ICR were reacted with acetic acid molecules to in-
duce shifts in the charge-state. Measurements of the multiple peaks arising from 
the charge-state shifting provided masses of the individual ions with an average 
accuracy of 99.8%. More recently, Makarov et al. have shown that single ion de-
tection can also be achieved for highly charged proteins and protein assemblies 
using Orbitrap mass analyzer (55, 95). 

Several groups have explored and constructed in-house charge detection devic-
es for the analysis of large ions in TOF mass spectrometers. Pioneering work 
by Fuerstenau and Benner provided an instrument capable of analyzing highly 
charged macromolecular particles ionized by ESI that contained a very sensitive 
amplifier, which detects the charge on an ion as it passes through a tube detector 
(96). The tube (length of 36.1 mm and a bore of 6.35 mm) acts both as a TOF 
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 1 mass analyzer and as a detector. It must be aligned with the ion beam axis, al-
lowing ions to pass through the tube one at a time. This detected charge is then 
amplified and measured. This approach has the advantage of being simple and 
cheap to produce. A velocity measurement of the ion together with its known 
electrostatic energy provides the ion’s mass-to-charge ratio. They demonstrated 
initially that, with this instrument, the molecular weight of single ions of DNA 
with masses ~1 MDa and charge numbers in excess of 400 could be measured. 
Later on, it was also used to analyze intact viruses (introduced by ESI), namely 
the rice yellow mottle virus that consists of a single-stranded RNA surrounded 
by a homogeneous protein capsid with a mass of 6.5 MDa, and the rod-shaped 
tobacco mosaic virus with a mass of ~40 MDa (97).

More recently, a few groups revisited the concept of charge detection MS for 
the analysis of macromolecular ions using a (linear) array of charge detectors 
enabling multiple image charge measurements per ion (98-100). These detec-
tors consist of a multiple collinear tubes differentially isolated and connected 
to amplifiers to reduce the noise and improve the detection limit. For instance, 
the image charge detection mass spectrometer of Smith et al. encompassed an 
array of 22 charge detection tubes, arranged coaxially and divided into two sets 
of 11 detectors. They claimed that the correlation approach they used to analyze 
the output from the image charge detectors provides advantages over using a 
Fourier transform in terms of signal-to-noise ratio. Using correlation analysis, 
the achievable noise level with the 22 detectors was around 10e for a 500 m/s 
ion. They used the device to measure poly ethylene glycol (PEG) and found that 
the measured charge and molecular weight was in agreement with the expected 
polymer size of 300 kDa. Later on, it was shown that cytochrome C and ADH 
monomers can be detected and mass analyzed in their device.

The charge detection approaches outlined above seem to be applicable to pro-
tein complexes larger than those accessible to the wider reported native MS ap-
proach. These techniques cover a very wide mass range, but they still suffer from 
a comparatively low precision. The uncertainty in the obtained masses makes for 
a less powerful constraint in determining complex stoichiometry and composi-
tion. Whereas ‘single-ion detection’ does have a ring of sensitivity to it, the reali-
ty is that transfer of the analytes into the MS device is often the bottleneck, such 
that solutions in the high micromolar range are required for analysis. The gener-
ation of ions by ESI, combined with single ion detection, does make it possible 
to uncover multiple coexisting populations from heterogeneous mixtures, and 
therefore give these techniques a distinct advantage over conventional wet-lab 
techniques for the determination of protein complex size and mass. In addition, 
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 1whereas resolution of subsequent charge states is an absolute necessity for pre-
cise mass determination in native MS, single-particle charge-detection MS will 
yield a mass for every ion, no matter how heterogeneous the mixture of analytes 
is, which can often be problematic for ‘conventional’ native MS, especially with 
larger, poorly desolvated ions. The ability of charge-detection MS to deal with 
particularly heterogeneous mixtures, especially of large protein assemblies, is 
illustrated in recent work on virus capsids by Jarrold and co-workers (101, 102).

Nanomechanical mass sensors.
As another means to analyze macromolecules and nanoparticles, resonant mi-
crometer scaled cantilevers can be used as mass sensors (103). Cantilever based 
mass sensors have been shown to ensure the sensitivity to measure the mass 
of not only single large protein assemblies, nanoparticles, and cells, but also of 
small molecules like naphthalene and even Xe atoms (104). In nano(electro)
mechanical–mass spectrometry (NEMS), analytes such as DNA (105), protein 
assemblies, or nanoparticles are introduced into the device by ESI, followed by 
desolvation and guidance by ion optics towards the detector (104, 106, 107). The 
detector makes the major difference, as it is an ultrahigh-frequency nanoelectro-
mechanical resonator. The vibrational frequency of a NEMS resonator is a deli-
cate function of its total mass. Small variations in mass, as induced by adsorption 
of analytes onto the resonator, can measurably alter its resonant frequency. Even 
individual protein molecules induce an abrupt jump in the resonant frequen-
cy when they adsorb onto the sensor. These frequency shifts are proportional 
to the mass and position of adsorption on the resonator and can be recorded 
in real time (108). Individual events can be detected by monitoring successive 
frequency shifts when a protein assembly of interest is electrosprayed into the 
instrument. Presumably only a small fraction of the electrosprayed molecules 
make it to the small resonator surface, and thus the overall detection sensitivity 
is likely not yet that great. The NEMS detector seems to have a nearly unlimited 
mass range, capable of analyzing particles in the tens of MDa range. A current 
limitation seems to be the mass resolution and mass accuracy of such devices.

A nice recent application of NEMS has been in the analysis of human IgM anti-
bodies (See Figure 5). IgM forms macromolecular complexes in serum, whereby 
biologically-active isoforms can be tetrameric, pentameric, hexameric, or dipen-
tameric assemblies of ~190 kDa subunits. For the prevalent pentamer isoform, 
an additional small protein (the J chain) helps link the assembly and contributes 
~15 kDa to the total ~960 kDa mass of the complex. The NEMS spectrum, accu-
mulated from 74 single particle spectra, reveals particles of quite a few different 
masses but clearly shows the pentameric IgM complex as the most abundant 
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 1 signal at 1.03 ± 0.05 MDa. Moreover, a dimerized pentameric complex at 2.09 
± 0.05 MDa is also present. These values are very close to the anticipated values 
0.96 MDa and 1.92 MDa, which is remarkable as no calibration other than using 
the nominal mask dimensions of the mass sensor was applied. It is impressive 
that such data can already be acquired from analyzing only 74 particles, although 
it would also be interesting to see whether the convoluted spectrum still reveals 
the additional presence of multiple oligomers (trimer, tetramer, etc.) when the 
number of analyzed particles, and thus the statistics, could be increased.

Figure 5. Single particle mass spectrometry with NEMS. A) Schematic overview of a NEMS 
mass spectrometer. B) Scanning Electron Micrograph of the NEMS device. The white dotted 
line shows the boundaries of the region beneath the suspended device that anchors it to the 
substrate. Yellow regions represent Al/Si gate contacts. Narrow gauges near the ends of the 

beam become strained with the motion of the beam, thereby transducing mechanical motion 
into electric resistance. Scale bar, 2 µm. C) NEMS mass spectrum of IgM oligomers, showing 
the cumulative spectrum for an increasing number of measured events. Taken from reference 

106, with permission.

Gas-phase electrophoretic mobility molecular analyzers (GEMMA).
Representing another interesting alternative to TOF analyzers for the analysis 
of macromolecular assemblies, ESI has been combined with gas-phase electro-
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 1phoretic mobility molecular analyzers (GEMMA) (109, 110). Therein, the high 
charge of particles as obtained via ESI is first reduced by means of bipolar ion-
ized air (typically generated by an α−particle source) to yield predominantly sin-
gly charged ions. These charge-reduced species are subsequently separated and 
sized by their electrophoretic mobility in an ion mobility drift cell. In GEMMA, 
the particles are typically detected using a condensation particle counter. The 
resulting data can be converted into electrophoretic mobility diameters by ap-
plying the Millikan equation. These diameters can be converted to a mass spec-
trum as well, due to the generally good correlation between mobility size and 
molecular weight, although like in IMMS, exceptions to this rule may apply for 
non-globular structures, such as shell-like viral capsid intermediates (65). The 
GEMMA analyzer has an extended size range and has been successfully used 
for particles in size ranging from 3 nm to 100 nm, which covers a mass range of 
a few kDa (small proteins) to 100 MDa (whole viruses or even cell organelles). 

Applications of the GEMMA analyzer have ranged from analyzing antibody ag-
gregation, macromolecular protein complexes (111), synthetic polymers (112), 
intact viruses (113), and lipoparticles (114). GEMMA analysis was successfully 
applied for instance on the 4.6 MDa cowpea chlorotic mottle virus (CCMV) 
(113) and the tobacco mosaic virus (114). Although the mass resolution of the 
GEMMA instrument is still too low to enable accurate mass measurement, 
GEMMA does provide parallel information about the electrophoretic mobili-
ty diameter of the analyzed particle. Such analysis indicated that the gas-phase 
CCMV particle had largely retained its quaternary structure as its measured di-
ameter resembled that of the particle as measured by electron microscopy. 

Loo et al. reported a direct comparison of native MS using a QTOF type mass 
analyzer with GEMMA for studying the macromolecular organization and 
structure of the 28-subunit 20S proteasome from Methanosarcina thermophi-
la and the mammalian (rabbit) proteasome (111). ESI-MS measurements with 
a QTOF analyzer of the intact 690 kDa proteasome were consistent with the 
expected α14β14 stoichiometry. Collisionally activated dissociation of the 20S 
gas-phase complex was applied on the QTOF resulting in the loss of only α-sub-
units, consistent with the known α7β7β7α7 topology. Moreover, the analysis of 
the binding of a reversible inhibitor to the 20S proteasome showed the expected 
stoichiometry of one inhibitor for each β-subunit. Using the GEMMA approach, 
an electrophoretic diameter of 15 nm could be measured for the α7β7β7α7 com-
plex, in concordance with the diameter estimated from crystallographic meas-
ured electron densities. The authors concluded from their work that elements 
of the gas-phase structure of large protein complexes are preserved upon desol-
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 1 vation and that native MS and IMMS analysis can be used complementary and 
reveal structural details of the solution protein complex.

Although GEMMA does not provide the mass accuracy as potentially achievable 
by native MS using TOF analyzers, it is not that much limited by micro-hetero-
geneity of the samples. Illustrative for that is the study by Allmaier et al. (114), 
which presented differential analysis of intact very-low-density (approximately 
35 nm), low-density (approximately 22 nm), and high-density lipoparticles (ap-
proximately 10 nm), which represent multifaceted hetero-complexes consisting 
of cholesterol, lipids, and proteins in different ratios. The measured EM diameter 
and narrowness of the peaks are indicative of the size and molecular complexity 
of the analyzed particles. HDL is the smallest/densest lipoparticle due to its high 
protein content (50% proteins, 25% phospholipids, and 15% cholesterinesters). 
The broad distribution and bigger size of the VLDL particles correlates to its task 
of transporting endogenous lipids, and it is estimated to contain 50% triacylglyc-
erols, 20% phospholipids, 10% cholesterinesters, and 10% proteins. These parti-
cles could be easily differentiated by GEMMA analysis but would likely present 
difficulties in native MS as their micro-heterogeneity would hamper charge state 
resolution and thus accurate mass assignments.

Concluding remarks.

Several electrospray-based analytical methodologies used for the size and mass 
analysis of naturally occurring as well as synthetically prepared nanoparticles 
have been reviewed. As the importance of these particles is evident, in tradition-
al biology, as well as in nanotechnology and synthetic biology, the methods de-
scribed here are essential for better particle characterization and understanding. 
Improvements are still needed in the areas of sensitivity, selectivity, specificity, 
and speed. At present, it seems that extending the accessible mass range to over 
several tens of MDa comes at the expense of mass accuracy, and thus specificity. 
Additionally, although single particle analysis may provide certain advantages, 
current approaches still lack high sensitivity, thus requiring long analysis times. 
Hybrid technologies may emerge that provide valuable new approaches, combin-
ing either some of the analytical methods described above, or combining those 
methods directly with for instance electron microscopy or (gas-phase) X-ray 
diffraction (115, 116). Concluding, present-day ESI-based approaches have been 
very beneficial for the size and mass analysis of large protein assemblies and 
other nanoparticles, but there is still plenty of room and need for further future 
technology developments.
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Abstract.
Native mass spectrometry has been developed to study intact megadalton virus 
capsids in recent years. Here, we explore the mass limits of native MS by stud-
ying 420 subunit T=7 icosahedral virus capsids from the bacteriophage HK97. 
We show that these 18 megadalton assemblies can be analyzed on a modified 
QTOF instrument, commonly used in native MS studies. By analyzing the ob-
tained peak shapes, and considering factors such as instrument resolution and 
sample heterogeneity, we reach the conclusion that these 18 megadalton virus 
particles are among the biggest assemblies that can be studied by native MS on 
the current generation of instruments. Having established native MS as a possi-
ble tool to characterize capsids above 10 megadalton, we analyze and compare 
capsids from three different stages of the maturation pathway of HK97. Our data 
provide new estimates of the number of viral protease molecules that are encap-
sulated in HK97 procapsids and allow us to assess the efficiency of the matura-
tion cleavage by the viral protease on the level of the intact mature capsid.
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Native MS has previously been applied to the study of intact viruses and vi-
rus capsids. Apart from their role in viral pathogenesis, capsids are interesting 
because of their potential application in nanotechnology and medicine: as na-
no-containers, -reactors and assembly scaffolds (1). Native MS enabled the study 
of intact virus capsids, quantifying (non-native) cargo encapsulation and moni-
toring capsid assembly (2-5). These previous studies focused on relatively small 
capsids with Caspar-Klug triangulation numbers of T=1, 3 and 4, ranging up to 
~10 MDa in mass. Although the 10 MDa norovirus capsids could be detected 
with MS, their precise mass could not be determined due to a lack of resolution 
of individual charge states (3). Charge-resolved spectra were limited to particles 
up to ~5 MDa, which was hypothesized to be the upper size limit achievable.

Most current native MS studies are carried out on quadrupole time-of-flight 
(QTOF) instruments, operating at higher pressures to facilitate transmission of 
large ions (6-10). The QTOF is typically the setup of choice because of the supe-
rior sensitivity of the TOF analyzer at high mass-to-charge ratio. Although there 
is no theoretical upper mass limit for a TOF analyzer, achieving good quality 
spectra of assemblies that are several megadaltons in mass has proven not to 
be trivial. Here we demonstrate the use of a modified QTOF for the analysis 
of intact 18 MDa capsids from the bacteriophage HK97. HK97 is an impor-
tant model system for studying bacteriophage assembly and maturation (11). 
In vitro, the T=7 capsid assembles from a mixture of pentameric and hexameric 
capsomers (made of the capsid protein gp5) and the viral protease gp4 to form 
a first icosahedral intermediate termed prohead-1. Upon assembly, the encap-
sidated protease molecules are activated and prime the maturation process that 
is characterized by a swelling transition, yielding the mature capsid (Figure 1a) 
(12). Overexpression of the capsid protein in the absence of the viral protease 
results in the formation of a virtually identical icosahedral particle stalled at the 
prohead-1 stage (prohead-1gp5)(13). We report here the analysis by native MS of 
prohead-1gp5 as well as of the free capsomers (resulting from high pH induced 
disassembly), providing for the first time mass spectra with charge-state resolu-
tion for a particle of such high mass. Having established native MS as a feasible 
approach to study such large protein assemblies, we analyzed prohead-1 par-
ticles loaded with gp4 as well as mature head-2 particles, to estimate the copy 
number of encapsulated proteases and the efficiency of cleavage of the scaffold 
domain of gp5, respectively. These analyses provide new insights into the mat-
uration pathway of bacteriophage HK97 and to the factors that ultimately limit 
native MS analysis of megadalton protein complexes.
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Results.

Figure 1 shows mass spectra of free capsomers and the prohead-1gp5 particle. 
The fraction of pentons in the capsomer mixture, judged by MS signal is 0.25 
± 0.04 (SD, n=3) (Figure 1b), which is slightly higher than expected as the cap-
sid consists of 12 pentons and 60 hexons. Partially disassembled complexes and 
free capsid protein (gp5) monomers also appear in the spectrum, when the cap-
somer mixture is analyzed under alkaline conditions, allowing us to determine 
an accurate monomer mass of 42151 ± 1 Da (Supplementary Figure S1). From 
the expressed capsid protein sequence, a theoretical mass of 42243 Da was cal-
culated, indicating that the N-terminal methionine is cleaved and that the re-
sulting N- terminus is acetylated (yielding a theoretical mass of 42154 Da). The 
masses determined for the pentameric and hexameric capsomers are 210807 ± 
9 Da and 252973 ± 9 Da, respectively, corresponding to 5.001 and 6.002 times 
the experimentally determined monomer mass. Prohead-1gp5 consists of 420 gp5 
copies and its expected mass is thus close to 18 MDa. As illustrated in Figure 
1c, the particle could be detected in our mass spectrum despite its massive size. 
Transmission of such large particles could be improved two-fold by tuning the 
‘Steering’ parameter of the mass spectrometer, which controls the angle of the 
ion beam into the pusher region of the TOF analyzer (Supplementary Figure S2).

Figure 1. Monitoring assembly of HK97 capsids with native ESI-MS. a) Assembly and 
maturation pathway of HK97. b) Free capsomers with penton signal in blue and hexon signal 

in red. c) Intact prohead-1 particle. A well-resolved series of charge states is observed allowing 
the accurate mass calculation.
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Poor desolvation of large protein complexes often results in poor spectral qual-
ity. To improve desolvation and resolve individual charge states, we applied the 
maximum collision voltage achievable on our instrument (400 V) (14). In am-
monium acetate buffer of a typically used ionic strength (50-200 mM) this was 
still not sufficient to achieve resolution of individual charge states. Combining 
a decreased buffer ionic strength (12.5 mM) with application of the maximum 
collision voltage of 400 V using xenon as collision gas, a series of charge states 
clearly became visible (Figure 1c). Under these conditions, we achieved a base 
peak intensity of ~10 counts per 2 s scan, requiring ~50 minutes of acquisition 
time for one spectrum.

As originally demonstrated by Fenn and Mann, charge states can be assigned 
from the mass-to-charge ratios of adjacent peaks in order to calculate a mass 
(15). This is trivial for smaller protein complexes, but the charge state assign-
ment is increasingly ambiguous with larger, poorly desolvated complexes. The 
strategy employed here for charge state assignment was to systematically test a 
wide range of charge state assignments and look for an assignment that results 
in a minimum variation in calculated mass within the same spectrum (see Sup-
plementary Figure S3). This is essentially the strategy that is employed in the re-
cently described LeastMass software (16). This procedure was repeated for three 
independent measurements and the charge state assignments were checked for 
consistency. This charge state assignment strategy yielded an average mass of 
17942 ± 4 kDa across the triplicate experiments. This is a deviation of +1.3% 
compared to the prohead-1gp5 theoretical mass (17742 kDa) and we attribute this 
discrepancy to incomplete desolvation.

This result demonstrates that native MS can be used to study larger systems such 
as T=7 capsids in the case of HK97. This opens up new avenues for studying a 
wider variety of capsid structures in their role as pathogens and nanotechnolo-
gical platforms. This result also confirms that native MS on a QTOF instrument 
has a high upper mass limit for the analysis of protein complexes. As the individ-
ual charge states are just resolved in the spectrum of the prohead-1gp5 particle, we 
now estimate that the upper mass limit is at ~20 MDa. To further illustrate that 
desolvation, and not the instrument hardware, is the limiting factor for protein 
complex analysis with native MS, we calculated the theoretical peak width of 
capsomers and prohead-1gp5, taking into account the inherent isotope distribu-
tion of the assembly and the resolution of the mass analyzer.

The inherent width of a charge state in the mass-to-charge ratio dimension is 
proportional to the width of the isotope distribution and inversely proportional 
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to the number of charges. The isotope distribution is binomial and hence scales 
to the square root of mass. The number of charges is also expected to scale to 
the square root of mass, assuming the charged residue model of electrospray 
ionization (17, 18). However, here we show that it scales slightly stronger em-
pirically (mass^0.55), from which it follows that peaks get narrower with in-
creasing size of the complex (see Supplementary Figure S4). The instrumental 
resolution of our QTOF instrument was empirically determined from the width 
of singly charged, CsI-clusters that do not contain natural isotope variants (see 
Supplementary Figure S5). By nanoESI, CsI clusters were generated and the de-
termined resolution is approximately constant across the m/z-range at a value of 
around 7000 at full-width at half-maximum (FWHM) on the QTOF employed 
here.

 

Figure 2. Incomplete desolvation is the limiting factor in attaining narrow peak width in native 
MS of protein complexes. Experimental peaks of hexons (a) and Prohead-1gp5 (b) are compared 

to theoretical peaks with widths defined by instrument resolution and the natural isotope 
distribution. The ‘incomplete desolvation limited’ curves are simulated to fit the experimental 
data (m/z positions of the peaks are fixed and defined by the experimentally determined mass, 
the width is fitted to the signal). The numbers in parentheses indicate the effective resolution 

(FWHM).
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We compared the experimentally acquired spectra of free capsomers and pro-
head-1gp5 with the theoretical peak-widths defined by either the natural isotope 
distribution or the instrument resolution (Figure 2.). It is obvious from this com-
parison that both the capsomers and prohead-1gp5 particle have much broader 
peaks than predicted based on instrument resolution or natural isotope distribu-
tion. The peaks of the capsomers are also clearly asymmetric, a feature that likely 
originates from superposed binomial distributions of buffer and salt adducts. 
The experimental resolution, expressed as their mass-to-charge ratio divided by 
the peak width (FHWM), for capsomers and prohead-1gp5 are approximately 500 
and 200, respectively. This difference between the two assemblies demonstrates 
how desolvation becomes less efficient with increasing size of the complex.

Figure 3. Theoretical upper mass limit of native MS studies of protein complexes as a function 
of effective resolution. Shown are the separation between subsequent charge states (black line, 
right-hand y-axis) and the calculated peak width as a function of molecular weight (colored 

lines, left-hand y-axis).

These investigations indicate that native MS would benefit from more efficient 
desolvation. It would greatly increase the effective resolving power of the instru-
ment as well as eliminate any practical upper mass limit other than transmission 
and detection efficiency (we argue that the superior resolving power of the Orbi-
trap Exactive platform that was recently adapted for native MS is also primarily 
attributable to more efficient desolvation (19)). This is illustrated in Figure 3, 
where we calculated the expected separation between consecutive charge states 
(as determined from the empirical charging behavior of protein complexes) and 
compare this with peak width at increasing effective resolution (FWHM). The 
intersection between these curves is essentially the point at which consecutive 
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charge states are separated at half-maximum intensity. The peak width as de-
termined from the isotope distribution is always smaller than the separation 
between consecutive charge states. From this it follows that nanoESI does not 
impose any inherent upper mass limit on protein assemblies that can be ana-
lyzed with charge-state resolution using MS. The instrument resolution is not a 
limiting factor either. Even at the moderate resolution of 7000 exhibited by the 
modified QTOF used in the experiments described above, the point where peak 
separation and peak width start to overlap is around ~40 gigadalton. Consider-
ing the decrease in effective resolution caused by incomplete desolvation of the 
specimen, the limit drops from gigadaltons to megadaltons. Our results demon-
strate that native MS can be used to study protein complexes up to ~20 MDa 
with charge state resolution on a QTOF instrument. 

Having established native MS as a suitable tool to study such large protein com-
plexes as the HK97 procapsid, we proceeded to analyze particles representing 
other stages from the HK97 maturation pathway. The stoichiometry defining 
the number of protease molecules incorporated into the procapsid of dsDNA 
viruses has been elusive. Densitometry analysis of SDS protein gels of HK97 
prohead-1 with a non-functional protease indicated ~50 protease molecules per 
particle (20). We tried to refine this estimate here by native MS by analyzing the 
Prohead-1 capsid, loaded with an inactive mutant form of gp4. As described 
above, the spectrum for the protease-free procapsid allowed resolution of indi-
vidual charge states and yielded a mass estimate of 17.942 +/- 0.004 MDa (Figure 
4a, top). Analysis of the protease-containing particle resulted in an unresolved 
spectrum at a higher m/z than the empty prohead-1 (Figure 4a, middle). In this 
case a mass estimate of the particle requires assumptions about the charging 
behavior of the procapsid particles in electrospray ionization. A plot of mass vs. 
charge that we obtained in the lab shows a power-law function with strong cor-
relation (R2=0.9965, see Figure 4b). The average residual from the obtained fit is 
2 ± 3 charges, with no clear mass dependence, indicating that we can reasonably 
estimate z within approximately 5 units. The m/z position of the particle is de-
termined at 53190 ± 180 (average ± standard deviation, n=5). We can estimate 
the mass as: m=[m/z]*z, with an error that is estimated as the sum of the relative 
errors on [m/z] and z. We thereby estimate the mass of the protease-filled pro-
head-1 particle at approximately 21.4 ± 0.34 MDa. This corresponds to 144 ± 14 
copies of the protease. It should be noted that this estimate only holds under the 
assumption of normal charging. For instance, as charge is most likely distributed 
on the exterior of a droplet in the final stages of electrospray ionization, the in-
ternal surface of the capsid might not be equally accessible to charge.
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Figure 4. Native mass-spectrometry quantification of protease packaging and cleavage 
efficiency. a) Native MS spectra of HK97 capsids. (top) The mass spectrum obtained for the 

protease-free procapsid indicates a mass of 17.9 +/- 0.004 MDa while the theoretical one is 17.7 
MDa (mass accuracy of 1%). (middle) The mass spectrum obtained for the protease-containing 

procapsid is noisier and yields a mass estimate of 21.4 ± 0.34 MDa. (bottom) Mass spectrum 
of Head-2 reveals three distributions with a mass of approximately 12.9 MDa. The masses 
are consistent with a highly efficient maturation cleavage but clearly reveal some residual 

material in the Head-2 particles. (insets) Zoom-in of the indicated m/z region to reveal the fine 
structures on the signal. b) Charging behavior of large protein complexes in nanoESI native 
MS experiments. Each dot represents one unique protein complex measures under similar 
conditions. The black line represents the fitted power function indicated on the graph, the 

dashed black lines indicate the 95% confidence interval.

To confirm this estimate of the number of packaged protease molecules, we also 
performed a label-free quantitative proteomics experiment, in which the pro-
tease-containing particle was digested and analyzed by LC-MS/MS. We used 
the number of peptide-spectrum-matches (PSM) as a quantitative measure for 
protein abundance. Some issues may arise in PSM based quantitation, especially 
of low abundant proteins that are identified with a low number of peptides in 
complex background matrix, which results in high stochastic fluctuations in the 
obtained PSM’s. However, the prohead-1 with protease sample is a very simple 
mixture, generating a total of ~70 identified peptides. Therefore, no issues are 
expected based on sample complexity. In addition, the total number of PSM’s is 
based on 50 and 20 unique peptides for gp5 and gp4, respectively. Both proteins 
generate a comparable set of tryptic peptides, given the distribution of cleavable 
sites in the sequence, such that little bias in observable peptides is expected. 
Based on replicate injections from the same digest we arrive at an estimate of 104 
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± 18 copies (average ± standard deviation), indicating that instrumental repro-
ducibility is ~20%. From six independent digest from two independent purifica-
tions, we arrive at an estimate of 116 ± 23 copies (average ± standard deviation), 
which agrees reasonably well with the native MS estimate. 

It should be noted that the lack of resolution in the native MS experiment is 
a clear indication of heterogeneity in the number of packaged protease mole-
cules. The varying amount of protease in the particles could also lead to a het-
erogeneous population of mature particles following proteolysis. We analyzed 
the mature head-2 particle by native MS and observed a large shift in mass to 
12.9 MDa (Figure 4a, bottom). Closer inspection of the signal revealed that at 
least three overlapping distributions could be distinguished. Their mass deviates 
by approximately 10, 24 and 39 kDa from a theoretically fully cleaved head-2 
particle, indicating that at least 99.5% of all delta-domains were cleaved. Native 
MS thus revealed how maturation proceeds with extraordinarily high efficiency 
in HK97, but also revealed a small amount of residual material that is probably 
not detectable by conventional methods. The residual masses may correspond to 
one copy of the protease molecule that could not exit the particle (24 kDa), or 
perhaps to partly cleaved fragments of the delta-domain (10 kDa).

Discussion.

We have demonstrated here for the first time that protein complexes as big as 18 
megadalton can be analyzed by native MS on a modified QTOF platform with 
resolved charge states. The spectra of the empty prohead-1 and head-2 particles 
are to our knowledge the first virus capsids with such high triangulation num-
bers (T=7) analyzed by native MS. These results thereby demonstrate that the 
native MS approach to uncovering the quaternary structure of protein complex-
es applies to a bigger range of structures than ever before. Detailed analysis of 
the acquired spectra of HK97 capsids has revealed which are the likely limiting 
factors for the accessible mass range of native MS. In particular, analysis of the 
experimentally achieved peak widths indicated that poor desolvation, or equiv-
alently, the formation of solvent adducts with the protein complex ultimately 
limits whether sufficient resolution can be achieved to analyze protein complex-
es of increasing mass.

The current generation of native MS instruments may be improved for analysis of 
these very large complexes in any number of ways. As our experiments revealed 
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poor desolvation to be a main limiting factor, trying to improve desolvation is 
our main concern. The spectra of HK97 shown here have all been acquired at 
maximum collision voltages. No significant degree of collision induced dissoci-
ation is observed at this point, suggesting that further extending the applicable 
range of collision voltages might promote further desolvation, thereby increas-
ing effective resolving power and perhaps further extending the accessible mass 
range. Moreover, extending the capability of ion activation would ultimately also 
allow the study of the gas-phase dissociation behavior of these ions. On the same 
note, the current generation of quadrupole mass filters that the instruments are 
equipped with are also not suited for selection of ions with m/z above 32000. 
Further extending the accessible mass range of the quadrupole would therefore 
also open up the possibility of doing tandem MS on these large protein assem-
blies.

The need for improved resolving power is illustrated by the obtained results for 
the protease-filled particle. According to our estimates, the mass of the particle 
increases by less than 10% compared to the empty prohead-1 capsid. Yet, no 
series of charge states can be distinguished on the signal, indicating that the 
spectrum is overly crowded with overlapping charge state distributions corre-
sponding to the particle with a variable number of gp4. This does not only mean 
that we are currently unable to resolve such heterogeneous ensembles of closely 
spaced masses (note that one additional copy of gp4 represent a mere 0.01% 
increase in mass), but also that the average mass of the ensemble can only be 
guessed from the m/z position alone (assuming a typical charging behavior). 
A more confident and absolute estimate of the average number of encapsulated 
gp4, and an estimate of the spread in the ensemble, would thus require higher 
resolving power – better desolvation of the ions. The need for higher resolution 
might be circumvented in single particle charge detection MS, as was recently 
demonstrated for a very similar problem: estimating the copy number of en-
capsulated scaffold protein in the capsid of bacteriophage P22 (21). Though this 
method still suffers from a relatively low precision in the overall mass determi-
nation, the independent measure of charge that it provides gets rid of the need 
for resolved charge states in the m/z measurement. Note, however, that in our 
native MS spectrum of the slightly smaller head-2 capsid, very closely spaced 
masses are clearly resolved. This indicates that we are operating in a transition 
region with regards to the need for efficient desolvation and that sufficient im-
provements to the instrument’s performance in this regard should be feasible. 
From the results obtained in the current study, which represent analyses of some 
of the largest known structures by native MS, it therefore seems that further 
improving resolving power and extending the mass range are well within reach.
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Methods.

Native MS.
HK97 prohead-1gp5 particles were purified as described previously with minor 
modifications (13, 22). Free capsomers were obtained by incubating prohead-1gp5 
particles overnight in 100 mM CHES (pH 9.5) 2 M KCl. Samples were prepared 
for mass spectrometry by five rounds of dilution and concentration to exchange 
the buffer to ammonium acetate, using Vivaspin 500 10K MWCO centrifugal 
filter units. Free capsomers were analyzed in 50 mM pH 7.4 ammonium acetate 
buffer, partially denatured capsomers in 50 mM pH 9.5 and intact prohead-1gp5 
in 12.5 mM pH 7.4. Aliquots of 1-2 µL were loaded into gold-coated borosilicate 
capillaries, prepared in-house, for nano-electrospray ionization. 

Samples were analyzed on a modified QTOF II instrument optimized for high-
mass protein analysis (7-9). The instrument operates at elevated pressure in the 
source region and hexapole ion guide, which results in collisional cooling of the 
ions and improves transmission. The measurements were performed with xenon 
as collision gas and the instrument has been modified to allow an extra 200 V 
of collision energy to be applied (up to 400 V). The instrument is also equipped 
with a 32,000 Th quadrupole. The source conditions for both capsomers and 
prohead-1gp5 were as follows: capillary 1300-1500 V, cone 160 V, extraction cone 
0 V and 10 mbar backing pressure. The pressure in the collision cell was 2*10^-2 
mbar, 60 V collision energy was applied to free capsomers, and 400 V to pro-
head-1gp5. The ‘steering’ parameter was adjusted for prohead-1gp5 , which resulted 
in better transmission of these large ions. Spectra of free capsomers were cali-
brated externally based on a spectrum of a 25 mg/mL cesium iodide solution. No 
CsI clusters were observed in the m/z range of the prohead-1gp5 spectral signal, 
thus it was not possible to mass calibrate these spectra.

Data Analysis.
Masses were determined by calculating the number of charges on subsequent 
charge states from mass-to-charge peak tops, extracted manually from Masslynx 
software. Assuming that the number of charges, z, is negligible compared to the 
mass of the complex, this number can be estimated with (15):
 
z = [m/z]z / ( [m/z]z – [m/z]z+1 ).

This gives accurate near-integer solutions for smaller protein complexes with 
well resolved peaks, but this is not the case for large complexes with poorly re-
solved peaks. Therefore, the solution to the above equation was only used as a 
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first estimate for prohead-1gp5 spectra. Then, we employed a similar strategy to 
the one used in the recently described LeastMass software (16), as described 
in the main text. The relative signal of pentons in the capsomer mixture was 
determined from triplicate analysis. The spectra were deconvoluted using the 
MaxEnt1 function of Masslynx. The peak areas for hexons and pentons were 
extracted from this deconvoluted spectrum, and the fraction of pentons was av-
eraged over the three analyses.

The charging behavior of protein complexes in nanoESI was determined from 
experiment-based charge state assignments of 73 native protein complexes, in-
cluding HK97 pentons, hexons and prohead-1gp5. The most intense charge state, 
z, was plotted as a function of molecular weight, M, which follows a power func-
tion of the form:
 
z = a M ^ b.

Whereas the charged residue model of electrospray ionization predicts that b = 
0.5, the charging scales slightly stronger with molecular weight empirically, such 
that b = 0.55 (17, 23). The width of the isotope distribution of HK97 complexes 
was determined by simulating the isotope distribution for z = 1 with Masslynx. 
The FWHM of the distribution was extracted manually from the simulated dis-
tributions of increasing gp5 stoichiometry, up to n = 420 (i.e. the prohead-1gp5 
particle). The FWHM of the isotope distribution scales with the square root of 
M:

FWHM = c M ^ 0.5.

The square root scaling of FWHM to M arises from the fact that the isotope 
distribution is binomial, the factor c is proportional to the likelihood of stable 
heavy isotopes being present. The inherent peak width of a charge state in the 
m/z dimension is thus proportional to the width of the isotope distribution and 
inversely proportional to the number of charges:

Width = FWHM / z = (cM ^ 0.5) / (aM ^ b) = (c / a)*M ^ (0.5 - b).

As we determined that the exponent b > 0.5, it follows that the inherent width of 
peaks generated from protein complexes with nanoESI get increasingly narrow 
with increasing mass of the complex.
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The experimentally determined trend for charging of protein complexes in na-
noESI was used to determine the expected peak widths for a given resolution, R, 
by estimating the m/z position:

Width = [m/z]z / R = [M / (aM ^ b)] / R.

Similarly, the expected separation between consecutive charge states as a func-
tion of mass was calculated as:

[m/z]z – [m/z]z+1 = [M / (aM ^ b)] - [M / (aM ^ b+1)].

With the width of the peak calculated at half-maximum, peaks are separated at 
half height when the width is equal to the difference in peak position.

Quantitative Proteomic analysis.
Prohead-1 with protease was digested with LysC and Trypsin following dena-
turation in sodium deoxycholate (SDC) and reduction/alkylation with DTT and 
iodo-acetamide (IAA). Briefly, Prohead-1 with protease in 2.5% SDC in 50 mM 
AmBic was heated for 5 minutes at 95°C. Reduction was performed in 10 mM 
DTT at 56°C, followed by alkylation in 20 mM IAA at room temperature in the 
dark. Samples were digested using 1:75 LysC for 3.5 hrs at 37°C, before dilution 
to 1% SDC and overnight digestion with 1:50 Trypsin at 37°C. Samples were 
recovered from SDC using liquid/liquid extraction with ethylacetate. Samples 
were dried in speedvac and redissolved in aqueous solution containing 10% for-
mic acid and 5% DMSO. Peptides were separated by reversed phase LC coupled 
on-line to an LTQ or LTQ-Orbitrap XL for MS/MS analysis. The nano-LC con-
sists of an Agilent 1200 series LC system equipped with a 20 mm ReproSil- Pur 
C18-AQ (Dr. Maisch GmbH) trapping column (packed in-house, i.d., 100 μm; 
resin, 5 μm) and a 400 mm ReproSil-Pur C18-AQ (Dr. Maisch GmbH) analytical 
column (packed in-house, i.d., 50 μm; resin, 3 μm) arranged in a vented-column 
configuration. The flow was passively split to 100 nl/min. We used a standard 
45 minute gradient from 7-30% acetonitrile in aqueous 0.1% formic acid. Pro-
tein abundance was quantified by spectral counting. The reported numbers are 
scaled by molecular weight and normalized with the known copy number of 420 
for gp5.
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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 appli-
cations 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 en-
able high mass analysis of several virus-like nanoparticles up to 4.5 megadal-
ton in mass. This allows the accurate determination of the composition of vi-
rus-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 anal-
ysis of protein-based nanoparticles, with widespread applications in chemical 
biology and nanotechnology.
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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 (1-6). More recently, an Orbitrap™-based platform 
was developed for application in native MS, demonstrating the use of the mass 
analyzer in detection of non-covalent protein complex ions up to approximately 
20000 m/z with improved resolving power compared to traditional TOF instru-
ments modified for native MS (7-10). It was shown that Orbitrap-based analy-
sis offers great potential for characterizing micro-heterogeneity in large protein 
complexes, such as small ligand binding on the 800 kDa GroEL chaperonin and 
glycosylation profiling on intact proteins under native conditions (7, 11-14). 
Here we seek to further extend and explore the upper mass limits of the Orbitrap 
platform with the purpose of analyzing virus like assemblies.

Figure 1. Schematic of the Exactive Plus instrument.

Results.

Based on theoretical considerations regarding the ion optics of the instrument 
(see Supplementary text and Supplementary Figures S1 and S2), we hypothe-
sized that more efficient focusing of ions, especially in the C-trap, would be ben-
eficial for transmission of high m/z ions (>20000). A schematic of the instru-
ment 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 5-10 fold 
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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 modifi-
cations 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 resolu-
tion 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 
40000 (see Supplementary Table S1 and Figures S3-S5).

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 Supplementary Table S2.

We further explored the performance of the modified instrument for the analy-
sis 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-associ-
ated 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 
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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 
Supplementary 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-scat-
tering based techniques or gel-based assays. Although attempted, we were so 
far not able to analyze particles larger than CCMV, such as the 13 megadalton 
HK97 head II particle discussed in Chapter 2, on the Orbitrap-based platform. 
It is estimated that the upper limit of the instrument for intact protein com-
plexes is currently at 25,000-30,000 m/z, corresponding to a mass of roughly 5 
megadalton in positive-mode nano electrospray. 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 cop-
ies of a capsid-like protein that form a T=1 icosohedral capsid-like particle that 
encapsulates a functional enzyme in vivo in bacteria (15)(See also Chapter 6). 
More recently it was shown that encapsulin can also be utilized as a nanocon-
tainer to package non-native cargo proteins (16). To demonstrate the utility of 
the modified Orbitrap platform in chemical biology and nanotechnology, we 
analyzed encapsulin loaded with foreign fluorescent cargo proteins (Figure 3). 
Whereas the spectrum in Figure 2 seems to represent a single charge state distri-
bution, we observed that it is actually the sum of many very closely overlapping 
distributions, originating from the encapsulin nanoparticle with a variable num-
ber of the cargo proteins encapsulated. We discovered this only when we applied 
high energy to the ions in the HCD cell, promoting dissociation, whereby sub-
sequently 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 Supplementary Table S3). We observe 
charge state distributions corresponding to nanoparticles of the 60-mer encap-
sulin, encapsulating between exactly 8 and 12 copies of foreign fluorescent cargo 
molecule. The intensity weighted average number of encapsulated cargo mole-
cules is determined at 10.6 TFP per encapsulin nanoparticle. The results show 
that the modified Orbitrap platform can be used to quantify the encapsulated 
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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 of the individual encapsulin-car-
go stoichiometries to reconstruct a theoretical spectrum for the intact particle 
(Supplementary 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 (17). These spectra 
illustrate how the very close overlap between the different charge state distribu-
tions 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 non-infective vector for gene transfer and is structurally a 
dodecahedron made of adenovirus pentons, i.e. a 60-mer homo-oligomeric as-
sembly, 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 (18, 19). It 
is the first approved gene therapy vector in the Western world (20). In AAVs 
alternative 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, 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 (21-23). 

Despite many reported crystal structures and cryo-electron microscopy recon-
structions 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 struc-
tures. In our mass spectrum of AAV1 capsids, we were able to resolve three se-
ries 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. Based on the sequences of VP1/VP2/VP3, 
their monomer masses are calculated to be 81375/66225/59606 Da, respectively. 
Based on these theoretical masses, the experimental masses of the intact capsids 
were used to estimate the VP1/VP2/VP3 copy numbers, where we considered 
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every theoretical mass within 2 standard deviations of the experimental mass to 
be a possible match. 

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 Supplementary Table S3.

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 
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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 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 
Supplementary 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 pre-
clude VP1/VP2 to clearly appear in reconstructions of the particles.

Figure 4. Determining the VP1/VP2/VP3 stoichiometry in AAV1. a) Experimental spectrum 
of AAV1 capsids recorded at 32 ms transient time. The AAV1 capsid structure is shown with 
scattered copies of VP1/VP2. b) Simulated spectra of AAV1 capsids with different VP1/VP2/

VP3 stoichiometries. The simulated spectra illustrate how there is partial overlap between 
peaks of capsids with different VP1 and VP2 copy numbers.
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To illustrate the benefit of the MS-based approach described here, examples of 
SDS-PAGE and negative stain electron microscopy analysis of AAV1 are pro-
vided in Supplementary Figure S7. These represent widely used 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, because the particles are analyzed under denaturing 
conditions. Techniques such as negative stain electron microscopy allow the still 
intact particles to be analyzed, but despite the relatively high spatial resolution 
offers no information about 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 can be analyzed with atomic-level resolution using 
X-ray crystallography, no density corresponding to the unique regions of VP1 
and VP2 can be seen, because of the inherent variability between particles. For 
these reasons, the ability to determine with high precision and resolution 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 
transmission of high mass ions via collisional cooling (1-6). 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 demon-
strated that the main reason for a decay of signal for larger ions in the analyz-
er is due to collisions with background gas (24). 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. 

The RF frequencies on the ion guides have been lowered by only 25% in the cur-
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rent study, a drop that is ultimately limited by the design of the instruments elec-
tronics boards. Exploring the potential improvement in ion transmission with 
a further drop in RF frequency would require redesign of the instrument elec-
tronics. Other potential improvements could involve the design of the instru-
ment’s HCD cell. In it’s current design, the HCD cell appears to leak a substantial 
amount of collision gas into the Orbitrap analyzer, thereby limiting the stability 
of the transient, and therefore the obtained S/N and obtainable resolution. De-
signing an HCD cell with a dual pumping stage could offer a solution to this 
problem. More efficient pumping of the Orbitrap analyzer would be required to 
improve on this aspect, otherwise. Improving the instruments capacity to main-
tain the vacuum in the Orbitrap analyzer would also open up the possibility 
of exploring collisional cooling as a mechanism for improved ion transmission 
throughout the rest of the instrument. The ion path currently also involves a full 
turn in the HCD cell, which appears to be problematic, especially at high colli-
sion voltages. Apparently, some ions are too energetic and overshoot the expo-
nential retarding field at the back of the HCD cell. Redesigning the ion optics of 
the cell in this respect might provide further improvements to the transmission 
of high m/z ions. Alternatively, one could explore the option of an HCD cell that 
precedes the C-Trap, such that no field at the back of the HCD cell would be 
required at all. Finally, the observed increase in high m/z ion transmission from 
changing the Source DC offset parameter suggest that ions are overshooting the 
bent flatapole, rather than making that turn. Further improving the focusing of 
ions here, or changing the angle of the turn altogether, might provide an addi-
tional means to boosting high m/z ion transmission and further extending the 
accessible mass range of the instrument.

In conclusion, we have identified limitations for high mass analysis in the Or-
bitrap-based platform for native MS and developed a successful strategy to im-
prove 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 nanotechnology, and the precise definition of protein stoichio-
metries in heterogeneous protein assemblies.

Methods.

Sample preparation. 
Samples were prepared for mass spectrometry by buffer exchange to ammoni-
um acetate, using Vivaspin 500 10 kDa MWCO centrifugal filter units. GroEL 
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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 described (25, 26) and analyzed 
in 100 mM ammonium acetate pH 6.8. CCMV was analyzed from 50 mM am-
monium acetate pH 5.0. Aliquots of 1-2 μL, at a final concentration of ~2 μM, 
were loaded into gold-coated borosilicate capillaries (prepared in-house) for na-
noelectrospray 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 analog filters were removed from the image current pre-amplifier to allow 
detection over the entire frequency range. The control software of the instru-
ment was modified to allow the standard mass range of this instrument to be 
increased from m/z 50–6000 to m/z 400-40000. In addition, maximum RF volt-
ages 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 (7). 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. The RF frequency of the injection flatapole, bent flatapole, 
transport octapole, C-trap and HCD cell were lowered by 20-25%. In particular, 
the RF frequency of the C-trap was lowered from 3.2 MHz to 2.8 MHz, which, 
according to Supplementary equation 5, should lead to an extension of the upper 
mass limit from 29000-36000 to 37000-47000 m/z, and generally improve trans-
mission of ions at high m/z.

Tuning of some crucial instrument parameters was necessary for the analysis of 
megadalton assemblies. Mainly, whereas the instrument is normally operated 
at a source DC offset of 25 V, this did not allow transmission of the tested virus 
particles. Instead, no offset (0 V) resulted in base peak intensities of ~105-106 at 
100 ms injection time. In addition, the required high xenon pressure in the HCD 
cell for efficient transmission of the high mass ions resulted in elevated pressures 
in the Orbitrap compartment as well (10-9 mbar, compared to 10-11 in normal op-
erating mode). This resulted in rather unstable and dampened transients, which 
gave rise to noisy spectra at longer transient times. Therefore, transient times 
were adjusted according to S/N to either 32 or 16 ms (compared to 64-256 ms in 
normal Orbitrap operating mode). For the same reason, transients of the same 
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acquisition were averaged before FT as microscans, rather than combining spec-
tra after FT. It should be noted that ions at high m/z are close in frequency (~50 
kHz) to the high-pass filter of the pre-amplifier of the image current detection. 
To prevent erroneous eFT calibration at high m/z, the pre-amplifier was replaced 
with a version equipped with a 22 kHz high-pass filter.

Notes.

Eu.D.,Ed.D., D.G. and A.M. are employees of Thermo Fisher Scientific Inc., the 
company that produces and sells the Exactive Plus EMR instrument.
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Abstract.
Mature human adenovirus particles contain four minor capsid proteins, in ad-
dition to the three major capsid proteins (penton base, hexon and fiber) and 
several proteins associated with the genomic core of the virion. Of the minor 
capsid proteins, VI plays several crucial roles in the infection cycle of the virus, 
including hexon nuclear targeting during assembly, activation of the adenovirus 
proteinase (AVP) during maturation and endosome escape following cell entry. 
VI is translated as a precursor (pVI) that is cleaved at both the N- and C-termini 
by AVP. Whereas the role of the C-terminal fragment of pVI, pVIc, is well es-
tablished as an important co-factor of AVP, the role of the N-terminal fragment, 
pVIn, is currently elusive. In fact, the fate of pVIn following proteolytic cleavage 
is completely unknown. Here, we use a combination of proteomics-based pep-
tide identification, native mass spectrometry and hydrogen-deuterium exchange 
mass spectrometry to show that pVIn is associated with mature human adenovi-
rus, where it binds at the base of peripentonal hexons in a pH-dependent man-
ner. Our findings suggest a possible role for pVIn in targeting pVI to hexons for 
proper assembly of the virion and timely release of the membrane lytic mature 
VI molecule.
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There are more than 60 known types of human adenovirus (HAdV), approxi-
mately one-third of which cause acute infection in humans. Infection is general-
ly self-limiting, except in immunocompromised patients. Replication-defective 
HAdV is also used in numerous gene therapy and vaccine delivery applications 
(1, 2). HAdV is one of the largest known non-enveloped dsDNA viruses. It con-
sists of a ~36 kb genome that is encapsidated in a pseudo T=25 icosahedral cap-
sid (3-6). The HAdV virion is approximately 90 nm in diameter, with a total 
mass estimated at 150 MDa. The capsid of HAdV is composed of 240 trimeric 
hexons, 12 pentameric penton base molecules that occupy the vertices, and 12 
trimeric fiber proteins that extend outward from the penton base and interact 
with host receptors to facilitate cell attachment. In addition, the mature capsid 
contains four cement proteins (IIIa, VI, VIII and IX), five proteins associated 
with the genomic core of the virion (V, VII, μ, IVa2 and terminal protein), as well 
as a few copies of the adenovirus proteinase (AVP).

As is common in dsDNA viruses, HAdV assembles with the aid of scaffolding 
proteins and subsequently matures into the infectious virion. AVP plays an es-
sential role in HAdV maturation by processing many of the accessory proteins 
through cleavage at two consensus motifs, (I,L,M)XGG/X and (I,L,M)XGX/G 
(7). Upon assembly in the immature virus particle, AVP is inactive and bound 
to DNA (8). Complete activation of AVP requires both DNA-binding and pVI 
(8, 9). In immature virus particles, pVI slides along the viral genome through 
interactions of the c-terminus of pVI with the DNA (10, 11). As pVI encoun-
ters AVP, AVP cleaves the 11 C-terminal residues from pVI (pVIc), which then 
binds and covalently links to AVP via a disulfide bridge yielding maximum AVP 
activity (8, 10-16). AVP then processes the precursors of IIIa, VI, VII, VIII, μ 
and terminal protein into their mature forms (7). In addition to cleaving pVIc, 
AVP also cleaves the 33 amino-terminal residues of pVI to generate mature VI 
and pVIn (i.e. residues 1-33 of pVI, see Figure 1) (17). In mature virions, VI is 
likely bound to peripentonal hexons on the capsid interior, though clear density 
for the molecule has not been definitively identified in current structural models 
(3, 4). The precursor pVI was shown to bind to hexon trimers with nanomolar 
affinity in vitro with a stoichiometry of 3:3 (15). Whether this stoichiometry also 
reflects the mode of binding in the virion is currently not known; however the 
disparity in copy number for hexon (720) and VI (360) monomers suggests this 
is not the case, at least in the mature virion. In addition to activation of AVP, 
pVI also plays an important role in nuclear import of the hexon (18). There are 
two nuclear localization (NLS) and two nuclear export signals (NES) on the full 
sequence of pVI. One particular NLS is located entirely on the sequence corre-
sponding to pVIc, and this NLS is crucial for nuclear import of the hexon, in an 
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importin α/β dependent pathway.

Whereas pVI (pVIc in particular) plays an essential role in virus maturation, 
thereby priming the virion for efficient uncoating (19), VI is essential at a later 
stage during infection. HAdV enters host cells through receptor-mediated endo-
cytosis. Following fiber-mediated cell attachment, subsequent interactions of the 
penton base with cell-surface integrins trigger endocytosis of the virion (20-24). 
Partial disassembly of the virion is initiated at the cell surface with release of 
the fiber (25, 26). Integrin binding weakens the vertex region of HAdV, which is 
thought to facilitate subsequent release of the penton base in early endosomes, 
triggered by the mildly acidic conditions encountered in that environment (21, 
27). Release of the penton base opens the virion at its vertices, allowing release 
of VI into the endosome. VI was shown to have membrane lytic activity and is 
essential for escape from the endosome into the cytosol (28, 29). In addition to 
promoting endosome escape, VI was also reported to promote adenovirus gene 
expression by counteracting the Daxx-mediated host defense that suppresses vi-
ral gene expression (30).

Whereas the roles of pVIc and VI are emerging, it is currently unclear what role 
the 33-residue pVIn peptide has in the replication cycle of HAdV or if it remains 
part of the mature virion. Here we identify pVIn in mature virions by mass spec-
trometry (MS) based proteomics. We show with native MS that pVIn is associ-
ated with peripentonal hexons, which are released in complex from heat-dis-
rupted virions. It is demonstrated that the interaction between pVIn and hexon 
is strongly pH-dependent. Finally, using hydrogen-deuterium exchange (HDX) 
MS, we show that pVIn binds to hexons in a region spanning residues 32-65 near 
the base of the hexon trimer in the capsid interior. Our findings pinpoint a pre-
viously unknown anchoring point for pVI during assembly of the virion within 
the peripentonal hexons.

Results.

pVIn is part of mature HAdV. 
The virions used for mass spectrometry analyses were derived from dou-
ble-banded cesium chloride ultracentrifugation that separates immature from 
mature virions (see “Materials and Methods). We confirmed the purity of mature 
virions by performing SDS-PAGE to ensure the absence of uncleaved precursor 
polypeptides that are present in immature particles. In addition we determine 
the 260/280 ratio of the purified particles that is ~1.3 for fully mature particles 
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containing a complete viral genome. To identify the parts of pVI that are in the 
mature virion, we analyzed mature HAdV particles by MS-based proteomics. 
HAdV particles were proteolytically digested and subsequently analyzed by LC-
MS/MS. All 13 proteins of the HAdV virion could be identified from this analy-
sis (data not shown), including pVI. Of the full pVI sequence, ~70% was covered 
from peptide identifications (see Figure 1). This included most of the mature 
VI but also the full first 33 residues of the pVI sequence, i.e. pVIn: MEDIN-
FASLAPRHGSRPFMGNWQDIGTSNMSGG (pVIn peptide identifications are 
listed in Supplementary Table S1). The protease (trypsin) used for digestion of 
the sample cleaves after lysine and arginine, but the C-terminal pVIn peptide 
terminates with a glycine residue. The observation that both the C-terminal half 
of pVIn and the N-terminus of VI were identified from semi-tryptic peptides, 
containing the AVP consensus terminal motif, suggests that the peptides that 
cover pVIn originate from the endogenously processed product. No peptides 
corresponding to pVIc were observed. This might simply mean that pVIc yields 
unobservable peptides in our analytical procedure and the lack of identification 
does not exclude that pVIc is still contained in the mature virion.

Figure 1. Schematic of pVI maturation cleavage and the obtained sequence coverage from LC-
MS/MS analysis of mature virions. The 250 aa precursor pVI (red) is cleaved by AVP between 

residues 33/34 and 239/240 to form pVIn, VI and pVIc (green). Approximately 70% of the pVI 
sequence is covered by peptide identifications from mature virions, including the full pVIn 

sequence (blue).

Endogenous pVIn is released from HAdV during in vitro partial capsid dis-
assembly.
In the mature virion, VI is likely located near the capsid vertices, interacting 
with the interior side of the peripentonal hexons (3, 4). The protein is released in 
early endosomes following partial capsid disassembly, triggered by the acidic pH 
of the compartment (28, 29) and perhaps also by association with αv integrins 
(21, 27). Moderate heating of mature virions results in a similar disassembly of 
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the particle, with nearly complete release of fiber and penton base, and partial 
release of IIIa, VI, VIII and peripentonal hexons (31-33). We separated the re-
leased components from the remaining viral cores using density centrifugation 
and analyzed the relative abundance of the pVIn peptides generated from heated 
virions using LC-MS/MS. Judging from peptide spectrum matches with pVII as 
an internal standard, approximately 80% of pVIn was found to be released from 
the heated virions (see Supplementary Table S2). 

Endogeneous pVIn is bound to released hexon trimers.
The fraction of components that is released upon heating of mature HAdV was 
prepared for analysis by native MS in order to identify the subcomplexes that dis-
assemble from the particle. Native MS is an emerging technique for the detailed 
mass analysis of non-covalent protein complexes (34, 35). Protein assemblies are 
transferred to an MS compatible buffer and analyzed by nano-electrospray ion-
ization to yield highly precise and accurate mass information with unmatched 
resolving power. 

Figure 2. Native MS analysis of hexons from heat-disrupted virions show that pVIn is bound 
to peripentonal hexons in a pH-dependent manner. a) Hexon-pVIn complexes recovered from 

heat-disrupted virions were analyzed at the indicated pH. b) Tandem MS of 3:3 hexon:pVIn 
complex. The measured masses of the different detected hexon-pVIn assemblies are provided 

in supplementary table S2.
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Hexon trimers were the primary molecules detected in these preparations when 
analyzed by native MS. We did not observe signals for the concomitantly re-
leased penton base and fibers, which may be due to losses occurring during the 
sample preparation for native MS and/or their relative lower abundance in the 
fraction of released proteins, as all released components (penton base, fiber, hex-
on, VI, pVIn, IIIa and VIII) could be identified from LC-MS/MS analysis of the 
same fraction (data not shown). The accurate mass measured for the hexon tri-
mers (323.62 kDa, within 0.025% of the expected mass, see Supplementary table 
S3) allowed an unambiguous assignment. In addition to free hexon trimers, we 
observed up to three different hexon trimer complexes with an excess mass that 
matched within 0.025%, to the binding of 1, 2 or 3 copies of pVIn to the hexon 
trimer (see Figure 2a and Supplementary Table S3). Tandem MS of these puta-
tive hexon-pVIn complexes confirmed that the mass of the bound peptide cor-
responds closely to that of pVIn (see Figure 2b). At a collision voltage in excess 
of 100 V, we detected two charge states at low m/z that correspond to a mass of 
3624.1 Da, compared to a theoretical pVIn mass of 3624.0 Da. 

Figure 3. Reconstitution of hexon-pVIn using purified hexon and synthetic pVIn. a) Native MS 
spectra of hexon-pVIn mixtures. Note that some residual endogenous pVIn is already bound to 
the purified hexon. b) Average number of pVIn bound to hexon trimer, as a function of pVIn 

concentration. Points represent average ± standard deviation from duplicate experiments.
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When the released fraction was transferred to a pH 5 solution, nearly complete 
binding was observed, i.e. 3 pVIn molecules/hexon trimer. At pH 9, however, 
only free hexon trimers were recovered and detected by native MS. The sensitiv-
ity of the interaction to pH was utilized to isolate the bound pVIn peptide from 
recovered hexon trimers. LC-MS/MS analysis of the isolated peptide confirmed 
that it is indeed pVIn, as the full sequence could be uniquely defined from the 
observed fragment ions (see Supplementary Figures S1 and S2). Release of pVIn 
during partial capsid disassembly might suggest a possible role in endosome 
escape. However, no direct membrane lytic activity of pVIn was detected on 
SulfoB- loaded liposomes (see Supplementary Figure S3). We cannot exclude the 
possibility that pVIn might have an indirect role in endosome escape or perhaps 
in subsequent events in HAdV infection.

Figure 4. Strength of the hexon-pVIn interaction is pH-dependent. A) Native MS of 1:2 hex-
on:pVIn mixtures at the indicated pH. B) Average number of pVIn (1 μM) bound to hexon tri-
mer (0.5 μM) as a function of pH. Points represent average ± standard deviation from triplicate 

experiments.

The hexon-pVIn interaction is strongest at endosomal pH.
The observation that more hexon-pVIn complex could be recovered at acidic 
pH than at neutral or high pH strongly suggests that the affinity of the inter-
action is pH dependent. To test this more systematically, we reconstituted the 
hexon-pVIn complex from purified hexons and synthetic pVIn (see Figure 3). 
In a titration experiment, where the relative intensities of the differently bound 
forms are used as a measure of binding, we observed increased binding of pVIn 
with increasing concentration. Up to, but no more than, three copies of pVIn 
were bound to hexon trimers, even when pVIn was added in high excess, indi-
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cating that the interaction is highly specific. We next tested the fraction of bound 
pVIn in a 1:2 mixture of hexon:pVIn in the pH-range of 4-9 (see Figure 4). We 
observed half-maximum binding at pH 6.5-7 and near-complete dissociation 
towards pH 8. These findings indicate that the interaction is strongest at endo-
somal pH but relatively weak at cytosolic pH. There are several basic residues in 
the sequence of pVIn, including one histidine at position 13, which may contrib-
ute to the observed effect of pH on the hexon-pVIn interaction. 

Figure 5. The pVIn binding site of hexon is located within the region spanning residues 32-65 
at the base of the hexon cavity. A) Overview of peptides that exhibit significantly changed 
deuterium uptake between free and pVIn-bound hexon. Bars are transparent, such that 

darker regions represent overlapping peptides. B) Deuterium uptake as a function of time of 
peptides displaying a consistent and statistically relevant differential uptake between free hexon 

and hexon-pVIn assemblies. Points represent average ± standard deviation from triplicate 
experiments. Asterisks indicate that p < 0.05 in unpaired two-tailed Student’s t-test between 

two states at that time point. C) Changes in deuterium uptake mapped to the crystal structure 
of the hexon (PDB code: 1p30).
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pVIn binds in the cavity of the hexon trimer.
In an attempt to localize the binding site of pVIn on the hexon trimer, we per-
formed an HDX-MS experiment to monitor the changes in deuterium uptake 
in the hexon trimer upon binding of pVIn. After incubation of free hexon or 
hexon-pVIn in D2O, the reaction was quenched, followed by online pepsin di-
gestion and LC-MS/MS analysis. Peptides were identified from hexon in MilliQ, 
yielding 236 peptides of sufficient quality for quantifying deuterium uptake, 
covering 95% of the full hexon sequence (see Supplementary Figure S4). Expo-
sure was carried out for 10 seconds and 1, 60 and 120 minutes in triplicate and 
changes in deuterium uptake were filtered to p < 0.05 using unpaired two-tailed 
Student’s t-tests. Out of the over 200 peptides analyzed, we observed three pep-
tides that showed a consistent, statistically significant change between the free 
hexon and hexon-pVIn (See Figure 5). For comparison, the deuterium uptake of 
the peptides that are affected by pVIn binding is shown alongside representative 
unaffected peptides in Supplementary Figure S5. The three peptides that exhibit 
protection upon pVIn binding localize to the same region of the hexon sequence 
and collectively span amino acid residues 32-65 of the hexon. These residues are 
in the extended N-terminal domain that interacts with the neighboring hexon 
monomer of the trimer, and line the rim of the hexon cavity on the capsid in-
terior (Figure 5). These results provide evidence that residues 32-65 span the 
pVIn-binding region of the hexon.

Discussion.

Using a variety of primarily MS-based methods, we show here that the N-termi-
nus of pVI, pVIn, is part of mature HAdV particles following cleavage by AVP. 
We demonstrate that pVIn interacts with residues 32-65 of the hexon, located 
near the rim of the cavity of the hexon trimer on the capsid interior. Full-length 
pVI binds with residues 48-74 and 233-239 (in addition to residues from pVIn)
(17) to hexon trimers with high affinity (15). Our experiments indicate that the 
affinity of the hexon pVIn interaction is highest at endosomal pH but decreases 
significantly at higher pH. Given the pH-dependence of the interaction, it is per-
haps surprising that pVIn stays bound to hexon, despite the relatively high pH 
of the extracellular environment, cytosol and nucleus. Considering the fact that 
pVIn is enclosed in the small inner volume of the capsid, local pH and concen-
tration is hard to estimate. However, we expect that the local concentrations of 
both pVIn and hexon are effectively high, especially considering the volume that 
is excluded by the densely packed genome and additional core components of 
the virion. Partial disassembly of HAdV in early endosomes would increase the 
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volume in which pVIn is free to diffuse, thereby effectively decreasing the local 
concentrations and possibly allowing release of free pVIn into the endosome. 
However, we found that at pH 5, endogenous pVIn appears to still be fully re-
tained on hexon trimers. If pVIn is retained on hexon trimers in the endosome, 
the transition to higher pH (~ 7.4) following endosome escape likely results in 
dissociation of the hexon-pVIn complex. It is currently unclear whether pVIn 
has any effect on other steps in the replication cycle of HAdV.

The exact copy number of pVI and for that matter pVIn is currently not well 
defined. The near-complete occupancy of endogenous pVIn-binding sites on 
hexons released from heated virions would suggest that the copy number is on 
the order of 180, assuming that the hexons that are recovered in our experiment 
are all peripentonal, and that no additional pVIn is present in heated particles 
(approximately 80% is released according to our LC-MS/MS analysis). Our na-
tive MS data do show that hexon trimers with sub-stoichiometric pVIn are also 
stable configurations, and it is thus possible that the actual copy number is lower. 
This estimate of ~180 copies of pVIn in mature virions also suggests that a subset 
of pVIn molecules are lost prior to full maturation, as the VI copy number is es-
timated to be 340-360. On the other hand, it is possible that additional copies of 
pVIn dissociate from heated particles without being bound to hexon, and would 
therefore not be detected in our native MS experiment, in which case the actual 
copy number of pVIn might be higher.

It is interesting to note that the purified hexons in our experiments had a very 
small residual amount of endogenous pVIn bound (see Figure 2a, approximately 
3% of maximum occupancy). These hexons, isolated from virus-infected cells, 
are produced in excess of what is actually assembled into complete virions, hence 
suggesting that (partial) processing of pVI can possibly take place outside of the 
assembled virion, or that these represent “debris” from broken/disassembled vi-
rions. 

The binding site of pVIn that we observed in our HDX-MS experiments had not 
been previously identified as a pVI binding site on hexons. Two cryo-electron 
microscopy reconstructions of the maturation defective ts1 mutant of HAdV 
did show additional density in the hexon cavity, which was tentatively assigned 
to pVI, but no additional density in the vicinity of residues 32-65 of the hexon 
monomer has been reported (36, 37). This small 33 residue portion of pVI might 
simply not have been visible at the moderate resolution of these cryo-EM recon-
structions, but rearrangement of pVIn upon cleavage is also a possible scenario.
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In conclusion, we have shown that pVIn is a component of mature HAdV viri-
ons. The fragment resides in the cavity of hexon trimers and is released in an in 
vitro model of partial capsid disassembly. The interaction of pVIn with hexon 
points to a role for this peptide in AdV assembly. This is supported by the high 
sequence conservation of both the pVIn fragment and hexon (residues 32-65) 
from both human and non-human AdVs. We speculate that cleavage by AVP 
between residues 33/34 of pVI is necessary for efficient release of the membrane 
lytic VI molecule in the endosome during entry. This might contribute to the 
uncoating defect of the maturation defective ts1 mutant. In this regard, mu-
tagenesis of the AVP cleavage site for pVIn in a WT HAdV background should 
clarify the role of AVP cleavage of pVI in efficient endosome escape. In the con-
text of mature HAdV particles, pVIn might simply be a remnant of hexon-pVI 
assembly, that is cleaved from pVI for efficient release of the mature product VI. 

Methods.

Purification of Ad5F35 and hexon.
Replication-defective Ad5F35 and Ad5 hexon, were grown and isolated as pre-
viously described with some modification (38, 39). Briefly, a Nunc cell factory of 
293β5 cells was infected with 300-500 Ad5F35 particles/cell (28). Between 48-60 
hours post-infection, cells were harvested and resuspended in 8 ml of 10 mM 
Bis-Tris pH 6.5 and flash-frozen in liquid nitrogen. Cells were thawed at 37˚C 
and 1 ml of Freon-113 (Sigma) was added. Complete lysis was achieved with 
two additional rounds of freeze/thaw. Clarified lysates were separated on 15-
40% cesium chloride density gradients and the hexon and virus fractions were 
collected. Virus was dialyzed into DX10/10 buffer (40 mM Tris pH 8.1, 500 mM 
NaCl, 10% glycerol, 10% ethylene glycol, 2% sucrose and 1% mannitol). Hexon 
was dialyzed into 10 mM Bis-Tris pH 7.0 and further purified by ion exchange 
on a ResourceQ (GE Healthcare) column in 10 mM Bis-Tris pH 7.0 with a mul-
ti-step NaCl gradient to 1 M. Hexon fractions were pooled and concentrated in 
an Amicon centrifugal filter unit (Millipore) to 7-12 mg/ml. Aliquots of purified 
virus and hexon were frozen in liquid nitrogen and stored at -80˚C until use.

In vitro partial capsid disassembly.
Large-scale partial disassembly of HAdV capsids suitable for native mass spec-
trometry was adapted from previously published protocols (31, 40). Ad5F35 (5 
mg) was diluted in 7.5 mM HEPES pH 7.4, 50 mM NaCl to a final volume of 3 
ml. To ensure complete disassembly, the virus was divided into six 500 µl aliquots 
and heated to 55˚C for 15 min. The aliquots were pooled together and loaded 
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onto four 30-80% discontinuous Histodenz (Sigma) gradients dissolved in 20 
mM Tris pH 7.4 and centrifuged at 198,000xg (ave) for 3 hrs. The supernatant 
fraction, containing the subset of Ad5F35 proteins released from the virions, was 
collected with a pipette from the top of the gradient in two 1 ml fraction, which 
were subsequently pooled together. Samples were stored frozen until analysis.

Membrane lytic activity of pVIn.
Synthetic pVIn peptide was dissolved at high concentration (>20 mg/ml) in 
MilliQ water. Recombinant protein VI114 (residues 34-114) was purified as de-
scribed (41) and used as a positive control for membrane lytic activity. The L40Q 
mutant of VI114 has decreased membrane lytic activity compared to the wild-
type protein and is used to show an intermediate phenotype (40). Bovine serum 
albumin (BSA, Sigma) was used as a negative control. Serial dilutions of protein 
were done in 50 mM Tris pH 8.0, 150 mM NaCl. The membrane lytic activity of 
pVIn and VI114 was measured in a liposome lysis assay as previously described 
(41). 

Proteomics of mature Ad5F35.
Both the intact and heated HAdV particles were prepared for LC-MS/MS analy-
sis by resuspending them in 50 mM ammonium bicarbonate, 5% (w/v) sodium 
deoxycholate (SDC, Sigma Aldrich) and heating at 90°C for 5 minutes. Proteins 
(~200 µg) for each enzymatic digestion, were first reduced for 30 minutes at 
56°C and then alkylated for 1h in the dark. Proteins were first digested with 
Lys-C (Roche) for 4h at 37°C. After diluting the samples to a final SDC con-
centration of 0.5% (w/v), enzymatic digestion was performed overnight at 37°C 
adding Trypsin (Promega) in a substrate/enzyme ratio of 50:1 (w/w). Digestion 
was quenched by acidification with Formic acid (FA) to a final concentration of 
10% and peptides were desalted by solid phase extraction (Sep-pack Vac C18 
cartridges, Waters). Peptides were eluted in 80% acetonitrile, dried in a speedvac 
and then resuspended in 10% formic acid solution. Each adenovirus sample was 
analyzed by LC-MS/MS in triplicate. An EASY-nLC 1000 (Thermo Fischer Sci-
entific) was equipped with a 20 mm Aqua C18 (Phenomenex) trapping column 
(packed in-house, 100 µm i.d., 5 µm particle size) and a 400 mm Zorbax SB-C18 
(Agilent) analytical column (packed in-house, either 50 µm i.d. or 75 µm i.d., 1.8 
µm particle size). Trapping and washing was performed at 10 µl/min for 4 min 
with solvent A (0.1 M acetic acid in water). Subsequently, peptides were trans-
ferred to the analytical column at about 150 nl/min and eluted with a gradient of 
3-40% (v/v) solvent B (0.1 M acetic acid in 80% ACN) in 45 min. The eluent was 
sprayed via distal coated emitter tips butt-connected to the analytical column 
and the ion spray voltage was set to 1.7 kV. The mass spectrometers were operat-
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ed in data-dependent mode, automatically switching between MS and MS/MS. 
The full-scan MS spectra (from m/z 350 to 1500) were acquired in the Orbitrap 
analyzer with a resolution of 60,000 FHMW at 400 m/z after accumulation to 
target value of 1e6 in the linear ion trap (maximum injection time was 250 ms). 
After the survey scans, the ten most intense precursor ions at a threshold above 
5000 were selected for MS/MS with an isolation width of 1.5 Da. Peptide frag-
mentation was carried out by using a decision tree performing higher collision 
dissociation (HCD) or electron transfer dissociation (ETD) depending on their 
charge state and m/z. HCD fragment ions readout was performed in the orbitrap 
analyzer with a resolution of 15,000 FHMW, activation time was of 0.1 ms and 
normalized collision energy (CE) of 32. ETD fragment ions readout was per-
formed in the linear ion trap analyzer with an activation time of 50 ms. 

MS raw data from the shotgun LC-MS/MS analyses were processed by Proteome 
Discoverer (version 1.3, Thermo Electron). Peptide identification was per-
formed with Mascot 2.3 (Matrix Science) against a concatenated forward-decoy 
UniPROT database including the HAdV protein sequences and supplemented 
with all the frequently observed contaminants in MS. The following parameters 
were used: 6 ppm precursor mass tolerance, 0.6 Da (for ETD) and 0.05 Da (for 
HCD) fragment ion tolerance. In order to evaluate the viral protease activity we 
allowed the identification of peptides containing one non-specific cleavage and 
a maximum of 2 missed cleavages. Carbamidomethyl cysteine was allowed as 
fixed modification, while oxidized methionine and protein N-terminal acetyl-
ation were set as variable modifications. Finally, results were filtered using the 
following criteria: (i) mass deviations of ±5 p.p.m., (ii) Mascot Ion Score of at 
least 20, (iii) a minimum of 6 amino-acid residues per peptide and (iv) position 
rank 1 in Mascot search. As a result, we obtained peptide FDRs below 1% for 
all the three peptide mixtures analyzed. Relative quantification was performed 
by spectral counts, which relies on the number of peptide spectrum matches 
(PSMs) specific for a certain protein (or protein domain). As an internal control 
for data normalization, we used the two DNA interacting proteins pVII and pTP 
as housekeeping proteins.

Native MS of hexon-pVIn.
The supernatant fraction from heat-disrupted virion density centrifugation or 
purified hexon trimer were buffer exchanged to 150 mM ammonium acetate 
at the indicated pH using Vivaspin 500 10 kDa MWCO centrifugal filter units. 
Reconstituted hexon-pVIn from synthetic pVIn was prepared by mixing hexon 
in ammonium acetate with pVIn dissolved in MilliQ water. Samples were loaded 
into gold-coated boro-silicate capillaries, prepared in-house, for nano-electros-
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pray ionization. Mass spectrometry was performed on a QTOF II instrument 
(Waters), modified for optimal transmission of high-mass ions (MS Vision) (42, 
43). The instrument was operated at 10 mbar in the source region, and 1.5*10-2 
mbar in the collision cell using xenon as collision gas. Capillary voltage was set at 
1400-1500 V, sample cone voltage at 160 V. Hexon-pVIn complexes were analyz-
ed at a collision voltage of 100 V, and tandem MS of hexon-pVIn was performed 
at a collision voltage of 120 V. Spectra were calibrated with cesium iodide.

Isolation and identification of endogenous pVIn from hexon-pVIn complex-
es.
We utilized the pH-dependence of the hexon-pVIn interaction to isolate pVIn 
from the complex. Hexon-pVIn was trapped on C18 ZipTip resin. The trapped 
complex was dissociated with a washing step, using 150 mM ammonium acetate 
pH 9, thereby trapping free pVIn on the C18 resin. After one additional washing 
step with 0.1% formic acid in water, pVIn was eluted from the resin with 80% 
acetonitrile/0.1% formic acid in water, while hexon was retained on the Zip-
Tip. The sample was dried in a speedvac and redissolved in 10% formic acid/5% 
DMSO in water. The sample was analyzed by reversed phase LC coupled on-line 
to an LTQ or LTQ-Orbitrap Velos II for MS/MS analysis. The nano-LC con-
sists of an Agilent 1200 series LC system equipped with a 20 mm ReproSil- Pur 
C18-AQ (Dr. Maisch GmbH) trapping column (packed in-house, i.d., 100 μm; 
resin, 5 μm) and a 400 mm ReproSil-Pur C18-AQ (Dr. Maisch GmbH) analyt-
ical column (packed in-house, i.d., 50 μm; resin, 3 μm). The flow was passively 
split to 100 nl/min. We used a standard 45 minute gradient from 7-30% acetoni-
trile in aqueous 0.1% formic acid. For MS/MS analysis on the LTQ-Orbitrap XL, 
all precursors were sequenced with both CID and ETD fragmentation and MS 
analysis in the ion trap. The data were searched with Mascot against a custom 
database containing all HAdV5 protein sequences, except for the fiber, which 
was replaced with the HAdV35 fiber sequence.

HDX-MS of hexon-pVIn complexes. 
Free hexon or hexon-pVIn (at a 1:4 molar ratio) was prepared at a concentration 
of 10 µM in 150 mM ammonium acetate pH 5. At the start of the exchange reac-
tion, the sample was diluted six-fold into D2O to a final volume of 30 µL. Expo-
sure was carried out for 10 seconds, 1, 60 and 120 minutes in triplicate at 25°C. 
The reaction was quenched by 1:1 mixing with ice-cold 4 M urea, 200 mM TCEP 
and adjusted with HCl to give a final pH upon mixing of 2.5. Immediately after 
quenching, the sample was injected into a Waters HDX/ nanoAcquity system 
for digestion on an online pepsin column (25 °C, at a flow-rate of 50 µL.min-1) 
followed by separation on a 10 minute RP-UPLC gradient at 0 °C and MS on a 
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Waters Xevo QTOF G2. For peptide identification, hexon was prepared under 
identical conditions in H2O and analyzed using MSe data acquisition. Data for 
peptide identification was processed with ProteinLynx Global Server 2.5 soft-
ware. Deuterium uptake was calculated compared to the control samples in H2O 
using Waters DynamX 1.0.0 software. Back-exchange was estimated at approx-
imately 30% in our workflow. No corrections for back-exchange were applied 
since the analysis focuses on relative changes in deuterium uptake, rather than 
on absolute levels. Observed changes in deuterium uptake were filtered to p < 
0.05 in an upaired two-tailed Student’s t-test between free and bound hexon. 
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Abstract.
The interaction between a viral capsid and its genome governs crucial steps in 
the life cycle of a virus such as assembly and genome uncoating. Tuning car-
go-capsid interactions is also essential for successful design and cargo delivery 
in engineered viral systems. Here we investigate the interplay between cargo 
and capsid for the picorna-like Triatoma Virus using a combined native mass 
spectrometry and atomic force microscopy approach. We propose a topology 
and assembly model in which hetero-trimeric pentons consisting of 5 copies of 
structural proteins VP1, VP2 and VP3 are the free principal units of assembly. 
The inter-penton contacts are primarily established by VP2. The dual role of the 
genome is first to stabilize the densely packed virion and, upon an increase in 
pH, to trigger uncoating by relaxing the stabilizing interactions with the capsid. 
Uncoating occurs through a labile intermediate state of the virion which revers-
ibly disassembles into pentons with concomitant release of protein VP4.
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In addition to coding for viral genes, the genome of a virus plays an essential 
role through its interactions with the viral capsid. The genome often facilitates 
capsid assembly and once packaged, the genome stabilizes and reinforces the vi-
rus (1). This interplay between the capsid and its cargo is thereby a crucial factor 
in designing engineered viral systems (2). Hence, increased knowledge of ge-
nome-capsid interactions can enhance our understanding of viruses in their role 
as pathogens, drug-delivery vehicles and nanotechnological platforms. Howev-
er, details of genome release (i.e. uncoating) and virion assembly are not easily 
accessible experimentally, due to the heterogeneity and transient nature of sever-
al co-occurring intermediate states. Most analytical and biochemical assays are 
unable to resolve these small sub-populations. The study of virus assembly and 
uncoating thus requires techniques that are capable of simultaneous detailed 
structural and physical characterization of components in complex mixtures.

In recent years, both native Mass Spectrometry (MS) and Atomic Force Micros-
copy (AFM) have emerged as alternative, powerful platforms for the study of 
viruses (3-6). Where more established structural biology techniques suffer, they 
effectively capture assembly intermediates, exposing details of viral assembly 
and maturation pathways. Key to these techniques is the high mass selectivity of 
MS and the single particle approach of AFM. We previously implemented Ion 
Mobility Spectrometry (IMS) to characterize the geometry of in vitro reconsti-
tuted capsid assembly intermediates (7). We demonstrate here that the combi-
nation of this IMS methodology with tandem MS analysis yields rich structural 
information on authentic virions, their genome-free capsid counterparts and the 
assembly intermediates. Essential aspects of the structural model are confirmed 
and further examined by high-resolution AFM imaging. Additionally, we apply 
AFM in its force spectroscopy mode to characterize in detail the process of ge-
nome uncoating.

Employing this powerful combination of native MS and AFM, we study the 
picorna-like Triatoma Virus (TrV). The ssRNA insect virus TrV is a member of 
the Dicistroviridae family and is closely related to common human pathogens 
such as Polio Virus (8). Infection is lethal to the insect host of TrV, Triatoma 
infestans (9, 10). As these triatomine insects are the most important vectors for 
Chagas disease (11), which was recently recognized by the WHO as one of sev-
eral neglected tropical diseases with a considerable strain on public health in af-
fected regions, TrV has potential applications as a biopesticide (10). TrV consists 
of a 9010 nt positive sense ssRNA genome that is encapsidated by 60 copies of 
the structural proteins VP2, VP4, VP3 and VP1 (from N-terminus to C-termi-
nus on the precursor P1) (8, 12, 13). VP1/2/3 are the main structural proteins 
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of the capsid (PDB code: 3NAP), whereas the role of VP4 is currently unclear 
(14). The capsid proteins VP1/2/3 have a jelly-roll fold, typical of picorna(-like) 
viruses and a high degree of structural homology to the related Cricket Paralysis 
Virus (15). Five copies of the VP1/2/3 heterotrimer are arranged in five-fold 
symmetric sub-structures (capsomeres, called ‘pentons’), twelve of which form 
the fully closed capsid. VP1 is centred on the five-fold icosahedral symmetry 
axis and protrudes out from the capsid surface. VP2 and VP3 are situated on 
quasi-three-fold and two-fold related symmetry axes, whereby VP2 establishes 
inter-penton contacts via a domain-swapping interaction between capsomers.

The insect host of TrV feeds on blood, and is adapted to cope with the toxic 
effects of heme by maintaining acidic pH in the midgut (16-19). In contrast to 
the acidic conditions in the midgut of T. infestans, the hindgut is maintained 
at alkaline pH (17, 20). Since TrV infection takes place via an oral-fecal route, 
large pH changes may play an important role in infectivity (21). Here we assess 
assembly, stability and genome release in TrV as a function of pH. We determine 
the mass of the intact TrV virion and capsid with unprecedented precision and, 
using naturally occurring infectious particles, we uncover an in vitro pathway 
of alkaline-triggered uncoating. We show how this pathway is regulated by ge-
nome-capsid interactions and we present a model of the dual role of the genome 
in capsid stabilization and genome uncoating.

Results.

A pathway of alkaline-triggered genome release. 
We tested the pH-stability of TrV using native MS. The theoretical (as predicted 
from the sequence) and experimentally measured masses of the individual VP’s 
and the assemblies detected here by MS can be found in Supplementary Table 
S1. Figure 1a shows native mass spectra of purified TrV virions at pH 5, 7, 8 and 
9. The extracted samples contain, as well as the full genome-packed virions, a 
small amount of naturally occurring empty capsids (n-empty) that are thought 
to arise from misprocessing of P1. This misprocessing, which is predominantly 
inefficient cleavage of VP0 into VP3/4 (14), and the absence of RNA in n-emp-
ty capsids are the main differences between this capsid particle and the virion. 
Using MS the n-empty capsids (~5.4 MDa) can be well separated from the full 
virions (~8.3 MDa). The MS data reveal that whereas TrV is acid-stable, alka-
line conditions do trigger release of the genome, as can be seen from the loss of 
virion signal. The transition from virion to empty capsid occurs predominantly 
between pH 8 and pH 9 (Figure 1b).
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Figure 1. Alkaline-triggered uncoating of TrV monitored by native mass spectrometry. a) 
Spectra of TrV virions at different pH. Signal corresponding to virion is highlighted in red 

(m/z ~ 40000; Mw ~ 8.3 MDa), that to empty capsids in yellow (m/z ~ 28000; Mw ~ 5.4 MDa). 
Note that the shoulder on the capsid peak at pH 5-7, which shifts towards lower m/z at high 

pH is not an “authentic” ion signal, but a time-of-flight related artifact that arises for high mass 
complexes. It relates to the real signals of virion and capsid, respectively. b) Relative amount 

of capsid versus virion signal as a function of pH. Data points are the average of triplicate 
experiments, error bars represent SD. c) Species detected at lower m/z, associated with alkaline-

triggered uncoating or denaturation. As color coded, ions originating from RNA, VP4 and 
pentons are detected. Pentons and penton-dimers are also the main disassembly products of 

urea-induced denatured virions. The additional charge state distribution of pentons in urea is 
indicative of unfolding. d) Mass spectrum of the r-empty capsid, with elevated collision voltage 

(180-200 V) enhancing desolvation.

In the low m/z range of a virion sample at pH >8, several disassembly products 
are detected (Figure 1c). The unresolved high baseline signals in these spectra 
originates from degradation products of the ssRNA genome, as validated by tan-
dem MS (Supplementary Figure S1). There are additional peaks observed that 
originate from the VP4 protein. The samples also contain a 36 kDa contami-
nant that is already present under neutral conditions and therefore not related to 
genome release (Supplementary Figure S2). Finally, several peaks belonging to 
free pentons (5*VP1/2/3) are detected. We hypothesized that the pentons are as-
sembly intermediates that originate from disassembled virions but subsequently 
reassemble into empty capsids (denoted as “r-empty capsid” to distinguish them 
from the n-empty capsids). It was recently demonstrated for the related Bovine 
Enterovirus that pentons of VP proteins can assemble into empty capsids under 
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high ionic strength conditions (22). We confirm that pentons of TrV are indeed 
assembly intermediates of empty capsid by demonstrating that the alkaline-trig-
gered uncoating reaction yields more free penton under low ionic strength 
conditions and that these pentons assemble into empty capsids when the ionic 
strength is subsequently increased (see Supplementary Figure S3). These results 
indicate that alkaline-triggered genome release occurs through reversible disas-
sembly of the virion into pentons and is accompanied by release of VP4. Pentons 
are also formed, as well as some dimers of pentons, following denaturation of 
the virion in 8M urea. This confirms that the penton is a fundamental and very 
stable structural unit of the capsid. In contrast to the alkaline-induced pentons, 
urea-denatured penton sub-complexes are no longer assembly competent, as 
no intact capsid is detected after removal of urea (Supplementary Figure S4). 
The presence of disassembly products in high pH and after denaturation in urea 
could be further confirmed using native PAGE (Supplementary Figure S5).

Raising the MS collision voltage (180-200 V using xenon as collision gas) en-
hances desolvation (23) and here resulted in a clearly resolved series of charge 
states for the r-empty capsid (Figure 1d), allowing a precise mass determination 
of 5366 ± 2 kDa. This is in good agreement with a calculated mass of 60*VP1/2/3 
(the experimental mass deviates from the theoretical by +0.1%, likely due to in-
complete desolvation and residual binding of small molecules and counter ions). 
The analysis is also highly reproducible as five replicate analyses result in an 
average mass of 5362 ± 2 kDa. This provides direct evidence that reassembly is 
complete, albeit without the incorporation of RNA or VP4. The mass assignment 
and exact stoichiometry of the r-empty capsids could be further confirmed with 
tandem MS at higher collision voltage (260 V) (Supplementary Figure S6).
 
We observed no differences in peak position of the n-empty capsid and remain-
ing virion with increasing pH (virion peak 41,700 ± 140 m/z at pH 6.8 and 41,600 
± 130 m/z at pH 9.0; n-empty capsid 29420 ± 260 m/z at pH 6.8 and 29710 
± 200 m/z at pH 9.0) and no detectable disassembly products of the n-empty 
capsids at pH 9 (Figure 1a and Supplementary Figure S7). There is also no sig-
nificant change in the auto-fluorescence of the capsid proteins at elevated pH 
(Supplementary Figure S8). Therefore, no conformational changes to the effect 
of a different chargeable surface area or changes in the vicinity of aromatic res-
idues accompany genome release. Alkaline-triggered uncoating in TrV is thus 
uniquely triggered by the presence of the ssRNA. We also calculated the binding 
energies between VP1/2/3 protomers within and between pentons at pH 7 and 
pH 9 as modelled in the crystal structure of TrV (Supplementary Figure S9). The 
intramolecular interactions are stronger within a penton than between pentons 
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and there are no substantial changes with increasing pH. This both explains the 
occurrence of the penton as a fundamental structural unit of the capsid and con-
firms a unique role for the ssRNA in alkaline-triggered uncoating.

Figure 2. Native mass spectrometry based topology model of TrV. a) Tandem MS spectrum of 
a denatured penton at 160 V collision voltage, showing the sequential loss of two subunits. b) 
Zoom-in of the ejected subunits from the denatured pentons. The first CID products consist 

solely of VP2 and VP3, showing that VP1 is a core subunit while VP2/VP3 are peripheral. The 
relative amounts of each subunit are estimated from integrated peak areas, as shown in the 

inset. c) Relative amounts of dissociated VP’s from indicated complexes. The selected charge 
state is indicated in parentheses. Average from triplicate experiments, error bars represent SD. 

Urea induced pentons preferentially eliminate VP2 under CID, the r-empty capsids more easily 
lose VP3 d) Collision Cross Section (Ω) profiles extracted from the ion mobility MS data of 

pentons and penton-dimers. e) Plot of Ω vs. molecular weight for a range of protein complexes 
analyzed under identical conditions by IMS. Solid black circles represent globular proteins and 
protein complexes. The black line is a power function fitted to these points (Ω = 2.41*mass0.67, 

R2=0.99). TrV pentons/penton-dimers are plotted as averages from triplicate experiments, error 
bars represent 2*SD. The pentons fall significantly outside the confidence interval for globular 

complexes suggesting that they have retained a sheet-like structure. f) MS-based topology 
model of TrV. Penton assembly intermediates are composed of 5 copies of VP1/2/3. VP1 is 
the core subunit oriented along the 5-fold icosahedral symmetry axis. VP2/3 are peripheral 

subunits. VP2 is the main anchor for assembly and buried in penton-penton contacts.
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MS-based topology models of TrV. 
With Collision Induced Dissociation (CID) and Ion Mobility Spectrometry 
(IMS) of protein complexes, topology models can be reconstructed, even of 
low-abundant components in complex mixtures(24, 25). In CID, peripheral 
subunits tend to dissociate more readily than core-subunits. Thus, by careful-
ly examining the dissociation behaviour of selected protein complexes during 
tandem MS, subunit locations can be determined. A tandem mass spectrum of 
individual TrV pentons is shown in Figure 2a, revealing the sequential loss of 
two monomeric subunits after activation with CID. Figure 2b shows a zoom-in 
of the ejected subunits during the first CID event. There is no detectible elimina-
tion of VP1, which suggests VP1 is a core subunit, whereas the facile elimination 
of VP2 and VP3 indicates that they are situated more towards the periphery of 
the penton.

The relative amount of dissociated VP2 and VP3 can be determined by inte-
grating the ion intensities over all their respective charge states (Figure 2c). We 
performed CID on the pentons either formed by alkaline treatment or urea 
treatment, and on the intact r-empty capsids. The assembly-competent pentons, 
generated by alkaline-triggered uncoating, revealed no preferential dissociation 
of either VP2 or VP3. In the r-empty capsids, we observed substantially less 
elimination of VP2 compared to VP3, indicating that VP2 is more buried and 
stabilized by inter-penton contacts. The assembly-incompetent, denatured pen-
tons show the opposite trend. VP2 is preferentially eliminated, indicating dimin-
ished contacts or partial unfolding of the subunit. Therefore our CID data reveal 
the central role of VP2 for assembly of the TrV capsid. 

Using IMS, a coarse geometry of protein assemblies can be determined and con-
formational sub-states can be distinguished by determining a rotationally aver-
aged collisional cross section (Ω) (25). It was previously shown that IMS can be 
used to distinguish between sheet-like and globular structures of viral assembly 
intermediates by observing how cross sections scale with molecular weight (7, 
26). We performed Travelling Wave IMS on sub-complexes of TrV to determine 
the geometry of the assemblies (Figure 2d and Supplementary Table S2). Lower 
charged pentons and penton-dimers show narrow peaks indicating folded and 
homogeneous conformations. Higher charged denatured pentons display mul-
tiple larger conformations, consistent with their more unfolded nature. Com-
paring the obtained cross sections of the pentons to those from a large set of 
globular proteins shows that the pentons are significantly larger than globular 
proteins of equal molecular weight (Figure 2e). This is indicative of sheet-like 
(i.e. capsomer) structures. Whereas pentons appear as capsomer structures, the 
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denatured penton-dimers follow more closely the same trend as globular pro-
teins. This suggests that penton-dimers hinge on the penton-penton interface 
and collapse into a less extended structure (Supplementary Figure S10). The 
combined CID and IMS analysis of TrV results in the topology model presented 
in Figure 2f. Assembly intermediates of TrV are five-fold symmetric structures 
with VP1 located at the core around the symmetry axis. VP2 and VP3 are lo-
cated at the periphery of the complex. VP2 is the main anchor for establishing 
inter-penton contacts and is crucial for assembly of complete capsids.
 

Mechanical properties of TrV reveal the mechanism of pH-triggered 
uncoating. 
To probe the capsid-genome interplay further, the elastic strength and mechani-
cal resilience of TrV capsid and virion was studied using AFM nanoindentation. 
Using this approach, it has previously been demonstrated that genome packag-
ing has a stabilizing effect on the capsids of a diverse set of viruses (27-29). Our 
results described above indicate that the ssRNA triggers disassembly of the TrV 
capsid under alkaline conditions, resulting in release of the genome. Therefore, 
TrV was probed with AFM nanoindentation in the pH range 7-9 to see whether 
there was a mechanical basis for alkaline-triggered uncoating. A typical Force 
Distance Curve (FDC) of TrV can be divided into three stages (Figure 3a). After 
imaging, the tip of the cantilever is positioned over the center of the particle and 
pushed into the capsid. There is zero force with z-displacement until the tip and 
sample make contact. As the tip pushes down on the particle, there is a linear 
increase in force from which the spring constant k of the particle is determined. 
A higher load results in mechanical failure. This can be seen from a sharp tran-
sition in the FDC that is referred to as the breaking force, Fbreak.

TrV virions and n-empty capsids appear as spherical particles of ~33 nm in AFM 
imaging (Figure 3b and Supplementary Table S3). The five-fold protrusions of 
VP1 can be distinguished on the capsid surface (30). Similar to force-induced 
disassembly of minute virus of mice (31), imaging after nanoindentation reveals 
that mechanical failure of TrV results in capsid disassembly. Instead of a visible 
capsid, there are now up to twelve smaller particles. Upon closer inspection, each 
of these smaller breakdown products consists of five smaller subunits arranged 
in a five-fold rotation. The dimensions of these particles are strikingly similar to 
pentons of 5*VP1/2/3 (Supplementary Table S4). This indicates that pentons are 
the mechanical building blocks of TrV. Similar particles can be observed in AFM 
images of the virion at pH 9 before nanoindentation, indicating both that pen-
tons are assembly intermediates for alkaline-triggered uncoating and that they 
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have retained the capsid-like capsomer structure in isolation, confirming our 
ion mobility findings (Supplementary Figure S11 and Supplementary Table S4).

Figure 3. A mechanical basis for alkaline-triggered uncoating of TrV. a) Schematic of AFM 
nanoindentation. b) Before nanoindentation, TrV appears as round particles of ~33 nm. 

Surface protrusions of VP1 are also visible. Mechanical failure results in complete disassembly 
into pentons. The corresponding height-profiles are taken along the line of the white 

arrowheads. Surface renderings of intact capsids and penton are shown for reference with VP1 
in blue, VP2 in green and VP3 in red (PDB code: 3NAP). c) Force Distance Curves of virion 

and n-empty capsids at neutral pH. d) Top panels show the 2D density distribution (k vs. Fbreak) 
of single virions (left) vs. n-empty capsids (right), at pH 6.8, pH 8 and pH 9. Bottom panels 

show the individual points at different pH as indicated, from which the density distributions 
were calculated. The virion under neutral pH has a characteristically higher spring constant 

and breaking force than the empty capsid. With increasing pH, the spring constant decreases 
but the high breaking force is maintained, resulting in a discrete intermediate state. Consistent 

with genome release to yield empty capsids, all particles are mechanically indistinguishable 
from n-empty capsids at pH 9.
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At neutral pH, virions are both stiffer (higher k) and more resilient to high forc-
es than empty capsids (Figure 3c.). Moving towards increasingly alkaline con-
ditions the mechanical response of the virion shifts towards that of the empty 
capsid, via a discrete intermediate state (Figure 3d). The intermediate state is 
most populated at pH 8. From our MS analyses described above, we know that 
this intermediate still encloses the genome (Figure 1a). The intermediate is me-
chanically characterized by a spring constant equal to the empty capsid, and a 
breaking force similar to the intact virion. The r-empty capsids that arise from 
alkaline-triggered uncoating are mechanically indistinguishable from n-emtpy 
capsids at pH 9. The mechanical properties of virions, the uncoating interme-
diate and empty capsids are stated in Supplementary Table S5. The transition 
from virion to intermediate can be reversed by lowering the pH back to neutral, 
the transition from virion/intermediate to r-empty capsid is irreversible (Sup-
plementary Figure S12). As with the n-empty capsid, the mechanical response 
of the r-empty capsid is equal at pH 7 and pH 9. As an additional check that 
reassembly takes place, we assessed the particle density of TrV on the AFM sub-
strate, showing that it is equal at all pH (Supplementary Figure S13).

The material properties of icosahedral capsids can be approximated within the 
framework of continuum thin shell theory (5). Here, the spring constant, k, of a 
shell with radius R, and thickness h is uniquely related to the Young’s modulus E 
of the capsid material, following k = αEh2/R, where α is a proportionality factor 
that is typically close to 1. The spring constant of r-empty capsids is on average 
0.43 N/m and the average shell radius and thickness as described in the crystal 
structure of TrV (PDB code: 3NAP) are 13.4 and 3.4 nm, respectively. These 
values yield a Young’s modulus of E=0.54 GPa for the empty capsids. We know 
that the elasticity of the capsid is unaltered by alkaline pH and the measured 
particle height is also unaltered (this was additionally confirmed by IMS of the 
intact capsids and virion, Supplementary Table S6). Hence, continuum thin shell 
theory suggests that the increased spring constant of the virion is due to an ef-
fective increase in shell thickness. With a spring constant of 1.46 N/m, the shell 
thickness of the virion is estimated at 6.0 nm, i.e. a genome-induced effective 
increase of 2.6 nm compared to r-empty capsids.

Dicistroviruses package an enormous amount of genomic material compared to 
other ssRNA viruses such as the bromoviruses (1). TrV packages over 9 kb of ss-
RNA compared to just 3 kb in CCMV, while they both have a comparable diam-
eter of ~30 nm. The packing density in TrV is even higher than in bacteriophage 
λ, which is thought to possess a high internal pressure of several tens of atmos-
pheres due to the high density of dsDNA it encapsidates (based on the internal 
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volumes and number of nucleotides/basepairs, the charge-densities compare as 
-1.03 vs. -1.34 e/nm3 in λ and TrV, respectively, see Supplementary Methods). 
Confining such a large molecule to the relatively small inner volume of the cap-
sid is bound to come at a high energetic cost, requiring for instance significant 
dehydration of the ssRNA (32). Furthermore, the observation of polyamines in 
picornaviruses suggests that condensation of the genome onto counter ions is 
required to facilitate genome packaging (33). The effective strengthening of the 
virion at neutral pH is probably the result of a combination of non-specific in-
teractions of the RNA with positive patches on the inner capsid wall and the 
condensation of the RNA by counter ions, confining the densely packed RNA to 
the inner capsid volume. We confirmed that there is an electrostatic component 
that determines the higher spring constant of the virion compared to empty cap-
sids by testing the response to nanoindentation in high concentrations of MgCl2 
(Supplementary Figure S14). We found that in the presence of magnesium, there 
was a marked decrease in the spring constant of the virion, as previously ob-
served for phage λ (27). This result shows that either magnesium ions condense 
the genome, thereby reducing the forces that drive the genome in close contact 
with the inner capsid wall, or that magnesium ions screen the interaction be-
tween capsid and genome. 

The presence of densely packed RNA explains how both the virion and alka-
line-triggered uncoating intermediate have a higher breaking force than empty 
capsids. When applying forces to the shells, the enclosed RNA will resist actual 
indentation and instead the capsid deforms into an oblate sphere (maximizing 
inner volume to accommodate the RNA). It was shown in molecular dynam-
ics simulations of AFM nanoindentation experiments of similarly sized parti-
cles that irreversible distortion is dominated by locally imposed curvature (34). 
The maximum imposed curvature will be smaller for deformation into oblate 
spheres than in true indentation, which explains the high breaking forces of the 
virion and uncoating intermediate compared to empty capsids.

Discussion.

The data from our AFM and MS experiments suggest the following model for 
alkaline-triggered uncoating in TrV. Under neutral conditions, the large genome 
stabilizes the capsid. As the pH rises, the genome-capsid interactions are lost and 
the condensing strength of counter ions decreases, however the genome is still 
contained. This leads to a labile shell at the very limit of its packaging capacity. 
Upon further increase in pH, this labile intermediate is unable to resist the elec-
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trostatic and entropic forces that drive the genome outwards and it eventually 
bursts and disassembles into pentons of 5*VP1/2/3. The genome and VP4 are 
released into solution and pentons reassemble into empty capsids. A schematic 
overview of the model is presented in figure 4. Alternatively, the genome and 
VP4 may be expelled from an otherwise intact capsid, as observed for polio virus 
(35). This does not, however, account for the presence of pentons during the un-
coating reaction. Also, the absence of pentons from samples of n-empty capsids 
deems it unlikely that pentons arise from a penton-capsid equilibrium that is 
initiated upon genome release. 

Figure 4. Schematic of the alkaline-triggered uncoating of TrV. Under neutral pH, TrV 
confines a very large genome. This comes at a high energetic cost, but the ssRNA stabilizes the 
capsid, thereby preventing premature uncoating. At higher pH, this stabilizing interaction is 

lost and electrostatic self-repulsion of the ssRNA increases due to loss of charge on counterions; 
the capsid bursts and falls apart into pentons. The genome and VP4 are released into solution 

and pentons reassemble into empty capsids.

Whether the observed pathway of alkaline-triggered uncoating is representa-
tive of uncoating in vivo remains unresolved as most aspects of genome-release 
are still unknown for picorna(-like) viruses. The acid stability of TrV excludes 
low endosomal pH as a sufficient trigger for uncoating. Other factors are thus 
required. Also, it was recently shown that empty TrV capsids produced by heat-
ing a virion sample do not display any morphological change similar to those 
described for either Poliovirus or Human Rhinovirus type 2 (36). The mecha-
nism of uncoating for TrV is thus likely distinct from picornaviruses. Given the 
infection route of TrV, it seems only logical that the virus should be acid-stable. 
TrV infects its host through an oral-fecal route (21). It passes the acidic crop 
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(stomach) of the insect before reaching the mid- and hindgut, where it enters 
and infects cells (37). The gut of the insect reaches a higher pH upon feeding, 
suggesting that timing virus release from infected cells is required (17, 20). The 
acid stability of the virion thus prevents premature uncoating. Non-enveloped 
ssRNA viruses do not typically encounter alkaline conditions during cell-entry. 
However, the alkaline conditions (up to pH 8.9) reached in the intestinal tract of 
the insect may induce a softened, labile state of TrV that is required for effective 
infection. The requirement of a softened state for successful infection was previ-
ously shown for retroviral particles (38).

The genome size of picorna- and picorna-like viruses is typically in the range of 
7-10 kb. The observation that the capsid of TrV has to accommodate an enor-
mous amount of ssRNA has important implications for the assembly and stabili-
ty of the virion. It was recently shown that mutations towards a bipartite genome 
in Foot-and-Mouth Disease Virus confer an enhanced stability to the virion and 
increase fitness (32). Genome size is thus limiting to viral replication due to the 
unfavorable state of confining a large negatively charged polymer in a small vol-
ume. This barrier will also have to be overcome during genome packaging. The 
pathway of virion assembly is largely unknown for picorna(-like) viruses. Simple 
co-assembly of ssRNA and pentons will not be energetically feasible and requires 
condensation of the genome on counter ions. Our results show that the packag-
ing capacity of viral capsids is directly related to the stability of the loaded parti-
cle, which suggests that the use of viruses as nanocontainers is limited not only 
by the packaging volume but also by capsid-cargo interactions and destabilizing 
effects of heavy loads.

In summary, the combination of native MS and AFM allowed us to comprehen-
sively study uncoating in terms of the biophysical properties of TrV. Our current 
model for the mechanism of uncoating is uniquely defined by an intermediate 
state uncovered with AFM by virtue of the single-molecule approach. However, 
this state could only be defined as intermediate to empty capsids because native 
MS showed that it still contained the ssRNA. Conversely, native MS uncovered 
the pathway of uncoating via reversible disassembly of the virion, and a topology 
model of the assembly intermediate was confirmed by AFM. This report shows 
how native MS and AFM are highly complementary tools for the structural and 
biophysical characterization of viruses, enabling us to discover a novel in vitro 
uncoating pathway for dicistroviruses.
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Methods.

TrV purification. 
TrV was purified from Triatoma infestans feces using previously described pro-
tocols (14).

Mass Spectrometry. 
Samples were buffer exchanged to 150-200 mM ammonium acetate at the indi-
cated pH and a final concentration of 5-10 µM (based on the heterotrimer). A 
1-2 µL aliquot was loaded into gold-coated capillaries for nano-electrospray ion-
ization (nanoESI). Capillaries for nanoESI were home-made from borosilicate 
glass tubes of 1.2 mm OD and 0.68 mm ID (World Precision Instruments, USA) 
using a P-97 micropipette puller (Sutter Instruments, USA) and gold-coated us-
ing an Edwards Scancoat (Edwards Laboratories, USA) six Pirani 501 sputter 
coater. MS was performed on modified QTOF I and QTOF II instruments (Wa-
ters, UK and MS Vision, Netherlands) (39). Spectra were mass calibrated with 
cesium iodide. Capillary voltage was in the range of 1300-1500 V, the sample 
cone, 120-200 V. To optimize transmission of larger ions, the backing pressure 
was elevated to ~10 mbar (40). xenon was used as collision gas at a pressure of 
1-2*10-2 mbar (41).

Ion Mobility MS was performed on a Synapt G1 instrument (Waters, UK) (42). 
Source conditions were as described above. Xenon was used as collision gas, and 
nitrogen as buffer gas in the TWIMS cell. For analysis of the penton and de-
camer complexes, as well as the corresponding globular protein standards, IMS 
was performed using a ramped waveheight of 2-12 V, ramped over 60% of the 
cycle. The nitrogen gas-pressure in the TWIMS cell was 5.55*10-1 mbar. Cross 
sections were calibrated based on known cross sections of denatured ubiquitin, 
cytochrome c and myoglobin (5 µM in 50/45/5 water/acetonitrile/formic acid) 
and native GroEL (5 µM in 75 mM ammonium acetate pH 6.8) (26, 43). In sili-
co cross section calculations (PA – Projection Approximation) were performed 
with MobCal, which gave similar results to the Driftscope PA algorithm (44, 45).

Due to their size, Ω’s for TrV virions and capsids had to be calibrated using na-
tive GroEL (as above) and HBV capsids as standards (46). The integrity of the 
calibrants under the conditions used was verified by calibration of HBV data 
with GroEL and comparison to the previously published results. Measurements 
were performed at 1.35 kV capillary and 150 V cone voltage with 6 mbar backing 
pressure. Additional settings were as follows: 50 V in the trap, 75 V in the trans-
fer, both at 2.3*10-2 mbar xenon with 500 µs trap release time; 70 V over the IMS 



116

C
ha

pt
er

 5

cell running at 250 m/s wave velocity and 15-30 V full cycle wave height ramping 
at 4.6*10-1 mbar nitrogen.
 
Atomic Force Microscopy. 
Virus samples were analyzed in 200 mM ammonium acetate at the indicated 
pH. Silanized glass slides were used as substrate for AFM. Glass slides were pre-
pared as described (47). Briefly, after thorough rinsing with MilliQ water, the 
slides were incubated overnight in an ethanol/water (90/10%) bath, saturated 
with potassium hydroxide. After another round of rinsing in MilliQ water, the 
glass slides were dried and incubated overnight in a hexamethyldisilazane va-
pour. A 100 µL droplet of virus solution was incubated on the silanized substrate 
for exactly 30min before adding another 100 µL of ammonium acetate buffer, 
wetting the AFM tip and mounting the head on the sample. We used Olympus 
OMCL-RC800PSA silicon-nitride cantilevers with a nominal spring constant of 
0.05 N/m and nominal tip radius of 15 nm. Cantilevers were calibrated using 
the method of Sader et al. (48), giving an average value of 0.056 ± 0.006 N/m. 
Imaging and nanoindentation were performed on a Nanotec Electronica AFM 
operated in jumping mode. The average maximum imaging force was ~50 pN. 
Nanoindentation was performed at a probe velocity of ~60 nm/s and data were 
processed using a home-built Labview application (49). Image processing was 
performed using WSxM software (50).

Biochemical analysis and binding energy calculations. 
Experimental procedures for native PAGE and autofluorescence analysis of TrV, 
as well as the procedure used to calculate the binding energies, can be found in 
the Supplementary Information.
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Abstract.
Bacterial nanocompartments that are structurally similar to virus capsids have 
recently been discovered. These compartments encapsulate specific enzymes, 
making them prospective carriers for applications in nanotechnology. Here, 
we combine native Ion Mobility Mass Spectrometry (IMMS), Atomic Force 
Microscopy (AFM) and high-performance computing to investigate the struc-
tural and energetic effects of cargo encapsulation in bacterial encapsulin. High 
precision native MS of cargo-loaded encapsulin revealed a mass of 1.966 MDa, 
corresponding to 60 copies of encapsulin and one copy of the hexameric car-
go enzyme DyP. All-atom Molecular Dynamics simulations, IMMS and AFM 
nanoindentation in vitro and in silico reveal that cargo encapsulation leads to 
expansion and destabilization of the nanoshells. This weakening occurs through 
interactions of the cargo anchoring sequence with the shell interior. The data 
expose the delicate chemical and physical interplay between cargo and carrier in 
these nanocompartments.
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Naturally occurring bacterial nanocompartments have recently been discovered 
(1-4). Much like bacterial micro-compartments, these nanocompartments are 
polyhedral protein cages that encapsulate enzymes to act as mini-organelles 
in prokaryotes (5-8). The subunits of bacterial nanocompartments adopt the 
HK97-fold, typical of the subunits of many virus and bacteriophage capsids (1-
3). Bacteriophage capsids are notoriously resilient structures. They can with-
stand internal pressures of tens of atmospheres and have the rigidity of hard 
plastics (9-12). The use of engineered virus-like particles for nanotechnology is 
a rapidly growing field (13-16). The high degree of structural homology of the 
bacterial nanocompartments to bacteriophage capsids suggests their potential 
for similar applications.

Here, we have studied the bacterial nanocompartment encapsulin from Brevibac-
terium linens and Thermotoga maritima. Encapsulin is a sixty subunit nanocom-
partment with T=1 icosahedral symmetry that naturally occurs in a variety of 
prokaryotes. In B. linens, the native encapsulin is loaded with a dye-decolor-
izing peroxidase (DyP) whereas the T. maritima encapsulin accommodates a 
ferritin-like protein (Flp). A C-terminal anchoring sequence on the cargo en-
zyme targets the cargo of encapsulin to the shell interior. This naturally encoded 
mechanism for cargo loading makes encapsulin a particularly exciting scaffold 
as a nanocontainer/-reactor. It has been shown that a foreign cargo protein could 
indeed be targeted to encapsulin nanocompartments by utilizing the endoge-
nous anchoring sequence for encapsulation (17-19). 

Little is known about the interplay between the cargo and the physical and 
chemical properties of these nanocompartments. Revealing how cargo encap-
sulation influences the structure and stability of the shell would help making 
these nanocompartments into prospective platforms for applications in nano-
technology. Here we combine native Ion Mobility Mass Spectrometry (IMMS), 
Atomic Force Microscopy (AFM) nanoindentation and computational mode-
ling to investigate the assembly of encapsulin and the effects of cargo encapsula-
tion on the properties of the compartment. Native MS and AFM are strong tools 
to study the properties of viruses and their combined use has been shown to be 
a powerful approach to reveal the effects of cargo encapsulation on the stability 
of virus (-like) particles (10, 20, 21). This approach is complemented by exten-
sive computer simulations, accelerated on Graphics Processing Units (GPUs) 
(22, 23). We performed all-atom Molecular Dynamics (MD) simulations of 
the complete encapsulin shell and used a simplified Cα-based Self-Organized 
Polymer (SOP) model to test the structure mechanically. The latter provides a 
detailed picture of the structure-stability relationship in AFM nanoindentation 
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(24). We demonstrate that encapsulin assembles uniquely with one copy of the 
native hexameric cargo-enzyme via a pathway that likely involves the addition 
of encapsulin dimers. Cargo encapsulation results in a radial expansion of the 
compartment. Cargo loading destabilizes encapsulin, which can be explained 
by the observed shape change and results via interactions of the anchoring se-
quence with the shell.

Results.

Cargo encapsulation and assembly of encapsulin.
The amount of native cargo carried in an encapsulin nanocompartment has not 
previously been quantified. In order to quantify the native cargo-load, we used 
native MS to analyze empty encapsulin shells from Brevibacterium linens and 
compared this to compartments loaded with the native DyP cargo enzyme (Fig-
ure 1). Native MS of empty encapsulin revealed one major particle distribution, 
with the expected mass of an intact 60mer T=1 shell (1.718 MDa), in addition to 
a minor population of 58mer partial assemblies, missing one dimer (an overview 
of experimental masses of all encapsulin assemblies can be found in Supplemen-
tary Table S1). Co-expression of the encapsulin protein with its native DyP cargo 
protein led to a distinct mass shift of approximately 248 kDa (to 1.966 MDa), 
corresponding to six copies of encapsulated DyP (theoretical mass 242 kDa). 
Electron microscopy reconstructions of free DyP revealed a hexameric structure 
of the enzyme (3), in agreement with the current native MS data (Supplementary 
Figure S1). Higher resolution MS analysis of DyP-loaded encapsulin on a mod-
ified Orbitrap for native MS (25, 26) confirmed that only compartments with 
one DyP hexamer are present, and additionally revealed the presence of a minor 
population of 58mer complexes, missing one dimer, but still containing a single 
DyP hexamer (Figure 1b). Thus, exclusively a single copy of the hexameric DyP 
cargo enzyme is contained within the encapsulin nanocompartment.

Closer inspection of the lower mass region in the spectra of both empty and DyP 
loaded encapsulin revealed that, in addition to the 60- and 58mer, more encap-
sulin sub-complexes were present. Monomers, dimers, higher order aggregates 
of dimers and half-shells (30mers) were detected (Figure 1c). These results in-
dicate that the dimer is a particularly stable sub-structure and is likely to be the 
unit of assembly for encapsulin shells. In support of this suggestion, monomers 
appear to have particularly stable interactions across the 2-fold symmetry axis 
of the shell, owing to the extended E-loop of the subunits (3). The relatively high 
abundance of the 58mer is consistent with several computational studies show-
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ing that near-complete shells can be particularly long-lived substructures during 
virus capsid assembly (27, 28). Our observation of the 58mer is some of the first 
direct experimental evidence for the stable/long-lived nature of such near-com-
plete shells (29). Interestingly, the observation of DyP-loaded 58mers shows that 
this structural defect does not preclude cargo loading.

Figure 1. Encapsulin packages a single copy of a DyP hexamer. a) Native MS spectra (QTOF) 
of empty and DyP-loaded B. linens encapsulin. b) Native MS spectrum (Exactive plus 

EMR) of DyP-loaded B. linens encapsulin. In addition to the main species corresponding to 
60mer+6mer DyP (1957.8 ± 0.5 kDa) and 58mer+6mer DyP (1901.0 ± 0.2 kDa), an unassigned 

species of 1963.8 ± 0.2 kDa is also detected, labelled with an asterisks (masses correspond to 
average ± standard deviation across all charge states). c) Low mass region from a sample of 
empty encapsulin. Various smaller encapsulin oligomers are detected, including monomers, 
dimers and higher order multimers of dimers. In all panels main charge states are listed in 

parentheses.

Cargo encapsulation leads to expansion of the nanocompartment.
The structure of the related T. maritima encapsulin has been described to atom-
ic-level resolution (3). It is worth noting that the reported structure corresponds 
to the enzyme-loaded compartment, and no such high-resolution structural 
data is currently available for the empty encapsulin shells. To test whether cargo 
encapsulation induces any structural changes in encapsulin, we first performed 
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native Ion Mobility MS (IMMS) on empty and DyP loaded compartments (see 
Figure 2a). Drift time measurements by IMMS can be used to calculate the gas-
phase collisional cross section, Ω, of protein assemblies, a measure that is large-
ly proportional to the rotationally averaged projection of the ion (30). Hence, 
IMMS yields shape information on the measured protein complex (21, 31, 32). 
IMMS revealed that cargo encapsulation results in a 9.8% increase in Ω, which 
corresponds to a 4.8% increase in radius, assuming that radius scales with Ω as 
Ω1/2.

Figure 2. Cargo encapsulation triggers expansion of the encapsulin nanocompartment. 
a) Collision Cross Section profiles of empty and DyP loaded encapsulin, illustrating the 

expansion of the filled particle. b) Diameter as a function of simulation time for the all-atom 
MD trajectories of T. maritima encapsulin shells with/without (un)constrained cargo elements, 

as indicated. c) Start- and end-structure from the all-atom MD simulations of the empty T. 
maritima encapsulin shell. The average experimental collisional cross section, Ω (exp), of 

empty and DyP loaded compartments (average ± standard deviation, n=3) is shown vs. the 
rotationally averaged projections of the start- and end-structure of the MD simulation, Ω (PA).

To further test the effect of cargo encapsulation on the structure of encapsulin, 
we constructed a computer model for empty encapsulin shells, using the atom-
ic structural model of filled encapsulin available from the Protein Data Bank 
(PDB) (3). We reconstructed complete shells of 60 subunits representing filled 
and empty encapsulin. To build the model for an empty shell, we removed all 
the cargo peptides from the PDB entry, which correspond to the anchoring se-
quences of the cargo enzyme. When constructing the model of the shell with the 
cargo peptides left in place, we constrained their centers of mass (COM) using 
a stiff harmonic spring. This mimics the presence of the cargo inside the shell. 
Next, we performed all-atom MD simulations of the entire 60 subunit nano-
compartment in implicit solvent. The structure was allowed to equilibrate for 30 
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ns at 300 K. Over the course of 30 ns, the diameter of the empty compartment 
decreased by 3.6% (Figure 2b and Supplementary Figure S2). By contrast, for the 
shell containing cargo peptides with fixed COMes we observed a much small-
er 0.8% decrease in diameter. When the COMes of the cargo peptide was left 
unconstrained, we still observed a 2.7% decrease in diameter, albeit at a slower 
rate compared to the empty compartment. Between the starting point (0 ns) 
and the 30 ns time point, the empty shell decreased by approximately 7% in its 
rotationally averaged projection (Figure 2c). Hence, our computer model of the 
empty encapsulin particle corroborates the finding by IMMS, namely that cargo 
encapsulation induces expansion of the shell.

Subsequent analysis of the dynamics of pentameric subunit of the empty com-
partment showed that there was a slight twisting motion around the 5-fold sym-
metry axis that was most pronounced in the E-loop of the subunits (Supplemen-
tary Figure S3). As the E-loop makes direct contact with the β-sheet region of 
the neighboring subunits across the 2-fold symmetry point, this twisting motion 
‘pulls’ adjacent subunits closer together. With cargo peptides in the shell interior, 
the E-loop remains separated by ~1.0-1.5 nm distance from the β-sheet region of 
the neighboring subunits. Cargo was proposed to bind to the same beta-sheet of 
the encapsulin monomer as the inter-chain contacts of the E-loop(3), but on the 
opposite side, offering a possible explanation for the observed allosteric effect of 
cargo (un)binding. 

In the original report on the structure of encapsulin, several pores were found in 
the shell that may be important for substrate flux in and out of the compartment 
(3). In our simulations, we observed that pores along the five-fold icosahedral 
symmetry axis were closed after initial equilibration of the PDB structure (Sup-
plementary Figure S3). By contrast, many of the pores on the 2- and 3-fold axes 
remained open. However, these pores also close over the course of 30 ns at 300 
K. When cargo peptides are present, the pores on the 3- and 5-fold symmetry 
points close during 30 ns of simulations. However, 7-8 out of 60 pores on the 
2-fold symmetry points remain open. Therefore, our results suggest that cargo 
encapsulation leads to formation of an expanded state of the compartment with 
open pores, which is energetically less favorable in the absence of cargo binding.

Cargo encapsulation decreases the stability of the nanocompartment.
The MD simulations showed the total energy of the shell to decrease by 13.5%, 
indicating that there might be a difference in stability between the structures for 
empty and cargo-loaded compartments (see Supplementary Figure S2). To test 
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whether cargo encapsulation affects the stability of encapsulin, we performed 
AFM nanoindentation on empty shells vs. shells that were loaded with the natu-
ral DyP cargo. These experiments were complemented with nanoindentation in 
silico using Self-Organized Polymer (SOP) models of encapsulin shells (33). This 
has been proven to be successful at describing the mechanical properties of large 
biomolecules (24, 34-36). We used nanoindentation in silico to probe how the 
observed structural changes influence the integrity and mechanical properties 
of the nanocompartment (24, 36). 

In the AFM experiments, the particles are imaged before nanoindentation to lo-
cate their center (Figure 3a). The contour of some particles appeared hexagonal 
or pentagonal, in agreement with their icosahedral symmetry. The height dis-
tribution of all imaged particles shows two maxima at 20 and 24 nm, which are 
consistent with particles deposited on their 2-/3-fold or 5-fold icosahedral sym-
metry axis, respectively (See Supplementary Figure S4). The orientation of the 
particle could not be unambiguously determined in most cases and we therefore 
considered the average over all particles for the analysis of the nanoindentation 
data.

For in silico nanoindentation, we employed the simplified Cα-based SOP models 
of encapsulin to represent empty or natural cargo loaded compartments (see 
Supplementary Methods). Briefly, the model for ‘filled’ encapsulin is based on 
the structure from the PDB but without cargo peptides. From this atomic model, 
a list of ‘native’ intra- and inter-chain contacts is compiled based on a distance 
cutoff between the Cα atoms. Each intra- or inter-chain contact is modeled with 
the same interaction potential, the strength of which εh is based on the average 
non-bonded energy per intra- or inter-chain contact. We calculated the value 
of εh for intra-/inter-chain contacts using the results of all-atom MD simula-
tions (see coarse-graining procedure summarized in Supplementary Methods). 
Building on this same approach, the SOP model for empty encapsulin was con-
structed from the structure after 30 ns equilibration. Following the Langevin 
dynamics, in silico nanoindentation measurements were performed using a hard 
sphere of 15 nm radius to represent the AFM tip.

Encapsulin shells show a typical mechanical response to indentation. Stills from 
in silico nanoindentation in Figure 3b illustrates the deformation dynamics of 
the shells, which undergo I) initial indentation, followed by II) rupture of cap-
somer-capsomer interactions and III) subsequent structural collapse. Imaging 
after nanoindentation confirmed that the particles had collapsed under the ap-
plied forces (Figure 3c). In agreement with the experimental Force Distance 
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Curves (FDCs), the in silico nanoindentation also shows a linear increase in 
(deformation) force followed by a sharp discontinuity at higher forces (Figure 
3d). Hence, the SOP model offers insight into the dynamic structural changes 
that define the mechanical response of encapsulin. This allows us to compare the 
force response for the different icosahedral symmetry types. Close examination 
of encapsulin structures revealed that rupture of the shell and structural collapse 
originate at strongly bent regions around the tip-particle contact area (Figure 
3b).

When comparting between the different symmetry axes of the compartment 
(Supplementary Table S2.), it is interesting to note that, whereas indentation 
along the 2- and 3-fold symmetry axes resulted in a single-step linear indenta-
tion, followed by one discrete breaking event, indentation along the 5-fold sym-
metry axis displayed a two-step force-response. During the first discontinuity in 
the FDC, the vertex buckles inwards, but the shell does not rupture. Buckling is 
followed by a second linear force response that leads to collapse at higher forces 
(Supplementary Figure S5). Such buckling transitions have previously also been 
observed in in silico nanoindentation of HK97 (23). Whereas Finite Element 
Modeling (FEM) studies of AFM nanoindentation of virus capsids suggested 
that the buckling transition during indentation corresponds to mechanical fail-
ure of the shell, the SOP model shows that for encapsulin, the two structural 
transitions are not strictly the same (37). We observed that some particles in 
our AFM experiments display a similar two-step force response to our in silico 
indentations along the 5-fold symmetry axis (Figure S5).

The SOP model was based on the structure of T. maritima encapsulin, whereas 
we studied the effect of cargo encapsulation in compartments from B. linens. To 
validate our approach, we next compared the mechanical response for empty 
encapsulin from both species. These compartments were found to display in-
distinguishable spring constants and breaking forces, indicating that the in silico 
nanoindentation data for T. maritima encapsulin can be used to interpret the 
experimental results for B. linens encapsulin (Figure 4). As shown previously 
(38), we also determined that the difference in probe velocity between simula-
tion (1000 nm/s) and experiment (30 nm/s) had only a very minor influence on 
the resulting spring constants and breaking forces (Supplementary Table S3). We 
found no evidence for a mechanically distinct population of particles that might 
be attributable to the 58mer complexes. In silico nanoindentation with models of 
58mer shells revealed that they are indeed mechanically indistinguishable from 
complete 60mer compartments, despite the structural defect of missing a dimer 
(see Supplementary Figure S6).
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Figure 3. Comparison of experimental AFM nanoindentation of encapsulin 
nanocompartments with in silico indentation. a) AFM images of empty B. linens encapsulin. 

Scale bar is 30 nm, image is colored according to height, from dark brown (0 nm) to white (25 
nm). Corresponding height profiles are taken along the lines indicated with white arrowheads. 
b) Snap-shots from in silico nanoindentation of ‘empty’ encapsulin along the 2-fold symmetry 
axis (see green curve in “d)”, ‘SOP empty’). The black arrowhead indicates the region of strong 

imposed curvature where the shell ruptures at the onset of structural collapse. c) AFM image of 
encapsulin nanocompartment before and after indentation. Scale bar is 20 nm. Corresponding 

height profile is taken along the line of the white arrowheads. d) Typical FDCs of encapsulin 
nanoindentation taken from experiment and simulations (“SOP”, models for ‘empty’ and ‘filled’ 

shells). The corresponding parts of the FDC from which the images in “b)” were taken, are 
indicated on the graph (‘SOP ‘empty’’, green curve: I, II and III).
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Figure 4. Cargo encapsulation destabilizes encapsulin nanocompartments. a) Spring constant. 
b) Breaking force. The corresponding species of the encapsulin probed is indicated: B. linens 
(BL) or T. maritima (TM). Cargo is indicated as follows: empty (blue), DyP, TFP or Flp (all 

three red, note that Flp is the native T. maritima enzyme). Experiments or simulation (labeled 
as “exp” and “SOP”, respectively) are reported as the average ± SEM (see supplementary table 
S3 for particle numbers). For simulations, the average over the three icosahedral symmetry 

axes is shown.

Comparing empty and DyP-loaded encapsulin, we observe no change in the 
average spring constant of the compartment. Simulations also revealed similar 
values for the spring constant of the empty vs. filled compartments. There is no 
observed difference in stiffness, but there is a ~30% decrease in breaking force 
(peak force) for the filled compartment, showing that cargo loading destabilizes 
the encapsulin shell. The breaking forces are higher in the simulations than in 
experiments, but we did observe a similar 34% decrease in the breaking force for 
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filled vs. empty encapsulin. Hence, the shape change observed in simulations is 
sufficient to explain the destabilizing effect of cargo encapsulation. The free ener-
gy required to break encapsulin can be estimated from in silico nanoindentation 
(see Supplementary methods; Supplementary Table S2). Approximately 2.5-3.0 
Mcal/mol more energy is required to break the ‘empty’ encapsulin shell, com-
pared to the ‘filled’ shell, accounting for approximately 60% of the 5 Mcal/mol 
difference in the potential energy of the full vs. empty compartment. It should 
be noted that the difference in required work is mostly enthalpic and that it is 
highly dependent on the local symmetry at the point of indentation. 

Interestingly, DyP loaded encapsulin also becomes more sensitive to material fa-
tigue, as shown by repeated in vitro indentation at a lower force (see Supplemen-
tary Figure S7). Finally, we observe a decrease in breaking force upon loading 
the compartments with foreign material, similar to that observed when loading 
the encapsulin compartment with the natural DyP cargo. Given that the only 
structural element that is common between DyP and the foreign Teal Fluores-
cent Protein cargo is the C-terminal anchoring sequence, this result suggests 
that the observed destabilization is attributable to interactions of the C-terminal 
anchoring sequence with the shell.

Discussion.

Our experiments revealed that encapsulin nanocompartments assemble unique-
ly with a single copy of the native hexameric cargo enzyme (Figure 5). Our com-
putational models suggest that cargo encapsulation stabilizes an expanded state 
of the nanocompartment (in which the shell exhibits open pores), which is en-
ergetically less favorable in the absence of cargo. For the empty encapsulin shell, 
our simulations indicate a translocation of the E-loop toward the cargo binding 
β-sheet region of the neighboring subunit, which results in “twisting” motion 
of the subunits, leading to shell shrinkage and pores closing. This effect almost 
disappears when cargo peptides are bound to the shell interior. In this respect, 
the destabilizing effect of the cargo might be a direct consequence of having to 
maintain a porous shell to allow in-/efflux of enzyme substrates. 

The structural similarity of bacterial nanocompartments to virus capsids has 
raised questions about their origin. Given the high degree of structural homol-
ogy, it is interesting to see that the nanocompartments are mechanically also 
similar to bacteriophage capsids. The Young’s Modulus of the shell material can 
be estimated from the spring constants obtained from the experiment and sim-
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ulations (10). We obtain comparable values of ~1 GPa from experiment and 
simulations. The Young’s Modulus of bacteriophage HK97 is estimated at es-
sentially the same value (39), showing how the structural similarity between the 
systems translate into very similar material properties. Hence, encapsulin nano-
compartments provide equally robust nanoshells as bacteriophages, with a built-
in mechanism for cargo encapsulation. Our AFM-based data on the mechanical 
resilience of the nanocompartment and our MS-based findings of spontane-
ously occurring structural defects (i.e. the occurrence of 58mer compartments) 
provide important considerations for the use of encapsulin in all capacities as 
assembly scaffold, support structure or as nanoreactor or –container. Having 
established the natural loading capacity of the compartment provides a further 
guiding principle for the use of encapsulin as nanoreactor or –container. These 
novel insights into the assembly and physical properties of the shell thus serve as 
important guidelines in the rational design and engineering of encapsulin based 
nanomaterials.

Figure 5. Schematic of encapsulin assembly and cargo encapsulation. We propose an assembly 
pathway that involves addition of dimers. A single copy of hexameric DyP is encapsulated, 

triggering expansion of the shell.

Methods.

Sample Preparation. 
Empty and DyP or TFP filled encapsulin were expressed in E. coli cells and pu-
rified using previously described procedures (3, 17).

Native Mass Spectrometry. 
Samples were buffer exchanged to 100-200 mM ammonium acetate pH 6.8 with 
five rounds of concentration-dilution, using Vivaspin 500 10 kDa MWCO cen-
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trifugal filter units. Aliquots of 1-2 μL, at a final concentration of 5-10 μM, were 
loaded into gold-coated borosilicate capillaries (prepared in-house) for nanoe-
lectrospray ionization. Samples were analyzed on a QTOF II instrument that was 
modified for optimal transmission of large ions (40). The source pressure was set 
at 10 mbar, collision cell pressure at 1.5*10-2 mbar, using xenon as collision gas 
(41, 42). Capillary voltage was set at 1300-1500 V and the sample cone voltage 
was set at 160 V. Higher mass ions were analyzed at a collision voltage of 100 V, 
the lower mass ions at 30-60 V. Additional measurement were performed on an 
Exactive plus EMR, modified for transmission of higher m/z ions, as described 
in Chapter 3 (25, 26). Capillary voltage was set at 1200 V, source fragmentation 
at 30 V. HCD collision voltage was set at 70 V, using xenon as collision gas. Spec-
tra were acquired at a transient time of 32 ms using the transient averaging func-
tion. IMMS was performed on a Synapt HDMS instrument. Capillary and sam-
ple cone voltages were set at 1300 V and 160 V, respectively. TRAP/TRANSFER 
regions were operated at 1.5*10-2 mbar (xenon) at 30/60 V. The TWIMS cell was 
operated at 5.5*10-1 mbar, using a wave velocity of 200 m/s with a wave height of 
2-12 V, ramped over 60% of the cycle. Collisional Cross Sections were calibrated 
using denatured Ubiquitin, Cytochrome C and Myoglobin (45/5% acetonitrile/
formic acid), as well as native GroEL (50 mM ammonium acetate pH 6.8) (43, 
44). The rotationally averaged projections of encapsulin models were calculated 
with the Driftscope PA algorithm.

Atomic Force Microscopy. 
Encapsulin samples were prepared in 20 mM Tris pH 7.4, 20 mM magnesium 
dichloride, 150 mM sodium chloride, at a final concentration of 0.5-1 μM. We 
used silanized glass slides as substrates for AFM imaging and nanoindentation. 
The glass slides were prepared by cleaning them in a saturated solution of potas-
sium hydroxide in 90% ethanol, followed by thorough rinsing with MilliQ water, 
drying and overnight incubation in a hexamethyl disilazane vapour, as previous-
ly described (45). A droplet of 100 μL of the encapsulin solution was incubated 
for 30 minutes on the glass slide, after which another 100 μL of buffer was add-
ed. We used Olympus OMCL-RC800PSA rectangular, silicon-nitride cantilevers 
with a nominal spring constant of 0.05 N/m and a nominal tip radius of 15 nm. 
Cantilevers were calibrated using the method of Sader et al. (46), giving an aver-
age value 0.0524 N/m. Measurements were performed with a Nanotec electron-
ica AFM in jumping mode. Imaging was performed with an average maximum 
imaging force of approximately 30-50 pN. Nanoindentation was performed with 
a probe velocity of 30 nm/s, unless otherwise stated (38). Fatigue experiments 
were performed by placing the tip 35 nm above the substrate and performing 
consecutive approach-retraction cycles of 20-30 nm, which resulted in a maxi-
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mum force of 0.2-0.3 nN on the nanocompartment. AFM images were analyzed 
with WSxM software and nanoindentation data was analyzed using a previously 
described home-built LabView application (38).

All-atom MD simulations. 
The complete 60 subunit shell with T = 1 symmetry number was reconstructed 
from the crystal structure (PDB code 3DKT) (3). To mimic empty (cargo load-
ed) shell, we removed (retained) cargo peptides bound to the shell interior. To 
perform MD simulations accelerated on a GPU, we employed the Solvent Acces-
sible Surface Area (SASA) model (47) of implicit solvation and the CHARMM19 
force field. First, encapsulin structures were energy-minimized using the steep-
est-descent algorithm. These were then heated to 300 K and were equilibrated 
for 1 ns. The structures obtained were used to perform MD simulation runs. To 
account for the presence of cargo, the COMs of cargo peptides were constrained 
using a harmonic spring with the spring constant of 10 kcal/mol/Å2. To elimi-
nate potential artifacts associated with the SASA model of implicit solvation, we 
also performed MD simulations using the Generalized Born (GB) model (48). 
This model is based on a different philosophy for describing implicit solvation, 
with which we obtained similar results. 

SOP-model based nanoindenations in silico. 
Dynamic force measurements in silico were performed using Langevin Dynam-
ics simulations accelerated on a GPU. We used the structure of encapsulin shell 
obtained before and after a 30 ns all-atom MD simulation run to model the “full” 
and “empty” particle, respectively. The SOP models of encapsulin particles were 
constructed as described in Supplementary Methods. We utilized a spherical tip 
of radius Rtip= 15 nm to compress the shell along the 2-, 3-, and 5-fold symme-
try axis. The tip-shell interactions were described by the repulsive Lennard-Jones 
potential VLJ (ri)= ε[σ/(ri-Rtip)]6, where ri is the ith particle coordinate, ε= 4.18 kJ/
mol and σ= 1.0 Å. To prevent the encapsulin shell from rolling, we constrained 
the bottom portion of the shell by fixing six Cα-atoms. To mimic the experimen-
tal force measurements, the tip exerted the time-dependent force f(t) = f(t)n in 
the direction n perpendicular to the surface of the shell. The force magnitude f(t) 
= rft increased linearly in time t (force-ramp) with the force-loading rate rf = κvf, 
where vf = 1.0 µm/s is the cantilever velocity and κ = 0.05 N/m is the cantilever 
spring constant. The resisting force (F) from the encapsulin shell, which corre-
sponds to the experimentally measured indentation force, is calculated using the 
energy output. In simulations, we controlled the piezo displacement Z (cantile-
ver base), and the cantilever tip position X, both of which quantify the extent of 
indentation. The shell spring constant kenc was obtained from a generated FZ 
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curve, using the slope K and the relationship 1/K = 1/κ + 1/kenc for the combined 
system (encapsulin plus tip). We evaluated the total work of indentation wind by 
converting the FZ curves into the FX curves and by integrating the area under 
the curves. We repeated this procedure for the retraction curves to evaluate the 
reversible part of work wrev(see Supplementary Methods). In the NPT-ensemble, 
the reversible work is wrev = ΔG = ΔH - TΔS, where the thermodynamic state 
functions ΔG, ΔH, and ΔS are the Gibbs free energy change, enthalpy change 
and entropy change, respectively. Using the energy output from simulations, we 
estimated ΔH and TΔS.
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Future outlook.

The work described in this thesis demonstrates how native mass spectrometry 
can be used to study protein complexes with masses up to several megadaltons. 
We have shown in Chapter 2 that on a modified QTOF mass spectrometer, vi-
rus capsids as big as 18 megadalton can be detected with resolved charge states, 
allowing mass determinations with a precision below 0.1%. Whereas improve-
ments in sensitivity are always welcome for any analytical technique, it was re-
vealed that on the QTOF platform not sensitivity, but the obtained peak widths 
are currently the major limiting factor, thereby identifying poor desolvation of 
the ions as a main bottleneck for the current practical mass limits in native MS. 
The new Orbitrap-based platform described in Chapter 3 is also capable of ana-
lyzing virus particles of a few megadaltons, with higher resolving power, but still 
exhibits problems with sensitivity towards very high m/z ions. The upper mass 
limit for protein complexes on this platform therefore seems currently limit-
ed to approximately 5 megadalton. The work described in subsequent chapters 
demonstrates how aspects of structure, assembly, composition and cargo encap-
sulation of virus(-like) particles can all be studied by native MS. These studies of 
large protein complexes present an interesting interaction between studying the 
biology of these proteins and further pushing the development of our analytical 
tools. 

An ideal MS experiment would be able to yield an accurate and quantitative dis-
tribution of masses in a sample over a wide dynamic range, while simultaneously 
offering the possibility to dissect each component in that mass distribution from 
the top down to determine its composition, including localization of the subu-
nits and post-translational modifications they may bear. We are currently still 
quite far removed from such a comprehensive mass spectrometry experiment. 
As discussed, TOF-based native MS experiments still lack resolving power and 
might benefit tremendously from improved desolvation of ions. If sharper peaks 
can be obtained, such that charge resolved spectra can be acquired for larger 
protein complexes as well, sensitivity is the next important bottleneck, as seems 
to be the case for the Orbitrap-based platform described in Chapter 3. For TOF 
analyzers, improved sensitivity at high m/z may be obtained by adapting new 
detectors that are being developed for applications in MALDI – where ions typ-
ically obtain a lower number of charges – such as cryo detection TOF analyzers, 
nanomembrane detectors and active pixel detectors (1-5). 

We discussed strategies to improve transmission of high m/z species on the Or-
bitrap platform in Chapter 3, which involved changes to the vacuum stages and 
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the HCD cell. If ion detection with the Orbitrap could be further improved in 
terms of the signal-to-noise ratio, single particle charge detection MS would 
also appear feasible on an Orbitrap based platform. Following the strategy of the 
charge detection MS device of Jarrold and co-workers, trapping and detection 
of single ions at sufficient signal-to-noise ratio would allow the magnitude of 
the signal to be determined precisely and accurately enough to become a direct 
measure of charge state (6-9).

Though native MS has seen great success in studying relatively monodisperse 
protein complexes up to several megadalton, as well as smaller polydisperse as-
semblies, it is currently still incapable of providing meaningful mass informa-
tion of polydisperse samples of larger assemblies such as cytoskeletal filaments, 
amyloid fibrils or structures with lipid bilayers such as small vesicles and envel-
oped viruses. A single particle mass spectrometry approach would circumvent 
current issues with highly heterogeneous samples. Resolving individual charge 
states is no longer necessary as both m/z and z are determined for every indi-
vidual ion. Alternative single particle MS approaches have also been described 
using nano(electro) mechanical mass sensors, which circumvent the problems 
with charge determination altogether (10, 11). Though these approaches appear 
very promising, they still lack the precision and accuracy to confidently assign 
stoichiometries to protein assemblies, especially when they might consist of 
many different components of which some might be relatively small. To com-
bine the precision of TOF and Orbitrap based native MS platforms with a single 
molecule experiment would arguably be a big step forward. The development of 
on-line separation methods of intact protein complexes such as size-exclusion 
chromatography or capillary electrophoresis with improved sensitivity and se-
lectivity would also improve our capacity to deal with heterogeneity in a native 
MS experiment. In that regard it should be noted that current single-particle MS 
methods are not nearly fast enough yet to be compatible with on-line chroma-
tography. 

A next step would be to improve the possibility of top-down characterization 
on native MS instruments. Currently available fragmentation schemes yield 
only limited information about the composition of the protein complex. CID 
is strongly limited by the available number of charges and only yields sequence 
information in rare cases (12). The requirement for high precursor charge is also 
limiting the use of ETD in native MS. Developing new fragmentation schemes 
such as the use of surface induced dissociation, UV photo-dissociation and MS3 
type experiments will improve top-down characterization of intact protein com-
plexes to further contribute towards such a comprehensive native MS experi-
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ment (13-17). The ability for top-down characterization is also somewhat lim-
ited by the current mass range of available quadrupole mass filters. In addition, 
selection with the quadrupole occurs before desolvation in most instruments, 
which limits our ability to separate components in this selection stage of the 
instrument. Improving the capacity for CID in the source or interface region of 
the instruments could be helpful in that regard.

There are thus plenty of options left to explore to improve the power of a native 
MS experiment. At some point, though, the field must run into some fundamen-
tal limitations of the approach or find some greater challenges ahead to say the 
least. We have talked about the problems associated with buffer adduct forma-
tion repeatedly. It being mostly an undesired artefact of electrospray ionization, 
it seems like a difficult problem to circumvent altogether. Seeing how electro-
spray ionization is such an important tool for native mass spectrometry, it is 
perhaps also ironic to what extent the field is limited by the restrictions posed by 
ESI. It is because of ESI that a native MS experiment is limited in concentration 
range, sensitivity and restricted in the use of buffer components. Also, unpre-
dictable ionization efficiencies make quantitation inherently tedious in an ESI 
experiment. 

Being an essential core technology in ESI-MS, electrospray ionization is also 
the biggest bottleneck in native mass spectrometry, as it is the main limiting 
factor of spectrum quality. For now, better mass analyzers can only compensate 
so much. The isotope distributions of protein complexes become increasingly 
broader with larger assemblies, until resolving the individual adducted species 
and assigning them by accurate mass will require resolutions in the 106 - 109 
range and accuracies in the parts-per-billion range, respectively (18). I do not 
see those requirements being met in the near future; not across the entire rele-
vant m/z range for native MS experiments. Also note that, as we focus on larger 
protein assemblies, consisting of a greater number of subunits, with a greater 
number of ligands bound, the relative precision in mass that is required to con-
strain all possible permutations of stoichiometries that fit an experimental mass 
becomes impractical, because of these issues with buffer adduct formation.

Native MS should be viewed as a valuable complement to the available analytical 
tools in structural biology, especially where it concerns large protein complexes. 
It can be used to study the ensemble of quarternary structures or stoichiometries 
of protein complexes, without a bias towards structured regions, as is common in 
tools like x-ray crystallography and cryo electron microscopy. Conversely, native 
MS offers little in terms of the spatial arrangement of components in a protein 
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complex. To get the bigger picture, a combination of complementary methods 
is thus required. Mass spectrometry based structural biology in a broader sense, 
including not only native MS but also cross-linking MS and hydrogen-deuteri-
um exchange MS, is emerging or perhaps already established as a key focus of 
hybrid methods in structural biology. Alongside the recent revolution in cryo 
electron microscopy (19), the development of native MS and MS-based struc-
tural biology is offering structural details on a wider variety of protein complex-
es than ever before. 

Recent years have shown more and more examples of MS-based structural biol-
ogy techniques combined with other, perhaps more established analytical tools 
in structural biology (20-23). This hybrid approach of integrating structural 
constraints from many techniques is inherently more comprehensive and offers 
more confident models. As illustrated by the combination of native MS with 
atomic force microscopy in chapters 5 and 6 of this thesis, the added value of 
specificity offered by native MS also argues in favor of a hybrid approach in bi-
ophysics. All things considered, native MS is a powerful analytical tool to study 
the composition and stoichiometry of large protein complexes. With further de-
velopment of TOF and Orbitrap instrumentation, single particle CD-MS and 
NEMS approaches and improved strategies for top-down characterization of 
protein complexes, I envisage an increasingly bigger role for native MS in fields 
like structural biology, biophysics and nanotechnology.
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Summary.

Native mass spectrometry (MS) is a powerful tool to study the composition and 
quaternary structure of protein complexes over a wide range of size and mass. 
As an analytical tool, native MS offers unmatched specificity and precision to 
pinpoint the stoichiometry of biomolecular complexes. It has been developed 
for analysis of larger protein complexes, such as intact virus particles, in recent 
years. The use of native MS was shown to be particularly convenient to charac-
terize the assembly and composition of these large particles, offering important 
information on their role as pathogens and their use for nanotechnology and 
medicine. This thesis describes the development and application of native MS to 
analyze the structure and assembly of virus particles.

It is shown that virus particles as big as 18 megadalton can be analyzed with 
native MS on a modified quadrupole time-of-flight instrument. Analysis of the 
obtained peak shapes and theoretical considerations about the inherent spread 
in masses and the performance of the mass analyzer lead to the conclusion that 
the 18 megadalton particles are at the limit of what is feasible on the current gen-
eration of instruments, and shows that poor desolvation of the ions is currently 
the main limiting factor. Having established that 18 megadalton capsids can  be 
analyzed by native MS, several maturation intermediates of bacteriophage HK97 
were analyzed by native MS to learn about the maturation pathway of the virus.

It is furthermore shown how we extended the mass range of a novel type of 
Orbitrap mass analyzer for native MS to allow analysis of virus particles of sev-
eral megadaltons. The transmission at high mass-to-charge ratio is improved 
by modifying the ion guides of the instrument. Sensitivity is improved 5-fold 
in the high m/z range to allow analysis of virus particles with improved resolu-
tion compared to the time-of-flight based platforms. It is demonstrated that the 
Orbitrap with extended mass range can be used to quantify cargo loading in a 
virus-like particle for nanotechnology and that it can be used to determine the 
stoichiometry of capsids in heterogeneous mixtures.

The use of both the quadrupole time-of-flight and the Orbitrap-based instru-
ment is demonstrated in this thesis in three applications to virus structure and 
assembly. First, a combination of native MS with proteomics and hydrogen-deu-
terium exchange MS is used to uncover a previously unknown component of 
mature adenovirus capsids. It is shown that a product of cement protein pVI 
is associated with the main capsid protein as a specific site on the capsid inte-
rior. Next, it is shown how native MS and atomic force microscopy can be used 
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to study the interactions between a capsid and its genome. As complementary 
technologies they are used to uncover a mechanism for pH-triggered disassem-
bly of triatoma virus and establish a model for the assembly of the capsid, based 
on structural information from native MS. Finally, native MS is used again in 
combination with atomic force microscopy to study the effect of cargo encapsu-
lation in a recently discovered bacterial nanocompartment named encapsulin. 
The assembly pathway of the encapsulin particle is studied by native MS and 
cargo loading is shown to result in a structural change of the compartment that 
destabilizes the shell.

This thesis thereby illustrates the great potential of native MS to study virus cap-
sid structure and assembly. Several potential improvements of current native MS 
instrumentation as well as possible fundamental limitations of the technique are 
discussed to establish the current and future role of native MS in the analytical 
toolbox to study protein complex structure and assembly.
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Samenvatting in het Nederlands.

Natieve massa spectrometrie (MS) is een waardevolle techniek om de samenstel-
ling en quaternaire structuur van eiwitcomplexen over een breed massabereik 
op te kunnen helderen. Onder de beschikbare analysetechnieken heeft natieve 
MS ongeëvenaarde specificiteit en precisie in de bepaling van de stoichiometrie 
van een biomoleculair complex. De techniek is in voorbijgaande jaren ook 
ontwikkeld voor de analyse van grote eiwitcomplexen zoals intacte virusdeeltjes. 
Natieve MS is vooral heel bruikbaar om de assemblage en samenstelling van 
deze deeltjes te bepalen. Daardoor levert het nuttige informatie op over de vi-
rusdeeltjes in hun hoedanigheid als ziekteverwekkers, maar ook in hun toepass-
ing in nanotechnologie en geneeskunde. Dit proefschrift beschrijft de verdere 
ontwikkeling en toepassing van natieve MS om de structuur en assemblage van 
virusdeeltjes te analyseren.

Er wordt beschreven dat virusdeeltjes van 18 megadalton nog met natieve MS 
geanalyseerd kunnen worden op een gangbaar quadrupole time-of-flight in-
strument. Op basis van de bekende prestaties van het instrument, de gemeten 
piekvormen en theoretische overwegingen aangaande de inherente spreiding 
van massa wordt geconcludeerd dat 18 megadalton tot de hoogst haalbare mas-
sa’s behoort op de huidige generatie instrumenten. Op basis van diezelfde over-
wegingen wordt ook duidelijk dat incomplete desolvatie daarin de belangrijkste 
limiterende factor is. Na vastgesteld te hebben dat natieve MS bruikbaar is voor 
de analyse van virusdeeltjes van 18 megadalton wordt de techniek gebruikt om 
enkele tussenstappen in de rijping van bacteriofaag HK97 te bekijken om zo-
doende de rijping van de bacteriofaag beter te begrijpen.

Er wordt ook beschreven hoe het m/z bereik van een zeer populair type massa 
analysator, de zogenaamde Orbitrap, verbeterd kan worden voor natieve MS. 
Het verbeterde massabereik van het nieuwe instrument maakt nu de analyse 
van virusdeeltjes van enkele megadaltons mogelijk. Door de ionlenzen van het 
instrument te manipuleren wordt het transport van ionen met hoge massa-lad-
ingverhouding verbeterd. Het resulteert in een vijfvoudige toename in de gevoe-
ligheid van het instrument. Daardoor is het nu mogelijk om virusdeeltjes van 
enkele megadaltons te analyseren met betere resolutie in vergelijking met de an-
alyse op het quadrupole time-of-flight instrument. Het verbeterde Orbitrap in-
strument is nu geschikt om de vracht van een nanotechnologisch virusdeeltje te 
kwantificeren en om de stoichiometrie van virusdeeltjes in heterogene mengsels 
te bepalen.
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De toepassing van zowel het quadrupole time-of-flight als het Orbitrap instru-
ment wordt in dit proefschrift aan de hand van drie illustratieve voorbeelden 
beschreven. Ten eerste wordt een combinatie van natieve MS met proteomics 
en waterstof-deuterium-uitwisseling MS gebruikt om een onbekend bestands-
deel van rijpe adenovirusdeeltjes te karakteriseren. Er wordt beschreven dat 
een rijpingsproduct van het cementeiwit pVI op een specifieke plaats aan een 
van de belangrijktste capsideiwitten aan de binnenkant van adenovirus bindt. 
Vervolgens wordt beschreven hoe een combinatie van natieve MS met atomaire 
krachtmicroscopie gebruikt kan worden om de interactie tussen een virusdeelt-
je en het virale genoom te karakteriseren. Er wordt beschreven hoe de pH het 
uiteenvallen van triatoma virus deeltjes kan veroorzaken en op basis van struc-
tuurinformatie uit natieve MS experimenten een model voor de assemblage van 
het deeltje voorgesteld. Tenslotte wordt er opnieuw een combinatie van natieve 
MS en atomaire krachtmicroscopie experimenten beschreven om het effect van 
de vracht op een bacterieel nanocompartiment te bepalen. De assemblage van 
het nanocompartiment met de vracht wordt met natieve MS bestudeerd en er 
wordt gekeken hoe de vracht een structuurverandering teweegbrengt die het 
compartiment destabiliseert.

Dit proefschrift illustreert daarmee de volle mogelijkheden van natieve MS om 
de structuur en assemblage van virusdeeltjes te bestuderen. Uiteindelijk worden 
enkele mogelijke verbeterpunten voor de huidige instrumenten voorgesteld en 
enkele fundamentele grenzen van de techniek besproken. Daarmee wordt vast-
gesteld wat de huidige en toekomstige toepassing van natieve MS is in de context 
van andere analytische technieken voor de studie van eiwitcomplexen.
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Challenging the current upper mass limit of native MS.
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Heck.
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Supplementary figures.

Figure S1. Spectrum of partially denatured capsid subunit monomer, generated by analyzing 
the Prohead-1gp5 samples in 50mM ammonium acetate buffer at pH 9.5. Charge states are as 

indicated, the average mass determined from this analysis is 42151 ± 1 Da.

 
Figure S2. The effect of the ‘steering’ parameter on transmission of the Prohead-1gp5 particle. 
Shown is the normalized ion count per 2 s scan over a two minute acquisition window. At the 

start, the steering parameter is set at an optimal value for smaller protein complexes. The black 
arrowhead indicates where the parameter was changed to improve transmission of Prohead-

1gp5. Tuning of the steering parameter resulted in an approximate 2-fold gain in signal.
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Figure S3. Charge state assignment strategy for Prohead-1gp5 spectra. Shown is the variation 
in calculated mass between charge states from the same spectrum (expressed as the standard 

deviation in units of Da) as a function of charge state assignment of the base peak. The 
minimum along this curve, at z=350, is considered the correct assignment. Note that the 

minimum is not very sharply defined: the accuracy of the assignment is assessed from replicate 
analyses.

Figure S4. Isotope distribution and charging determine the inherent peak width. a) The 
experimentally determined base-peak charge states z (closed circles, left y-axis) and the 

simulated width of the isotope distribution (open circles, right y-axis) are shown as a function 
of molecular weight. b) The inherent width of protein complexes in nESI is equal to FWHM/z, 

giving the width of the isotope distribution in the m/z-dimension. As charging scales 
slightly stronger with molecular weight than FWHM does, the width of the peaks in m/z get 

increasingly narrow with increasing molecular weight.
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Figure S5. Experimentally determined resolution of the modified QTOF instrument used here. 
The peak width (FWHM) was determined from a spectrum of 25 mg/mL cesium iodide.
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Supplementary Information to Chapter 3.

A new platform with improved resolution for native MS of virus particles.

Joost Snijder, Michiel van de Waterbeemd, Eugen Damoc, Eduard Denisov, 
Dmitry Grinfeld, Antonette Bennett, Mavis Agbandje-McKenna, Alexander 

Makarov, Albert J.R. Heck.
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Supplementary text.

Limiting factors in transmission efficiency of high mass ions. 
Before setting out to make further modifications, in order to extend the acces-
sible mass range beyond what we reported previously, we investigated which 
factors would influence high mass ion transmission and detection on the Or-
bitrap mass analyzer. As the effective potential well in the Orbitrap analyzer 
is independent of mass, there is no fundamental limit on m/z to be detected. 
However, ion transport from the ion source as well as trapping of ions prior to 
injection into the analyzer, utilizes RF-only multipoles, which provide focusing 
in highly m/z-dependent RF quasi-potential wells. For example, in a quadrupole 
of inscribed radius r0 with an RF voltage of amplitude VRF applied to the rods (0-
peak), the quasi-potential (in Volts) is given by:
 
 φ(r) ≈ (eVRF

2) / ((m/z)(2πf)2r0
2) * (r/ro)

2 (1)

and therefore is inversely proportional to m/z. A similar formula is also applica-
ble for other types of RF-only devices, such as multipoles, ion tunnels, funnels, 
carpets, etc.- just the value of r0 changes. For typical f ≈ 3.2 MHz, r0 ≈ 2.87 mm 
(which corresponds to the standard C-trap settings in this instrument), VRF = 
500 V (0-p), m/z =10000, the RF pseudo-potential wall that prevents the ions 
from impinging upon the quadrupole electrodes, amounts approximately to 0.7 
V. Therefore, any process that supplies ions with radial energy in excess of this 
amount will simultaneously doom these ions to be lost for analysis. For example, 
if thermalized ions (with a radial kinetic energy at room temperature of about 
kT ≈ 0.025 eV) enter as a parallel beam of radius R into an ion-optical lens with 
focal distance F followed by an RF-multipole, then after the focal point they will 
form a beam with angular divergence γ=R/F . If R is large enough so that for a 
final acceleration U of ions into a multipole

 φ(r0) < U * (R/F)2    (2)

then such ions are lost from the multipole. Even for slightly smaller R, with the 
beam approaching the RF rods, efficiency of ion transport is already drastically 
reduced. Typically, such lenses are just thin apertures that are used to separate 
differentially pumped regions and have RF-multipoles on one or both sides. 
Generally, we could represent their focal distance as

 F = r0 * C(U0,U)    (3)
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where U0 is the ion energy per elementary charge prior to the lens and coefficient 
C is determined by the particular geometry. Typically, U0<<U and then C≈C(U). 

The most efficient countermeasure to loss of ions would be to establish a suffi-
ciently high pressure of residual gas in the corresponding multipole, so that any 
excess radial energy is damped in collisions, preferably over the length compa-
rable to or smaller than F. In addition to this, an increase of RF amplitude or 
a decrease of frequency or radius of the multipole could be used for more effi-
cient focusing of ions. It should be noted that an excessive increase of pressure 
becomes detrimental for RF focusing. Substantial damping by collisions takes 
place in the injection flatapole of the instrument used in this work (Fig. 1), and 
collisional cooling is also the likely reason why the pressure in the HCD cell 
needs to be raised to >0.1 mbar for trapping of high-mass ions and their frag-
ments (see below). However, the pressure remains significantly lower in other 
parts of the instrument: i.e. the bent flatapole, transport octapole and the C-trap. 
While the pressure in the first two RF multipoles could be elevated relatively 
easily, it would be more difficult for the C-trap because it directly relates to the 
residual pressure in the Orbitrap analyzer (with a coefficient of approximately 
3*10-6) and the stopping length always exceeds F in the C-trap. 

To estimate the limit on m/z, the best-case assumption for an incoming ion beam 
would include its complete thermalization, so that most of the beam (≈68%) is 
contained within radius RT where

 φ(RT) ≈ kT      (4)

Substituting RT from (4) into (2)-(3), we obtain the upper limit for transmitted 
m/z:

 (m/z)max ≤ (C(U0,U))/((2πf)2r0
2) * (eVRF

2)/√(U*kT)  (5)

To estimate the m/z limit for the C-trap, we need to take into account that capture 
of ions into the trap is accompanied by reflection in the retarding DC potential 
created by end apertures on both sides of the RF rods. Penetration of the DC po-
tential into a multipole (see Supplementary Figure S1) depends on the distance 
from the aperture as exp(±x/h) where 1/h2 is the eigenvalue of the Laplace opera-
tor in the multipole’s cross-section. It could be shown that at a sufficient distance 
from the aperture (of about r0) the focal distance of the exponential retarding 
field depends weakly on the ion energy and is F≈0.41*h≈0.2*r0. Therefore, for 
this field it holds that C(U,U0)≈0.2. For a maximum RF voltage of VRF=1500 V 



171

C
ha

pt
er

 3

(0-p) and a residual energy from the original jet expansion corresponding to 5-8 
V acceleration, this corresponds to (m/z)max≈29000-36000, which roughly fits 
with the highest m/z experimentally observed so far in this mass spectrometer 
(see below). Due to the spread of initial velocities and coordinates, this cut-off 
is never sharp and well-defined, but rather manifests itself as an increasingly 
unstable and intensity-suppressed signal at higher m/z.

For acceleration lenses in the bent flatapole, transport octapole and on the en-
trance to the HCD cell, the focal distance F is much greater, of the order of 1.5*r0 
or higher and therefore even lower RF amplitudes are sufficient to retain ions 
of such m/z at energies up to 10-20 V. However, ions do need to lose almost all 
their kinetic energy by the time they reach the back of the HCD cell to avoid 
catastrophic scattering in the exponential retarding field at the turning point. 
Indeed, formula (5) could be re-written as a limit on maximum kinetic energy 
of ions as they approach the end of a multipole:

 Umax ≤ C(U0,U)2/((2πf)4r0
4) * (e2VRF

4)/(kT (m/z)2  (6)

i.e. a change of frequency from e.g. 3.2 MHz to 2.8 MHz increases the allowed 
energy by a factor 1.7x, while in the exponential retarding field it plummets by 
a factor of 50x relatively to transmission lenses (see Supplementary Figure S2).
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Supplementary tables.

Table S1. Peak assignments for HCD spectra of GroEL.
GroEL 14-mer

m/z FWHM M/ΔM, 
FWHM z mass (Da)

10539.5 7.1 1478 76 800928
10679.9 7.8 1363 75 800921
10822.5 7.6 1433 74 800792
10973.4 7.4 1479 73 800982
11124.3 7.4 1495 72 800878
11281.0 8.1 1392 71 800882
11442.0 6.5 1760 70 800871

average standard 
deviation

800893 59

GroEL 13-mer

m/z FWHM M/ΔM, 
FWHM z mass (Da)

13047.1 8.7 1501 57 743628
13278.9 9.2 1451 56 743562
13522.3 9.5 1422 55 743674
13772.2 10.3 1332 54 743647
14032.5 9.8 1427 53 743670
14302.0 10.1 1414 52 743651
14583.0 10.2 1426 51 743683
14874.8 10.5 1422 50 743692
15179.1 10.9 1391 49 743727
15494.8 11.6 1335 48 743702
15825.0 11.8 1335 47 743726
16168.5 12.2 1329 46 743705
16527.8 12.5 1324 45 743705
16904.3 12.3 1374 44 743745
17297.0 12.8 1347 43 743728
17709.4 13.0 1361 42 743754
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GroEL 13-mer

m/z FWHM M/ΔM, 
FWHM z mass (Da)

18141.9 13.3 1360 41 743778
18595.4 13.9 1341 40 743777
19071.8 14.4 1325 39 743760
19574.8 14.5 1351 38 743804
20102.9 16.0 1258 37 743770
20662.3 16.1 1281 36 743808
21256.4 19.8 1074 35 743939

average standard 
deviation

743723 76

GroEL 12-mer

m/z FWHM M/ΔM, 
FWHM z mass (Da)

19612.8 16.7 1171 35 686414
20190.0 17.4 1160 34 686427
20802.2 18.6 1120 33 686439
21453.6 18.3 1172 32 686484
22144.3 18.8 1175 31 686442
22883.2 20.2 1135 30 686466
23671.8 21.2 1119 29 686453
24516.7 22.0 1116 28 686439
25425.4 24.0 1058 27 686458
26403.2 25.3 1042 26 686456
27460.3 27.5 997 25 686481
28606.6 28.9 989 24 686533
29850.4 30.3 984 23 686535
31208.5 31.4 993 22 686566
32693.2 34.1 958 21 686536
34327.8 36.1 952 20 686536
36134.3 36.5 991 19 686533
38143.8 40.9 934 18 686571

average standard 
deviation

686487 51
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Table S2. Peak assignments of encapsulin, Dd, AAV1 and CCMV spectra.
Encapsulin + TFP

m/z FWHM M/ΔM, 
FWHM z mass (Da)

16144.1 46.3 349 127 2050179
16277.2 46.5 350 126 2050800
16404.6 44.4 369 125 2050448
16540.0 43.4 381 124 2050836
16675.3 41.8 399 123 2050944
16813.6 40.4 416 122 2051136
16951.3 39.6 428 121 2050990
17092.1 39.5 433 120 2050931
17235.2 39.1 440 119 2050872
17378.7 39.6 438 118 2050565
17522.7 40.7 431 117 2050033
17666.6 42.4 417 116 2049211
17814.8 42.7 417 115 2048587

average standard 
deviation

2050425 761

Adenovirus 3 Dodecahedron

m/z FWHM M/ΔM, 
FWHM z mass (Da)

20038.2 43.7 459 176 3526545
20149.5 40.8 493 175 3525989
20263.2 47.9 423 174 3525623
20382.3 45.7 446 173 3525956
20501.1 45.2 454 172 3526009
20623.5 49.1 420 171 3526453
20745.0 48.3 429 170 3526480
20868.7 48.9 426 169 3526636
20992.9 48.0 437 168 3526639
21122.1 50.9 415 167 3527229
21246.6 50.9 417 166 3526776
21377.3 49.6 431 165 3527093
21509.8 54.1 397 164 3527446
21643.9 51.4 421 163 3527794
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Adenovirus 3 Dodecahedron

m/z FWHM M/ΔM, 
FWHM z mass (Da)

21779.3 54.2 402 162 3528077
21920.3 48.4 453 161 3529009
22056.0 51.2 431 160 3528803
22200.9 55.1 403 159 3529776

average standard 
deviation

3527130 1159

Adeno Associated Virus serotype 1, series 1

m/z FWHM M/ΔM, 
FWHM z mass (Da)

20578.6 15.4 1336 178 3662809
20702.4 20.8 995 177 3664151
20824.0 18.9 1102 176 3664844
20943.5 21.5 975 175 3664936
21062.4 21.9 960 174 3664684
21185.8 23.4 904 173 3664972
21308.7 23.3 913 172 3664923
21433.1 23.1 929 171 3664891
21559.8 20.6 1048 170 3665001
21686.5 21.0 1035 169 3664846
21812.8 22.3 976 168 3664384
21946.8 23.4 939 167 3664944
22073.1 20.5 1079 166 3663962
22210.8 24.1 922 165 3664624

average standard 
deviation

3664569 601

Adeno Associated Virus serotype 1, series 2

m/z FWHM M/ΔM, 
FWHM z mass (Da)

20621.4 24.9 829 178 3670429
20742.5 21.2 978 177 3671247
20861.5 21.4 976 176 3671439
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Adeno Associated Virus serotype 1, series 2

m/z FWHM M/ΔM, 
FWHM z mass (Da)

20980.4 19.7 1063 175 3671388
21103.9 21.7 974 174 3671906
21226.7 22.2 957 173 3672048
21348.0 20.6 1037 172 3671682
21475.8 21.7 990 171 3672186
21601.4 21.6 1001 170 3672068
21727.6 22.0 987 169 3671795
21856.0 22.2 986 168 3671645
21989.5 20.0 1102 167 3672078
22120.9 21.7 1022 166 3671895
22249.7 19.6 1134 165 3671027

average standard 
deviation

3671631 488

Adeno Associated Virus serotype 1, series 3

m/z FWHM M/ΔM, 
FWHM z mass (Da)

20658.9 17.8 1163 177 3656452
20783.7 19.1 1088 176 3657755
20900.5 20.7 1011 175 3657409
21022.0 21.0 1001 174 3657656
21143.6 20.4 1035 173 3657666
21267.1 20.6 1035 172 3657762
21391.8 21.8 982 171 3657830
21518.6 22.2 969 170 3657985
21643.1 22.9 943 169 3657512
21771.5 21.8 997 168 3657444
21903.9 21.6 1016 167 3657781
22030.2 24.3 906 166 3656851
22162.5 26.5 835 165 3656652

average standard 
deviation

3657443 485
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Cowpea Chlorotic Mottle Virus

m/z FWHM M/ΔM, 
FWHM z mass (Da)

22623.7 35.9 631 197 4456672
22737.7 41.7 545 196 4456393
22850.2 44.5 514 195 4455594
22972.6 47.9 479 194 4456490
23089.1 49.7 464 193 4456003
23208.6 52.5 442 192 4455859
23331.6 54.6 428 191 4456145
23452.5 57.8 406 190 4455785
23578.0 61.5 383 189 4456053
23705.5 61.2 387 188 4456446
23835.4 61.8 386 187 4457033
23967.3 60.0 399 186 4457732
24094.4 57.4 420 185 4457279
24223.6 50.2 482 184 4456958
24349.7 50.3 484 183 4455812

average standard 
deviation

4456417 618
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Table S3. Quantification of TFP loading in encapsulin from HCD spectra of 
the loaded nanocompartment. The TFP-mass is calculated from the average de-
termined mass, minus 59 (1st product ion) or 58 (2nd product ion) times the 
encapsulin monomer mass (28594 Da). The number of TFP (#TFP) is calculated 
by dividing the TFP-mass by the mass of one TFP monomer (34667 Da).

Assignment 
(#TFP) mass (Da) TFP-component

1st product ion average standard 
deviation TFP-mass #TFP

8 1964580 626 277534 8.01
9 1999406 197 312360 9.01
10 2034081 232 347035 10.01
11 2068801 200 381755 11.01
12 2103584 378 416538 12.02

2nd product ion average standard 
deviation TFP-mass #TFP

9 1970968 161 312516 9.01
10 2005560 391 347108 10.01
11 2040093 275 381641 11.01
12 2074680 495 416228 12.01

\

Table S4. Stoichiometry of AAV1 capsids. Using theoretical VP1/VP2/VP3 
masses, all stoichiometry’s with theoretical masses that are within two standard 
deviations of the experimental mass are listed.

z = 164-177 z = 165-178
mass (kDa) stoichiometry mass (kDa) stoichiometry

peak 
series

avg stdev VP1 VP2 VP3 avg stdev VP1 VP2 VP3

1 3643 0.7 0 10 50 3665 0.6 1 10 49
       4 0 56

2 3650 0.5 0 11 49 3672 0.5 1 11 48
  1 8 51      

3 3657 0.5 1 9 50 3679 0.6 2 9 49
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Supplementary Figures.

Figure S1. Ion instability near the end aperture of a RF-only field occurs when diverging radial 
force created by DC potential ψ overpowers focusing by RF quasi-potential φ.

Figure S2. The maximum allowed acceleration of ions (for efficient transmission) as a function 
of m/z for different f, VRF and C, according to equation 6 of the main text. The curves illustrate 

how reduced RF frequency (f), higher RF amplitude (VRF) and increased focal distance (via 
increase in C) are beneficial for transmission of higher m/z ions.
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Figure S3. Effect of reduced RF frequency on the injection flatapole and bent flatapole on the 
transmission of CsI clusters at 20000 m/z. CsI spectra were acquired starting with the lowered 

RF frequency (2.8 MHz, highlighted in blue). Mid-acquisition, while maintaining flow through 
the nanoelectrospray capillary, we switched back to the original RF frequency of the ion guides 
(3.3 MHz, highlighted in red), thereby demonstrating a 4-5 fold gain in transmission due to the 

lowered RF frequency on these two particular ion guides.
 

Figure S4. Effect of reduced RF frequency on HCD spectrum of GroEL. a) HCD spectrum 
of GroEL. Signals are normalized to the most intense 14-mer charge state precursor ion. The 
acquired spectrum before the modification is shown in green, that after modification in red. 

b) Zoom-in of the blue highlighted m/z region in “a)” where 13-mer and 12-mer ions overlap. 
The closely spaced 13/12-mer peaks are still well resolved. For detailed peak assignments see 

Supplementary Table S1.
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Figure S5. Effective resolution as a function of m/z for intact GroEL 14-mer and 13-/12-mer 
product ions on the modified Exactive Plus with lowered RF frequency. 

 

Figure S6. Validating quantitation of cargo encapsulation in encapsulin VLP. a) Experimental 
spectrum of intact encapsulin VLP. b) Simulated spectra of the identified encapsulin-

cargo complexes. Note that each consecutive stoichiometry is offset in y. c) Overlay of the 
experimental spectrum with the sum of spectra in “b)”.
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Figure S7. AAV1 capsid gross morphology and VP composition. A) 5 µl of  AAV1 capsids were 
stained with 2% uranyl acetate on holey carbon grids and imaged on a  FEI spirit TEM.  B)  

Coomassie stained SDS PAGE of denatured AAV1 capsids  showing VP1,VP2 and VP3.
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Supplementary Information to Chapter 4.

Mass spectrometry uncovers a novel component of mature adenovirus capsids.

Joost Snijder, Marco Benevento, Crystal L. Moyer, Vijay Reddy, Glen R. 
Nemerow, Albert J.R. Heck.

 



184

C
ha

pt
er

 4

Supplementary tables.

Table S1. Peptide identifications of pVIn from LC-MS/MS analysis of mature 
HAdV virions. The confidence of the identification is given by the IonScore. The 
higher the score, the more confident the identification. Scores of >20 are consid-
ered confident.

start end sequence modifications score
1 12 mEDINFASLAPR N-Term(Acetyl) 105
1 12 mEDINFASLAPR N-Term(Acetyl); M1(Oxida-

tion)
97

13 33 HGSRPFmGNWQDIGTSNmSGG M7(Oxidation); M18(Oxida-
tion)

55

13 33 HGSRPFmGNWQDIGTSNMSGG M7(Oxidation) 62
13 33 HGSRPFMGNWQDIGTSNMSGG  46

Table S2. PSM based quantitation of pVIn release upon heating. The fraction of 
released pVIn is calculated as the average ± standard deviation from triplicate 
experiments, where for each experiment the number of PSM’s, normalized to 
the PSM’s for pVII, is divided by the average pVII-normalized number of pVIn 
PSM’s in untreated virus.

condition protein number of PSMs
average standard dev. n

untreated pVII 82.3 5.0 6
pVIn 23.5 2.7

heated pVII 104 1.7 3
pVIn 5.7 0.6

fraction released
average standard dev.

0.81 0.02
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Table S3. Hexon-pVIn masses obtained from native MS analysis.
mass (kDa)

average standard deviation error % (compared to 
theoretical mass)

hexon3 323.62 0.01 0.024
hexon3 pVIn1 327.24 0.02 0.021
hexon3 pVIn2 330.87 0.01 0.022
hexon3 pVIn3 334.49 0.01 0.022
pVIn 3.624 0.00 0.002
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 Supplementary Figures.

Figure S1. LC-MS analysis of isolated peptide from heat-released hexon trimers. A 
single peptide is recovered from the isolation procedure as evidenced from the base-peak 

chromatogram (top). The isolated peptide has a mass of 3624.09 Da, compared to a theoretical 
mass of 3624.01 for pVIn.



187

C
ha

pt
er

 4

Figure S2. MS/MS analysis of the peptide isolated from the hexon complex. A combination 
of CID and ETD fragmentation covers the full sequence of the peptide and confirms that the 

peptide is pVIn.

Figure S3. pVIn has no membrane lytic activity. Fluorescence measurements of SulfoB release 
from liposomes. Lytic activity is expressed as % of total fluorescence for Triton-X100 disrupted 

liposomes. Points represent the average ± SEM from triplicate measurements.
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Figure S4. Sequence coverage of hexon from peptide ID’s of the HDX-MS experiment.
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Figure S5. Comparison of peptides that exhibit protection for deuterium uptake upon pVIn 
binding (green box) with selected representative peptides that were unaffected by pVIn binding 

(blue box). Asterisks indicate that p<0.05 in unpaired, two-tailed Student’s t-tests. 
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Supplementary Information to Chapter 5.

Probing the biophysical interplay between a viral genome and its capsid.

J. Snijder, C. Uetrecht, R.J. Burnley, R. Sanchez-Eugenia, G.A. Marti, J. Agirre, 
D.M.A. Guérin, G.J.L. Wuite, A.J.R. Heck, W.H. Roos.
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Supplementary methods.

Autofluorescence.
We performed tryptophan fluorescence measurements by exciting at 295 nm 
and recording between 305 and 420 nm in a FluoroMax fluorimeter (Horiba 
Jobin-Yvon). TrV samples were at 0.1 mg/mL at the indicated pH. 

Native-PAGE.
Native polyacrylamide gels prepared at 5% were run with no sample loaded for 
30 minutes at 140 V and 4ºC in order to equilibrate them with the running buffer 
(2.5 mM Tris-HCl pH 8.2 and 19 mM glycine). 20 μL of TrV samples at 0.1 mg/
mL were mixed with 5 μL of native loading buffer (0.25 M Tris-HCl pH 6.8, 50% 
glycerol, 60 mM EDTA and 0.0125% (w/v) bromophenol blue). Loaded sam-
ples and molecular weight markers (High Molecular Weight Kit, GE Healthcare) 
were run for 4 hours at 100 V and 4ºC. Finally gels were stained with staining 
solution (50% methanol, 10% acetic acid and 0.25% w/v R-250 Coomassie Blue) 
for 20 minutes and unstained overnight with 10% acetic acid solution. 

Computed electrostatic binding energies.
Adaptive Poisson-Boltzmann Solver (APBS) software was used to calculate the 
binding energy between VP1/2/3 protomers within and between pentons. The 
binding free energy between protomer A and the rest of the complex B (either 
the other 4 penton protomers or the adjacent penton) was calculated taking into 
account the unfavorable process of desolvation of both proteins and the likely 
favorable process of electrostatic interaction between them: ΔGbinding = ΔGdesolA 
+ ΔGdesolB + Eelec.AB. The desolvation energies of protomers correspond to the loss 
of electrostatic interaction energy between the solvent and the protomer upon 
binding, and was calculated for each protomer by first calculating the electro-
static energy of the complex A-B with B protomer charges set to 0 (E1) and 
calculating the electrostatic energy of A (E2). Then, the desolvation energy of 
protomer A was obtained by: ∆Gdesol A = E1 – E2. Finally, the electrostatic energy 
was calculated as the electrostatic potential generated by protomer A at the po-
sition of atomic charges of protomer B. APBS input settings were: i) Linearized 
Poisson-Boltzmann equation was solved. ii) The number of grid points was 321 
x 353 x 417, the length of the coarse grid was 214.977 x 262.910 x 312.543 and 
of the fine grid 146.457 x 174.653 x 203.849. iii) Protein dielectric constant was 
set to 2 and the solvent dielectric constant was set to 78.54. iv) Dissolvated ions 
were taken into account as follows: ion charge +1 at a concentration of 0.150 M 
with a radius of 2.0 Å and ion charge -1 at a concentration of 0.150 M with the 
same radius.
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Genome Packing Density.
The packing density of the genomes in TrV and phage λ were calculated by divid-
ing the total number of nucleotides by the inner volume of the capsid. Capsids 
were approximated as spheres to calculate the inner volumes. TrV was taken to 
have an inner radius of 11.7 nm, giving an inner volume of 6709 nm3. The radius 
of phage λ was taken as 28.2 nm, giving an inner volume of 93937 nm3. The total 
number of nucleotides was taken as 9010 for TrV and as 2*48502 for phage λ.
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Supplementary tables.

Table S1. Experimental vs. sequence derived masses of TrV. The stated errors 
are the standard deviations of masses derived from different charge states within 
one spectrum, except in the case of “r-empty”, which is the standard deviation 
over five replicate analyses.

complex
experimental mass theoretical mass

average stdev sequencea expb

penton 444.8 0.3 446.1 446.5
decamer 888.4 0.3 892.1 893.1
r-empty capsid 5362 2.5 5353 5359
virion No resolved charge states 8252 8258
VP1 29.774 0.004 29.719
VP2 28.405 0.0009 28.401
VP3 31.129 0.0009 31.093
VP4 5.504 0.0002 5.503

a based on sequence, verified by genomic sequencing and LC-MS/MS
b based on experimental VP monomer masses

Table S2. Cross sections (Ω) of TrV disassembly products measured by IMS. 
Stated errors are standard deviations over triplicate experiments.

complex origin
experimental Ω (nm2)a theoretical Ω (nm2)a

average standard 
deviation

from PDB 
code 3NAPb as globularc

penton pH 169 3 158 138

urea low z 165 1
high z 170 0.2

183 9
203 16

penton 
dimer

urea 250 3 282 225

aAverage over all charge states and triplicate analysis 
bFrom projection approximation (PA) calculations, note that residues are miss-
ing from the pdb coordinates, resulting in underestimation of the cross section.
cThe expected cross section of a globular protein as estimated with the experi-
mentally obtained fit of globular proteins presented in the main text. 
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Table S3. Particle diameters as determined by AFM. Heights were corrected by 
the estimated indentation during imaging, typically well below 1 nm. Stated er-
rors are Standard Error of the Mean (SEM).

particle type pH
corrected particle height (nm)

avg SEM n
n-empty 6.8 34.0 0.2 32

8 33.7 0.2 36
9 33.6 0.3 27

r-empty 6.8 34.3 0.2 14
9 34.3 0.3 29

virion 6.8 34.1 0.2 25
8 34.0 0.2 8

Table S4. Penton dimensions as determined from AFM imaging. The ‘ppd’ de-
notes the peak-to-peak distance: the lateral separation between adjacent five-
fold related subunits as can be distinguished in the AFM image. Stated errors 
are Standard Error of the Mean (SEM). The height of the penton in the crystal 
structure of TrV (PDB code: 3NAP) is approximately 7 nm and adjacent VP1 
protrusions are separated by approximately 6 nm.

type
height (nm) ppd (nm)

avg SEM n avg SEM n
force-induced 6.7 0.03 143 6.3 0.1 69
pH-induced 6.6 0.05 58 6.5 0.08 77
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Table S5. Mechanical properties of TrV particles determined by AFM nanoin-
dentation. For virion particles, the indicated subclassification into intact virion, 
uncoating intermediate and r-empty capsid was based on the density plot pre-
sented in the main text. ‘r-empty’ was defined as all particles with Fbreak < 2 nN, 
‘uncoating intermediate’ as Fbreak > 2 nN and k < 1 N/m, all remaining particles 
were classified as ‘intact virion’. Stated errors are Standard Error of the Mean 
(SEM).

particle type pH
k (N/m) Fbreak (nN)

avg SEM n avg SEM n
virion intact virion 7 1.47 0.06 34 3.62 0.15 34

8 1.34 0.14 6 3.81 0.17 6
8->7 1.47 0.06 19 3.80 0.08 19
combined 1.46 0.04 59 3.69 0.09 59

uncoating 
intermediate

7 0.63 0.08 12 3.15 0.26 12
8 0.49 0.07 12 3.24 0.16 12
8->7 0.67 0.08 7 3.04 0.19 7
combined 0.58 0.05 31 3.16 0.12 31

r-empty 7 0.50 0.09 11 0.86 0.09 16
8 0.42 0.12 14 0.77 0.11 14
9 0.37 0.07 27 0.92 0.06 29
9->7 0.46 0.12 8 1.35 0.25 8
8->7 0.46 0.05 14 0.87 0.07 14
combined 0.43 0.04 74 0.92 0.05 81

n-empty 7 0.52 0.07 27 0.81 0.04 32
8 0.52 0.05 31 0.91 0.06 35
9 0.37 0.05 26 0.90 0.06 26
combined 0.47 0.03 84 0.87 0.03 93

Table S6. Particle diameters as determined by Ion Mobility Spectrometry. There 
is no significant difference (> 2 Standard Deviation, SD) between empty capsids 
and the virion.

particle type
diameter (nm)

average standard deviation
n-empty 33.3 1.5
r-empty 34 2
virion 36.5 0.4
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Supplementary Figures.

Figure S1. Tandem MS of unresolved baseline signal in the virion at pH >8. Top: tandem MS 
of 4625 m/z precursor ions, showing both extensive fragmentation and neutral loss. Bottom: 

zoom-in of ribonucleotide fragments of the 4625 m/z precursor ions.
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Figure S2. Low m/z region of the virion at neutral pH. There is no signal for ssRNA, VP4 
and pentons. There is a distinguishable charge state distribution for this unknown 36 kDa 

component referred to in the main text, showing that it is unrelated to alkaline-trigged 
uncoating.

 

Figure S3. Pentons generated from the virion under alkaline conditions are assembly 
competent. a) Mass spectra of virion samples incubated for one day at 150 mM pH 9 or 

25 mM pH 9 and after one day 25mM, one day 150 mM pH 9. Both r-empty capsids and 
penton are observed at 150mM ionic strength. More penton is formed under low ionic 

strength conditions. When the 25 mM pH 9 sample is subsequently transferred to 150 mM 
and incubated for one additional day, more r-empty capsid is formed. Hence, pentons can 
reassemble into empty capsids. b) Average relative ion count for penton (green) and capsid 

(yellow) from duplicate experiments. Error bars are SD.
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Figure S4. Overview scan of a urea denatured virion sample. There is no substantial signal for 
the empty capsid, showing that reassembly does not occur with denatured pentons/decamers.

Figure S5. Native gel of virion at increasing pH and after urea denaturation. There is an 
increasing amount of ~440 kDa product on gel with increasing pH. This is consistent with the 
appearance of pentons, confirming that alkaline-triggered uncoating occurs via disassembly of 

the capsid.
 

Figure S6. Tandem MS of r-empty capsids confirms the mass assignment, thus confirming 
release of ssRNA and VP4. Ions of the r-empty capsid (yellow) are selected in the instrument 

and subjected to high collision voltage (260 V with xenon as collision gas). This results in 
sequential dissociation of VP subunits. The large product ions indicated in green and blue 
correspond to the loss of one and two VP subunits, respectively. Their respective masses 

are calculated at 5332 ± 2 and 5306 ± 1 kDa, corresponding to the loss of first 29.5 and then 
another 26.5 kDa (stated errors are SD). This matches the expected masses of VP2/3 to 

within the error margin, confirming that the precursor is 60*VP1/2/3 without any discernible 
inclusion of ssRNA or VP4.
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Figure S7. Native MS of n-empty capsids. There are no distinguishable disassembly products at 
alkaline pH and there is no notable shift in peak-position of the n-empty capsid under alkaline 

pH. This shows that there is no conformational change to the effect of a larger chargeable 
surface area under alkaline conditions. Also, it supports the data demonstrating that virion 

disassembly at alkaline pH is triggered by the ssRNA.

 
Figure S8. Auto-fluorescence of TrV virions at increasing pH. There is only a marginal pH-
induced change in the auto-fluorescence spectra of TrV that likely relates to deprotonation 

of tyrosine residues. Therefore, there are no major conformational changes in the vicinity of 
aromatic residues. Note that TrV contains in total five tryptophan residues, none of which is 

exposed in either the full capsid or free penton (PDB code: 3NAP). 
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Figure S9. APBS calculations of the electrostatic interaction potential of VP1/2/3 protomers 
within (intra) and between (inter) pentons (see methods). The interaction is stronger within 

pentons than between pentons. There is no substantial difference between pH 7 and pH 9. This 
explains the occurrence of pentons as disassembly products and supports the hypothesis that 

the ssRNA genome triggers alkaline-induced disassembly in the virion.

 
Figure S10. Assembly incompetent penton-dimers hinge on the penton-penton interface. 
Collision cross section calculations of the penton-dimers. ‘Expected globular’ refers to the 

expected cross section when entering the molecular weight of the assembly into the obtained 
fit of all globular assemblies. ‘calc’ denotes the expected cross section from the observed trend 
of MobCal PA calculations of globular proteins, ‘exp’ denotes the expected cross section from 

the observed experimental trend. The structures represent a penton-dimers model with an 
increasing angle between pentons. The bottom structure represents the angle as observed in 

the complete capsid of TrV (PDB code: 3NAP). The values correspond to the PA cross section 
of that model, the values in parentheses are the relative cross section compared to ‘expected 

globular’. These calculations suggest that the pentons hinge on their interface, thus explaining 
the relatively low cross section of the penton-dimers compared to the pentons.
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Figure S11. AFM imaging of alkaline-triggered disassembly products. This shows that pentons 
are present in the virion sample at pH 9. Left image is 100x100 nm in xy and approximately 10 

nm in z.

Figure S12. AFM data with the relative frequencies of virion, pre-disassemble state and 
r-empty capsid and reversibility of the transitions. There is a 2-fold increase of the uncoating 

intermediate (pre-disassemble state) at pH 8, and the transition is reversible. Reversing the pH 
from 9 to 7 does not result in reassembly of the virion (encapsidation of the ssRNA). Note that 
the increased frequency of the r-empty capsid at pH 8 is related to the time-scale. Samples at 

pH 8 are stored for several days over the course of the analysis, in the experiment of pH 8 -> 7, 
the sample is incubated overnight before reversing the pH back to 7.
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Figure S13. Particle density in AFM imaging as a function of pH. The particle density was 

determined from several scans of 2x2 µm as the average first-neighbour distance. The particle 
density is constant over the tested pH range, confirming that the observed reassembly of 

virions into empty capsids does not arise from a sampling error. 



203

C
ha

pt
er

 5

Figure S14. AFM nanoindentation of TrV in the presence/absence of magnesium dichloride at 
pH 6.8. a) 2D-plots of spring constant vs. breaking force of TrV virion samples without magne-
sium dichloride and with 5 or 75 mM magnesium dichloride. The boundaries used to classify 

different types of particles are indicated by dashed line and are the same as in the alkaline-trig-
gered uncoating experiment: empty (Fbreak < 2 nN), ‘intermediate’ (Fbreak > 2 nN and k < 1 N/m) 
and virion (Fbreak > 2 nN and k > 1 N/m). b) Relative number of particles per particle-type, as 
a function of magnesium dichloride concentration. The error bars represent the relative SD 

as estimated assuming binomial distributions for each particle type (e.g. either ‘empty’ or ‘not 
empty’): the errors were calculated as ((Npq)^0.5)/N, where N is the total number of particles, p 
is the relative frequency of a particular particle-type and q = 1 – p. Adding magnesium dichlo-
ride results in a shift to lower spring constant for ssRNA-filled particles, as apparent from the 
increased frequency of ‘intermediates’. We also performed a control experiment with r-empty 
capsids to test the effect of 75 mM magnesium dichloride on the mechanical response of the 

capsid alone at pH 6.8 and found no significant difference in spring constant or breaking force 
compared to the r-empty capsid without magnesium dichloride (k = 0.48 ± 0.06 N/m, Fbreak = 
0.67 ± 0.03 nN, n = 16). This shows that the magnesium dichloride does not affect the pro-

tein-protein interactions, instead it must act on the ssRNA.
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Supplementary Information to Chapter 6.

Cargo encapsulation triggers a stability switch in the bacterial 
nanocompartment encapsulin.

J. Snijder, O. Kononova, I.M. Barbu, C. Uetrecht, W.F. Rurup, R.J. Burnley, 
M.S.T. Koay, J.J.L.M. Cornellissen, W.H. Roos, V. Barsegov, G.J.L. Wuite, A.J.R. 

Heck.
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Supplementary methods.

Self-Organized Polymer (SOP) model. 
In the topology-based SOP model, each residue is described by a single interac-
tion center (Cα-atom). The potential energy function of the protein conforma-
tion, 

, 

is a function of the coordinates r1, r2,…, rN, where N is the total number of resi-
dues. The finite extensible nonlinear elastic (FENE) potential,

,

with the spring constant k = 14 N/m and the tolerance in the change of the co-
valent bond distance R0 = 2 Å describes the backbone chain connectivity. The 
distance between residues i and i+1, is ri,i+1, and r0

i,i+1 is its value in the native 
structure. The Lennard-Jones potential,

,   

accounts for the non-bonded interactions that stabilize the native state (sum-
mation is performed over all the native contacts). If the residues i and j (|i-j| > 
2) are within the cut-off distance RC = 8.5 Å in the native state, then ∆ij =1, and 
zero otherwise. The value of εn quantifies the average strength of the non-bonded 
interactions. We used εn = εinter = 1.3 kcal/mol and εn = εintra = 1.1 kcal/mol for 
the inter-chain contacts and intra-chain contacts, respectively (see next section). 
The non-native interactions are treated as repulsive in the potential 

(summation is over all the contacts between residues separated by the distance > 
RC. To describe self-avoidance, a constraint is imposed on the bond angle formed 
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by residues i, i+1, and i+2 by including the repulsive potential with parameters εr 
= 1 kcal/mol and σ = 3.8 Å, which determine, respectively, the strength and the 
range of the repulsion.

Parameterization of SOP-model for encapsulin shells.
The values of parameter εh of the SOP model, which contains the atomic-lev-
el details (number of binary contacts between amino acids and their energies), 
were calculated directly using the MD simulations of an atomic structure model 
of encapsulin shell at T = 300 K. Once determined, this parameter was ported to 
the SOP model of the encapsulin shell. All the native contacts were divided into 
two major groups which define the contact types: (1) the intra-chain contacts 
within each encapsulin subunit and (2) the inter-chain contacts at the interfaces 
formed by encapsulin proteins. We assumed that a pair of residues forms a con-
tact if the distance between their Cα-atoms in the native state does not exceed 
the cut-off distance RC. We used a standard choice of the cut-off distance RC = 8 
Å. The 30 ns MD simulation run was performed to calculate for each group of 
contacts (i) the average non-bonded energy (Eintra and Einter), given by the sum of 
the van-der-Waals energy (Lennard-Jones potential) and the electrostatic ener-
gy (Coulomb potential), and (ii) the average number of binary contacts between 
amino acids (Nintra and Ninter) that stabilize the native encapsulin structure (native 
contacts). To carry out the all-atom MD simulations, we employed the Solvent 
Accessible Surface Area (SASA) model of implicit solvation (1), which is based 
on the CHARMM19 force-field (2). We used the output from SASA model based 
simulations (coordinate files and energy files) to calculate the values of Enb and 
Nnb for the two contact groups. On average, there were Nintra ≈ 1,050 intra-chain 
contacts and Ninter ≈ 90 inter-chain contacts per protein monomer, and Eintra ≈ 
1,350 kcal/mol for the intra-chain contacts per protein monomer and Einter ≈ 95 
kcal/mol for the inter-chain contacts between two monomers. Next, we divided 
the two numbers for each contact group to obtain εintra = Eintra/Nintra = 1.28 kcal/
mol and εinter = Einter/Ninter = 1.05 kcal/mol, which were then used in the SOP 
model based Langevin simulations of the mechanical indentation of encapsulin. 
We used a similar approach to perform the Langevin simulations of nanoinden-
tation of CCMV shell (3).

Langevin simulations of encapsulin nanoindentation. 
The indentation dynamics were obtained by integrating the Langevin equations 
for each particle position ri in the overdamped limit, ηdri/dt = -∂Utot/∂ri + gi(t). 
Here, Utot = USOP + Utip is the total potential energy, which accounts for the con-
tribution from the capsid conformation USOP and for the interaction of the i-th 
particle with the spherical tip Utip(ri) (see Materials and Methods in the main 
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text). Also, gi(t) is the Gaussian distributed random force and η is the friction 
coefficient. The Langevin equations were propagated with the time step Δt = 
0.08τH = 20 ps, where τH = ζεhτL/kBT. Here, τL = (ma2/εh)

1/2 = 3 ps, ζ = 50.0 is the 
dimensionless friction constant for a residue in water (η = ζm/ τL ), and m ≈ 
3×10-22 g is the residue mass (4,5). Simulations of nanoindentation of encapsulin 
particles were carried out at (constant) room temperature using the bulk water 
viscosity, which corresponds to the friction coefficient η = 7.0×105 pN ps/nm. In 
the course of simulations, the water viscosity and friction coefficient were kept 
constant, which corresponds to the condition of constant pressure.
Calculation of thermodynamic quantities.
We analyzed the energy output from simulations (potential energy USOP) to es-
timate the enthalpy change associated with particle deformation ΔH. The total 
work of deformation wind can be obtained by converting the FZ curve into the 
FX curve and by integrating the area under the FX curve for the forward in-
dentation. This procedure can then be repeated but for the retraction curve to 
resolve the reversible part of work wrev = ΔG = ΔH - TΔS and the entropic contri-
bution TΔS = ΔH - wrev. The amount of dissipated energy and wrev was estimated 
using the Crooks theorem (see next section).

Calculation of reversible work wrev. 
Crooks showed theoretically (6) and Bustamante and coworkers verified exper-
imentally (7) that in a driven unfolding process from the initial point X = Xin to 
some final point X = Xfin and a reverse refolding process from X = Xfin back to X 
=Xin, the probability distributions of the values of work for the forward process 
punf(w) and reverse process pref(-w) are connected via the relationship:

]/)(exp[)(/)( TkGwwpwp Beqrefunf ∆−−=−  .

The point at which punf(w) and pref(-w) intersect corresponds to the equilibri-
um work w = ∆Geq. Here, we adopted this formalism to describe the process of 
forced indentation followed by force-quenched retraction. In our simulations, 
we are limited to a few (3-5) trajectories for each indentation point. We can 
still use the Crooks relationship if we notice that punf(w) and pref(-w) intersect at 
their tails, which correspond to the extreme observations: the minimum work 
(wmin,forw) for the forward process and the maximum work (wmax,rev) for the reverse 
process (wmax,ref < wmin,forw). Hence, the reversible work is between the minimum 
work for the forward process and the maximum work for the reverse process, i.e. 
wmax,rev < w < wmin.forw. In the context of our indentation experiments in vitro or in 
silico, this corresponds to the minimum work wmin,ind = min{w1,ind, w2,ind, …} for 
the forward forced indentation (pind(w)) and the maximum work wmax,ret = max-
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{w1,ret, w2,ret, …} for the backward force-quenched retraction (pret(w)), i.e. wmax,ret 
< w < wmin,ind. We estimated the reversible part of work wrev = ∆Geq by taking 
the arithmetic mean of wmax,ret and wmin,ind, i.e. w ≈ (wmin,ind + wmax,ret)/2. We suc-
cessfully used this approach to resolve the thermodynamic characteristics of the 
tubulin-tubulin interactions in from in silico nanoindentation measurements on 
microtubule polymers (8).
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Supplementary tables.

Table S1. Overview of encapsulin masses determined by native MS on the 
QTOFII instrument.

assigned species mass (kDa)

intact average standard 
deviation theory error (%)

60mer empty 1718.2 0.307 1715.6 0.15
60mer DyP-loaded 1966.0 0.339 1957.2 0.45

subcomplexes average standard 
deviation theory error (%)

58mer 1660.6 0.518 1658.5 0.13
30mer 860.0 0.340 857.8 0.26
18mer 516.4 0.184 514.7 0.33
16mer 458.4 0.259 457.5 0.19
10mer 286.1 0.032 285.9 0.04
6mer 171.6 0.006 171.6 0.04
4mer 114.4 0.001 114.4 0.04
2mer 57.2 0.003 57.2 0.04
1mer 28.6 0.002 28.6 0.07

Table S2. Summary of the mechanical properties and thermodynamics of en-
capsulin from in silico nanoindentation: F* breaking force, Z* cantilever dis-
placement at breaking force, X* tip displacement at breaking force, ksp spring 
constant, and E Young’s modulus.

Symmetry F* 
(nN)

Z* 
(nm)

X* 
(nm)

ksp 
(N/m)

E 
(GPa)

ΔH 
(Mcal/
mol)

ΔG 
(Mcal/
mol)

TΔS 
(Mcal/
mol)

full encapsulin shell
2-fold 1.1 26 4 0.26 1.07 2.95 1.93 1.02
3-fold 1.25 34 6.3 0.26 1.07 2.66 1.72 0.94
5-fold 1.17 33.8 9.8 0.37 1.52 2.6 1.70 0.90

empty encapsulin shell
2-fold 1.55 40 7 0.31 1.29 4.02 2.95 1.07
3-fold 1.5 37 5 0.31 1.29 3.11 1.66 1.45
5-fold 2.2 57.7 11.3 0.45 1.74 4.43 3.38  0.05
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Table S3. Overview of AFM nanoindentation results.
sample k (N/m) Fbreak (nN)

n
species type

probe 
velocity 
(nm/s)

avg SEM avg SEM

B. linens empty 30 0.27 0.02 0.64 0.04 46
1000 0.36 0.01 0.82 0.05 22

DyP-filled 30 0.25 0.02 0.44 0.03 54
TFP-filled 30 0.24 0.01 0.42 0.04 26

T. maritima empty 30 0.25 0.02 0.63 0.03 56
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Supplementary figures.

Figure S1. Native MS of B. linens DyP. DyP monomers (39.6 ± 0.002 kDa), dimers (79.2 ± 0.03 
kDa) and hexamers (241.3 ± 0.03 kDa) are observed with native MS. The theoretical mass for 

monomeric DyP without heme cofactor is 39.6 kDa, the theoretical mass for hexameric DyP is 
241.6 kDa, including cofactor. Main charge states are indicated in parentheses.

 

Figure S2. Diameter (black curve) and potential energy change (green curve) as a function 
of time from the all-atom MD simulation trajectory for T. maritima encapsulin shells at 

300K . Also displayed are two snapshots of encapsulin, representing the shell structure at the 
beginning (0 ns) and at the end (30 ns) of a simulation run, showing the slight shrinkage and 

faceting of the shell.
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Figure S3. Detailed view of structural changes occurring in encapsulin shell with/without 
bound synthetic peptides during 30 ns of MD simulations. A) Position of E-loop in the protein 
subunit with/without bound synthetic peptides (red/blue) relatively to β-sheet region (orange) 

of neighboring subunit (green) across the 2-fold symmetry point at 0 ns (left) and after 30 
ns (right) of equilibrium simulation. Circled is 1.5 nm difference in E-loop position for the 

structures with and without synthetic peptides. The observed twisting motion ‘pulls’ subunits 
closer together. The putative binding site for cargo anchoring sequence (magenta) on the shell 
interior is part of the same β-sheet at the E-loop from the neighboring subunit, suggesting a 

possible allosteric ‘pathway’ for the effect of cargo (un)binding. B) Close-up view of the pores 
in encapsulin shells with/without bound synthetic peptides as observed at the 0 ns and 30 ns 
time points of an MD simulation run at 300 K, viewed from the particle exterior. C) Essential 

Dynamics decomposition of encapsulin during 30 ns equilibration, shown for 5-fold symmetry 
related subunits. Start-structure is shown in gray, end-structure is in red. There is a slight 
twisting motion along the 5-fold symmetry axis, in particular of the E-loops. D) The SOP 

model of complete structure at 0 ns is shown as reference. Pores are closed along 5-fold axis, in 
both models. Tthe pores on the 3-fold axes close after 30 ns at 300K, the pores around 2-fold 

axis close after 30 ns if synthetic peptides are not bound to the shell exterior.

Figure S4. Height distribution of encapsulin nanocompartments as observed in AFM imaging. 
Sum frequency of height distributions of all encapsulin samples analyzed in this study. The 

height distribution is bimodal, which we attribute to particles being deposited on the different 
icosahedral symmetry axes.
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Figure S5. Langevin Dynamics simulations of in silico nanoindentation reveal a distinct 

buckling transitions before mechanical failure of the nanocompartment when probed along the 
5-fold icosahedral symmetry axis. A) Typical FZ curve from the simulated indentation along 
the 5-fold axis. Corresponding structures before/after buckling (first force peak) and before/
after mechanical failure (second force peak) are presented on the graph. B) Experimental FZ 

curves from AFM nanoindentation experiments that exhibit similar two-stage force responses. 
The main discontinuities are indicated on the curves. The corresponding AFM images were not 

conclusive as to the orientation of the particles.

Figure S6. In silico nanoindentation of 58mer complexes of encapsulin. A) Diameter (black 
curve) and potential energy change (green curve) as a function of time from the all-atom MD 
simulation. One 2-fold symmetry related dimer was removed from the structure, after which 
all-atom MD equilibration was carried out using the same procedures as for the full 60mer 

complex. A similar decrease in radius and increase in potential energy was observed as for the 
complete shell. B) The start- and end structures were used to construct SOP models, labeled 
“SOP 0 ns” and “SOP 30 ns” respectively. In silico nanoindentation was performed on these 
models along the three icosahedral symmetry axes. The SOP models of 58mer complexes 

show a very similar force-response as complete 60mer shells. Average spring constant 
(across the three icosahedral symmetry axes) is 0.23 N/m for ‘SOP 0 ns’ and 0.30 N/m for 

‘SOP 30ns’. Average breaking force is 1.0 nN for ‘SOP 0 ns’ and 1.4 nN for ‘SOP 30 ns’. These 
results indicate that possible 58-mer complexes of encapsulin might indeed be mechanically 
indistinguishable from complete shells. Given the rigidity of encapsulin nanocompartments, 
this demonstrates that assembly defects do not necessarily affect the mechanical resilience of 

the compartment.
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Figure S7. Cargo encapsulation makes encapsulin nanocompartments sensitive to material 
fatigue. A) Spring constant (k) is shown over repeated consecutive indentations at lower force 

(Fmax. ~ 0.2 nN). No decrease in spring constant is observed with the empty compartments, 
even after 200 consecutive approach-retraction cycles (n=5). DyP loaded compartments break 

after between 17-61 indentation cycles, with an average of 35 cycles (n=4). B) AFM imaging 
of a DyP loaded nanocompartment before and after the fatigue experiments. The decreased 

particle height and altered morphology show that the particle underwent a complete structural 
collapse after repeated indentation at low force. Scale bars are 20 nm. Images are colored 

according to height, from dark brown (0 nm) to white (25 nm).
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