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P r e f a c e

“If our brains were simple enough for us to understand them, 
we’d be so simple that we couldn’t.” 

Old neuroscience saying

Some scientists study biological systems because they want to cure diseases. Others 
because they want to grow better crops. Some study chemistry because they want their 
food to taste better, while other just want their electricity to be cheaper and cleaner. People 
become scientists for an infinite number of reasons, some selfish, others completely 
altruistic, yet they might all be sharing one reason: shear thirst for knowledge.
Living cells are an almost infinite well to quench this thirst, with their seemingly infinite 
complexity. Cells of only several micrometers in size function as small factories, cogs and 
wheels constantly turning, running on a genomic script large enough to encode an entire 
Hollywood movie. Our little factories are filled with protein machines, constantly active to 
keep the whole show running: burning fuel, making new proteins and recycling old ones, 
sending orders to the neighbors and sharing products with distant friends.
We have come up with many ways to study our molecular machines, how they function, 
what they are made of and how we could improve or fix them. In this thesis, the technique 
that is focused on is mass spectrometry. Mass spectrometry is very well equipped to 
study numerous aspects of proteins and protein complexes. It probes their protein 
composition down to single amino acid modifications as well as the stoichiometry of 
these proteins and even how the proteins interact to form a working molecular machine. 
Mass spectrometry can study the role of molecular machines in the global cellular setting 
but also the specific role of a single protein component in detail. How mass spectrometry 
can study all these aspects of proteins and protein complexes is summarized in Chapter 
I, describing multiple mass spectrometry techniques and their applications. Chapter 
II focuses on the development of native mass spectrometry to study large molecular 
machines. In Chapter III a specific type of molecular machines, protein nanocontainers, 
are investigated. The final Chapter IV describes the application of mass spectrometry to 
probe the composition, assembly and activity of protein molecular machines.



This chapter is based on work in the following publication: 

The diverse and expanding role of  mass spectrometry in  structural

and molecular biology

Lössl P, van de Waterbeemd M, Heck AJR. 
EMBO J. 2016 Dec 15;35(24):2634-2657. Epub 2016 Oct 26. Review.
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S u m m a r y
The emergence of proteomics has led to major technological advances in mass 
spectrometry (MS). These advancements not only benefitted MS-based high-throughput 
proteomics but also increased the impact of MS on the field of structural and molecular 
biology. Here, we review how state-of-the-art MS methods, including native MS, top-down 
protein sequencing, crosslinking-MS and hydrogen-deuterium exchange-MS, nowadays 
enable the characterization of biomolecular structures, functions and interactions. In 
particular, we focus on the role of MS in integrated structural and molecular biology 
investigations of biomolecular complexes and cellular machineries, highlighting work on 
eukaryotic transcription complexes.
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A b b r e v i at i o n s

CID collision-induced dissociation
Da Dalton
ECD electron capture dissociation
ETciD electron-transfer/collision-induced dissociation
EThcD electron-transfer/higher-energy collisional dissociation
ETD electron transfer dissociation
EM electron microscopy
ESI electrospray ionization
FTICR Fourier transform ion cyclotron resonance
HCD higher-energy collisional dissociation
HDX hydrogen/deuterium exchange
IMS ion mobility spectrometry
MALDI matrix-assisted laser desorption/ionization
MS mass spectrometry
MS1 mass spectrometric analysis of non-fragmented precursor ions
MS2  mass spectrometric analysis of fragment ions generated by gas phase 

dissociation of precursor ions
m/z mass-to-charge ratio
PTM post-translational modification
SAXS  small-angle X-ray scattering
tandem-MS  mass spectrometric experiment combining MS1 analysis and subsequent 

MS2 analysis of a selected m/z range
Th Thomson
TOF time of flight
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P r e l u d e  -  T h e  C o m i n g - o f - A g e  o f  B i o m o l e c u l a r  M a s s  S p e c t r o m e t r y

The advent of mass spectrometry (MS) as an analytical technology dates back more than 
a century and was made possible by the groundbreaking work on cathode rays of the 
physicists J. J. Thomson [1]. Thomson not only discovered the electron but, together with 
F. W. Aston, also measured the masses of stable isotopes of elements [2, 3]. To this end, 
Thomson employed electron impact ionization to charge the atoms and molecules. This 
allowed their mass-to-charge (m/z) ratio to be measured by monitoring their trajectories 
in an electric or magnetic field – mass spectrometry was born and its inventor’s ingenuity 
is nowadays acknowledged by terming the unit for m/z the ‘Thomson’ (Th) [4].

MS remained in the realm of isotope physics for about half a century before it entered 
the domain of chemistry. MS with its potential to identify substances based on accurate 
mass measurements sparked initially the interest of the oil industry in its attempt to find 
ways to characterize the low molecular weight compounds present in crude oil. This 
challenge was addressed by pioneers like F. H. Field, J. L. Franklin and F. W. McLafferty. 
They introduced and applied chemical ionization [5–7], a novel technique to bring 
organic molecules into the gas phase, which was previously only feasible by electron 
impact ionization [8]. Owing to both ionization techniques, the field of organic MS started 
to bloom, for it was now possible to determine the masses of semi-volatile molecules up 
to about 500 Dalton (Da). Soon after, mass determination of not only the intact organic 
molecule but also its specific fragment ions was enabled by conceiving improved mass 
spectrometric instrumentation [9, 10] and new gas phase fragmentation techniques, such 
as collision-induced dissociation [11–13]. The related fragmentation mechanisms were 
elucidated by studying the unimolecular and bimolecular chemistry of organic molecular 
ions. These meticulous investigations aided the interpretation of the fragment ion mass 
spectra, eventually allowing to deduce details about a compound’s molecular structure 
[14]. Over the years, about 250,000 unique organic molecules were characterized and 
catalogued in a library of reference mass spectra [15]. This repository may be queried 
when seemingly unknown compounds are to be characterized by organic MS, which 
nowadays has become a core analytical technology in chemical, forensic, environmental 
and atmospheric sciences.

More recently, MS entered the field of cellular, molecular and structural biology. The dawn 
of biomolecular MS can be traced to the introduction of matrix-assisted laser desorption/
ionization (MALDI) and electrospray ionization (ESI) in the 1980s, for which Koichi Tanaka 
and John Fenn, respectively, received the Nobel Prize in 2002 [16, 17]. These ionization 
technologies, which will be further explained later on, enabled the efficient transfer of 
large intact biomolecules, (e.g., peptides and proteins) into the gas phase as charged ions 
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– an essential prerequisite for MS analysis. Previously developed ionization methods, by 
contrast, were mostly limited to small, volatile compounds.
Only a few years after the MS analysis of peptides and proteins became feasible, 
first attempts were made to couple it with advanced separation techniques, such 
as miniaturized nanoflow liquid chromatography and electrophoresis [18–21]. This 
development enhanced the throughput and dynamic range in the analysis of very complex 
peptide samples like those obtained from a proteolytic digest of a single protein, a protein 
mixture or even all proteins within a whole cell lysate. Nowadays, hundreds of thousands 
of peptides can be analyzed by combining orthogonal separation methods (e.g., reversed 
phase, ion exchange and/or hydrophilic interactions chromatography) with modern mass 
spectrometers that perform high-speed tandem-MS experiments (see below for more 
details) [22]. Interpreting these large amounts of data, especially deriving the peptide 
sequence from the acquired mass spectra and mapping it back onto the original proteins, 
posed a first major challenge but is meanwhile facilitated by sophisticated bioinformatics 
and statistics solutions [23, 24]. Collectively, advanced peptide separation, rapid tandem-
MS measurements and elaborate bioinformatics analysis form the current workflow for 
high-throughput bottom-up proteomics [25]. This technique has become the standard 
for the system-wide analysis of all proteins present in a particular cell, body-fluid, tissue 
or organism (as reviewed by [26–29]). Recently, the progress of bottom-up proteomics 
has cumulated in the first drafts of the human proteome [30, 31].

Bottom-up proteomics as a key driver for technological development, has benefitted 
the field of biomolecular MS in general. First and foremost, mass analyzers have become 
immensely more advanced, gaining performance in speed, sensitivity, selectivity, 
robustness and, equally important, user-friendliness for non-specialists [32, 33]. Next, 
advances in sample preparation and fractionation enabled more comprehensive and 
reproducible MS experiments [34]. Novel strategies for affinity purification [35], protein 
digestion [36] and peptide fragmentation [37, 38] may serve as illustrative examples here. 
Finally, more efficient and reliable analysis software [23, 39, 40], public data-repositories 
[41] and tools to define and study protein interaction and signaling networks [42–44] 
allow to translate MS data into sound and meaningful biological information. These 
advancements significantly promoted the impact of MS on molecular and structural 
biology, a development that can be retraced using hydrogen-deuterium exchange (HDX)-
MS of biomolecules as an example. HDX-MS has been around for about 25 years [45, 46], 
arguably predating the advent of proteomics. However, due to limitations in hardware and 
analysis software, early HDX-MS studies were mostly limited to peptides, small proteins 
or protein domains. Owing to the technological progress, HDX-MS can now be applied to 
study whole protein assemblies up to intact viruses [47–51], making it a valuable tool for 
protein structure analysis, as we will discuss later on.
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Today, MS methods are utilized in an increasing number of molecular and structural 
biology studies that aim for a better understanding of large biomolecular assemblies. 
A selection of these studies is presented in figure 1, illustrating that biomolecular 
complexes from all cellular compartments and different kingdoms of life have been 
successfully probed by MS. In the course of this review, we will refer to several of the 
shown examples, as they mark the current frontiers of MS-based structural and molecular 
biology. Fundamentally, these approaches can be divided into peptide-centric and 
protein-centric strategies (figure 2). Peptide-centric strategies comprise surface labeling 
approaches, such as HDX-MS and covalent labeling-MS, as well as crosslinking-MS and 
limited proteolysis-MS. All of these methods probe biomolecular structures in solution, 
utilizing the previously described bottom-up proteomics workflow to detect, at the 
peptide level, the results of the in solution experiment (figure 2, bottom). Protein-centric 
strategies, on the other hand, enable the mass spectrometric characterization of intact 
proteins and biomolecular assemblies, which can be additionally manipulated in the 
gas phase (figure 2, top). Analytical targets of protein-centric MS range from small intact 
histones (10-20 kDa), via antibodies (150 kDa) to cellular machineries (500-20,000 kDa), 
such as the proteasome, the ribosome, and even full virus assemblies [52, 53].

The applications of biomolecular MS (summarized in figure 2) illustrate that a mass 
spectrometer may nowadays be considered a full-fledged ‘biochemical laboratory’, 
in analogy to a claim made 35 years ago that MS has become a ‘complete chemical 
laboratory’ [54]. In this review, we aim to familiarize non-mass spectrometrists with the 
inner workings and analytical opportunities of this MS-based ‘biochemical laboratory’. To 
this end, we will first introduce a few basic principles of biomolecular MS. Next, we will 
discuss the fundamental utilization of peptide-centric MS approaches as well as protein-
centric MS under either denaturing or native-like conditions, highlighting selected 
applications to examine protein structures, functions and interactions. Finally, we will 
exemplify how peptide- and protein-centric MS strategies have been employed to answer 
central biological questions, often in hyphenation with more conventional molecular and 
structural biology methods, notably X-ray crystallography, NMR spectroscopy and (cryo-)
electron microscopy (EM). In particular, recent contributions of MS-based biochemical 
and structural analysis of the eukaryotic transcription machinery will be highlighted. 
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Nucleotide binding to the p97 ATPase
Schuller et al, 2016

Interface of the H2A–H2B–Nap1
histone – chaperone complex
D’Arcy et al, 2013

Nuclear pore complex sca�old
Bul et al, 2013

Exosome complex topology
Hernández et al, 2006; Shi et al, 2015;
Synowsky et al, 2006

Membrane interactions of the
endosomal Vps34 complex
Rostislavleva et al, 2015

Structure of the 55S mitochondrial ribosome
Greber et al, 2015

Architecture of the dynein-cofactor dynactin
Urnavicius et al, 2015

Norovirus assembly pathway
Uetrecht et al, 2010

180º

90º

90º

180º 90º

Conformational dynamics of the
ABC transporter P-glycoprotein
Marcoux et al, 2013

Figure 1. MS-based molecular and structural biology reaches out over all cellular compartments and 
kingdoms of life. Shown are exemplary results of studies that employed biomolecular MS techniques. Clockwi-
se (from bottom left): membrane interactions of the endosomal Vps34 complex [111], conformational dynamics 
of the ABC transporter P-glycoprotein [136], the organization of the nuclear pore complex scaffold [84], nucleo-
tide binding to the p97 ATPase [176], the interfaces of the H2A-H2B-Nap1 histone-chaperone complex [112], the 
structure of the 55S mitochondrial ribosome [85], the norovirus assembly pathway [137], the exosome complex 
topology [124, 125, 215], and the architecture of the dynein cofactor dynactin [139]. Structural snapshots adap-
ted from the referenced publications with permission.
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H o w  t o  W e i g h  a  P r o t e i n  -  B a s i c  P r i n c i p l e s  o f  B i o m o l e c u l a r  M S

MS can determine compound masses with an accuracy and precision that is unprecedented 
by any other analytical technique. Over the last 30 years, numerous strategies and 
applications of biomolecular MS have emerged and, concomitantly, many different types 
of mass spectrometers have been designed. Therefore, a generic instrumental platform 
for biomolecular MS does not exist. Most modern mass spectrometers, however, comprise 
a number of basic components (schematically depicted in figure 3a) that are essential 
for the majority of biomolecular MS workflows. Initially, the analytes are separated from 
their carrier medium, usually an aqueous or organic phase, by transforming them into 
gaseous ions in the ion source. After ionization, the analytes, now carrying a charge, are 
transmitted into the high vacuum regions of the mass spectrometer, typically including a 
low-resolution mass analyzer and a collision cell (figure 3a). On their way to the detector, 
the analytes pass through several electric and/or magnetic fields, which allow them to be 
mass selected, activated and separated from the remaining neutrals. At the final stage, 
the analyte mass-to-charge ratios are accurately and precisely measured by monitoring 
their motion through a high-resolution mass analyzer. In short, the most essential steps of 
a MS experiment are analyte ionization, mass determination and selective manipulation.  
In this section, we provide a concise overview of these steps, focusing on principles and 
techniques that are commonly used in molecular and structural biology-related MS 
studies.

Ionization Principles
The ionization process must preserve the integrity of the analyte, which was long thought 
to be impossible for larger biomolecules because of their relatively labile peptide or 

Figure 2. The broad scope of complementary biomolecular MS methods. u
In protein-centric approaches (top), non-digested biomolecules or biomolecular assemblies are analyzed. Ty-
pically, the sample is injected into the mass spectrometer via electrospray ionization using a conductive boro-
silicate capillary, as symbolized in the top panel. After injection, the analyte structure and composition can 
be further evaluated by several gas-phase manipulation strategies, some of which are schematically depicted. 
Ion mobility separation prior to mass measurement renders information about the analyte’s conformation and 
shape. Dissociation of a non-denatured biomolecular assembly by collisional activation (symbolized as an ex-
plosion cartoon) allows inferring its stoichiometry and topological aspects. Mass selection can be performed 
for both denatured and non-denatured analytes, enabling the focused analysis of a specific species such as a 
protein isoform that carries a certain mutation or a defined number of PTMs. After mass selection, proteoform 
sequencing can be performed by fragmenting the protein isoforms in the gas phase (symbolized as an explo-
sion cartoon), which allows to determine their amino acid sequence and thus locate mutated and/or modified 
residues. In peptide-centric approaches (bottom), proteins or protein complexes are manipulated in solution 
by traditional biochemical methods, such as chemical cross-linking, limited proteolysis, or surface labeling. 
Subsequently, the proteins are digested into peptides and liquid chromatography/tandem-MS is used as a hig-
hly accurate method to detect and identify the resulting peptides. A combination of the depicted peptide- and 
protein-centric approaches, as shown in the center, gives insights into a multitude of biochemical and structural 
properties of the studied protein assemblies.
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sugar-phosphate backbone. The ionization methods MALDI and ESI both overcame this 
obstacle but follow fundamentally different mechanisms (figure 3b).
In MALDI, biomolecules are succumbed in a crystalline matrix of dye-like molecules on 
a metal plate, whereby a laser induces the ionization and desorption of the analyte.  
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In ESI, the analyte is dissolved in a volatile aqueous phase and inserted into a small 
conducting capillary. The analyte ionizes through the ultimate desolvation of miniscule 
charged droplets, which are created by applying an electrical current. Importantly, 
biomolecules become multiply charged during the ESI process, whereas mainly singly 
charged ions are generated during the MALDI process. MALDI has made substantial 
contributions to the emergence of biomolecular MS and still has its unique application 
areas, e.g., MALDI spatial imaging of biomolecules in tissue and cells [55, 56]. However, 
ESI has become the method of choice for most biomolecular MS applications. This 
preference likely stems from the use of an aqueous phase for ESI sample preparation, 
which can be more easily coupled to chromatographic separation techniques. Moreover, 
advanced ESI technologies require minimal sample consumption (nL/min), surpassing 
MALDI in terms of sensitivity and efficiency.  ESI-based MS approaches, thus, are the focal 
point of this review, however, most of the herein discussed principles are also applicable 
to MALDI-MS. 

Mass Analyzers
One major criterion to distinguish mass analyzers is their mass resolving power. There are 
various types of quadrupole and ion-trap low-resolution mass analyzers that are mostly 
used for either targeted MS strategies [57], which will not be discussed herein, or specific 
ion manipulation in tandem-MS experiments (ion activation and/or mass selection, see 
next subsection). However, accurate mass analysis of larger proteins and peptides is 
predominantly achieved using three different types of high-resolution mass analyzers: 
time-of-flight (TOF) tubes, Fourier transform ion cyclotron resonance (FTICR) traps and 
Orbitraps [58]. Although the term ‘high-resolution’ mass analyzer is defined somewhat 
arbitrarily, the TOF, Orbitrap and FTICR analyzers share one crucial feature – peptides of 
a typical protein digest, which usually comprise 5–50 amino acids and carry 2–7 charges, 
can be isotopically resolved, i.e., mass separated into the different peptide isotopes. The 
existence of peptide isotopes is attributable to the natural occurrence of stable elemental 
isotopes, primarily 13C and 15N. Two adjacent peptide isotopes differ by 1 Da or, translated 
to the m/z scale, by 1 Th for a singly charged peptide, by 0.5 Th for a doubly charged 
peptide, etc. The regular isotope spacing, thus, readily allows determination of the 
peptide charge state, required for the calculation of its molecular weight.

t  Figure 3. Basic principles of biomolecular MS. (a) Essential components of a mass spectrometer.  
The ion source facilitates the transfer of the analyte into the gas phase. The low-resolution mass analyzer ena-
bles mass selection of specific analyte ion species and, in case of ion traps, may also be utilized for ion activa-
tion/fragmentation. Otherwise, gas-phase fragmentation, for example, using CID, HCD, or ETD, takes place in 
the collision cell. Finally, a high-resolution FTICR, TOF, or Orbitrap mass analyzer facilitates precise and accu-
rate mass measurements. (b) Schematic representation of ESI and MALDI, the most commonly used ionization 
techniques in biomolecular MS. ESI produces multiply charged analyte ions (shown in yellow, orange, red, and 
purple) directly from a sample solution. In MALDI, a laser is used to ablate a mixture of matrix (shown in blue) 
and analyte molecules from a metal plate into the mass spectrometer, yielding predominantly singly charged 
ions. (c) Nomenclature of peptide fragment ions according to Roepstorff and Fohlman [60] and Biemann [59].
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The three high-resolution mass analyzers employ quite different principles of mass 
measurement. In TOF MS [33, 58], ions travel a fixed distance within the TOF tube. The 
‘flight time’ of the ions can be used as a direct measure to determine their m/z. In FTICR 
MS [58], ions are trapped in a magnetic field and excited by an electric field oscillating at 
radio frequency. After removal of the excitation field, the ions rotate at an m/z-dependent 
frequency. The rotational motion is detected by an electrode pair (forming the boundaries 
of the ICR cell) as an image current. The time-dependent image current can be transformed 
from the time domain to the m/z domain using Fourier transformation. Finally, Orbitrap MS 
applies principles that are related to FTICR, however, Orbitraps do not require magnetic 
fields, which greatly simplifies instrument handling and maintenance [32]. Here, ions are 
trapped in an electric field generated between an outer barrel-like electrode and an inner 
spindle-like electrode. The ions oscillate along the inner electrode, again generating an 
image current. The oscillations are recorded and their m/z-dependent frequency is used 
to retrieve the m/z through Fourier transformation. 

Gas Phase Fragmentation Techniques
Often, the m/z is not only determined for the intact analyte ion (MS1 level) but also for its 
fragment ions (MS2 level), which are generated in so-called tandem-MS experiments. Here, 
an intact analyte ion species of a specific mass is selected and isolated in the low-resolution 
mass analyzer and subsequently activated and fragmented. Gas phase fragmentation (or 
activation) provides deeper insights into the analyte structure, e.g., the amino acid sequence 
of a peptide. The analyte activation takes place either within the mass analyzer (typical for 
ion traps and FTICR cells) or in a collision cell situated between the low-resolution mass 
analyzer and the high-resolution mass analyzer (figure 3a). Activation of peptides and 
denatured proteins typically leads to specific peptide backbone cleavage. Depending on 
which chemical bond within the peptide backbone is cleaved, this process generates a-/x-, 
b-/y- or c-/z-fragment ion series (figure 3c). By definition, a–c describe N-terminal fragment 
ions and x–z describe C-terminal fragment ions [59–61]. Series of these fragment ions 
detected at the MS2 level readily reveal the amino acid sequence of the analyzed peptide 
ion. If not peptides or denatured proteins but native protein assemblies are subjected to 
gas phase activation, efficient backbone fragmentation is generally not observed. Instead, 
activation may lead to (partial) unfolding and/or dissociation of non-covalently associated 
interaction partners. The release of these interaction partners and their mass measurement 
may provide insights into the quarternary structure of biomolecular complexes. Non-
proteinogenic biomolecules, such as carbohydrates and nucleic acids, undergo their own 
characteristic fragmentation reactions, for which specific rules and nomenclatures have 
been established as well [62, 63].

A diverse array of activation/fragmentation techniques is nowadays available. We 
confine this subsection to collision-induced dissociation (CID), higher-energy collisional 
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dissociation (HCD, sometimes referred to as beam-type CID), and electron transfer 
dissociation (ETD), which represent some of the most popular ion activation strategies 
in biomolecular MS. For more information on alternative approaches please refer to [64–
67]. Both CID and HCD depend on successive collisions between the analyte ions and 
inert gas molecules, e.g., nitrogen, argon or xenon, as they are accelerated in the collision 
cell. For peptide ions, CID- as well as HCD-based activation mainly gives rise to b- and 
y-type fragment ions in the MS2 spectra. Especially CID forces breakage of the analyte’s 
most labile chemical bond. Applying CID on a peptide bearing a labile post-translational 
modification (PTM) such as a phosphorylation or glycosylation, therefore, predominantly 
causes loss of the PTM rather than peptide backbone cleavage. This phenomenon is less 
prominent when HCD is used because it applies higher activation energies than CID. 
In ETD, analyte fragmentation is achieved through an electron transfer reaction from a 
radical anion towards the positively charged peptide [68, 69]. Due to this prompt reaction 
mechanism, ETD-based fragmentation is specifically targeted to the peptide backbone, 
generating mostly c- and z-type fragment ions, whereas PTMs remain bound to the 
peptide. A similar fragmentation pattern is produced by electron capture dissociation 
(ECD), which is specifically used in FTICR MS. As the ETD/ECD fragmentation pattern is 
complementary to CID/HCD, hybrid fragmentation approaches, such as ETciD and EThcD, 
can substantially improve the peptide sequence coverage [37, 70].

Molecular Biology Meets Mass Spectrometry I - Peptide-Centric MS Methods

The vast capabilities of peptide-centric bottom-up MS in identifying proteins and 
localizing amino acid modifications make it an ideal read-out not only for standard 
proteomics workflows but also for approaches probing protein structures, conformations 
and interactions by chemical or enzymatic in-solution modification. The most prominent 
examples of such approaches are chemical crosslinking, covalent and/or non-covalent 
surface labeling and limited enzymatic proteolysis (figure 2). All of these methods 
were introduced several decades ago but their combination with bottom-up MS has 
substantially increased their impact on the field of structural biology. In the following 
subsections, we describe this development in more detail.

Chemical Crosslinking
Chemical crosslinking combined with bottom-up analysis (crosslinking-MS) can be 
used to study protein conformations as well as protein-protein and protein-nucleic acid 
interactions. This review will largely focus on protein-protein crosslinking, a thorough 
overview of protein-nucleic acid crosslinking-MS applications has been published 
elsewhere [71]. 
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The fact that chemical crosslinking can capture intermolecular interactions of proteins 
in solution is known for at least 70 years [72]. In general, crosslinking reagents comprise 
a spacer arm of varying length connecting two functional groups, which are reactive 
towards specific amino acid residues. Presently, the most popular class of crosslinking 
reagents contains two N-hydroxysuccinimide ester functionalities that specifically target 
primary amino groups, i.e., protein N-termini and lysine side chains. Other commercially 
available crosslinking reagents are reactive towards thiol groups (i.e., Cys side chains) 
and carboxyl groups (i.e., Asp and Glu side chains) or contain non-specifically reactive 
photoactivatable moieties [73, 74].

Figure 4 illustrates the experimental output produced by crosslinking-MS and other 
biomolecular MS experiments, to which we will recur in the following sections. The 
respective data are exemplified using the simple model system human hemoglobin: 
a tetrameric protein complex consisting of two α-chains, two β-chains and four non-
covalently bound heme groups (figure 4a). Figure 4b shows a MS2 spectrum, acquired after 
mass selection and gas phase fragmentation of two crosslinked hemoglobin. The MS2 
signals can be clearly annotated to fragment ions representing gas phase fragmentation 
events at specific peptide backbone positions. Thus, MS allows sequencing of both 
peptides and localization of the crosslinker-modified residues. The conception of MS-
based crosslink detection [75, 76] has boosted the amount and quality of information 
that can be gained from a crosslinking experiment. Notably, two residues will only be 
crosslinked, if their mutual distance can be bridged by the applied crosslinking reagent. 
Crosslinks, therefore, impose distance constraints on the studied system, revealing binding 
interfaces (by locating inter-protein crosslinks) and details about protein conformations 
(by locating intra-protein crosslinks). Moreover, the abundance of crosslinks under 
different experimental conditions can be relatively quantified, enabling comparisons 
between various biological states in respect of existing protein conformations and 
interactions [77–79]. Crosslinking data can be directly employed to guide computational 
protein homology modeling and protein-protein docking [80–83]. Alternatively, they 
may be used to complement information from other structural biology approaches, 
most notably cryo-EM, thereby revealing the architecture of multi-protein complexes 
such as the nuclear pore complex scaffold [84], the 55S mitochondrial ribosome [85] or 
the INO80 chromatin remodeler complex [86] (see also figure 1). Of note, crosslinking 
data of protein homo-oligomers present a special case since links within and between 
the subunits cannot be readily distinguished. In most cases, the thorough annotation 
of homo-oligomeric crosslinks critically depends on the availability of high-resolution 
three-dimensional protein structures [87].
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Figure 4. Complementary biomolecular MS data exemplified using the human hemoglobin model system. 
(a) Schematic of native holo-hemoglobin and its constituents: two α-chains, two β-chains, and 4 heme groups. 
(b) Cross-linking-MS. The displayed MS2 spectrum represents two linked peptides derived from cross-linked ho-
lo-hemoglobin. The ion signals, shown as blue and red sticks, correspond to specific fragments of the cross-lin-
ked peptides. These fragment ions enable the sequencing of both peptides and the localization of their linkage 
site, as indicated by the fragment ion map in the inset. Since two residues are only cross-linked if they are in clo-
se spatial proximity, the identified cross-link gives insights into the in-solution structure of holo-hemoglobin. (c) 
HDX-MS. Shown are the isotope distributions of the same peptide derived from either holo-hemoglobin (left pa-
nel) or the free hemoglobin α-chain (right panel) after they were separately incubated in D2O-containing buffer. 
The incubations were quenched at three different time points. The isotope distribution remains at the same m/z 
position, when the peptide is derived from holo-hemoglobin, whereas it gradually moves to higher m/z, when 
the peptide is derived from the free α-chain. This shows that only in the free α-chain, the peptide is able to take 
up the heavy deuterium isotope. Consequently, the peptide is solvent accessible in the free α-chain, whereas it 
is solvent protected in holo-hemoglobin. (d) Protein-centric MS. Mass spectra of non-digested hemoglobin were 
acquired under denaturing (upper mass spectrum) and native (lower mass spectrum) conditions. Under dena-
turing conditions, all signals are concentrated in the low m/z region since the ions of the unfolded proteins are 
highly charged. The inset illustrates that the heme cofactor is present as a singly charged ion (brown), whereas 
the hemoglobin α-chain (red) and β-chain (blue) are detected in several charge states. From these charge state 
envelopes, their accurate molecular masses can be derived (α-chain = 15,155 ± 1 Da, β-chain = 15,895 ± 1 Da, 
heme = 616.5 Da). In the native mass spectrum, the signals are shifted to higher m/z, indicating that hemoglobin 
is detected in its folded state (see main text). The molecular weight can be calculated as 64,588 ± 41 Da. Together 
with the constituent masses derived from the denaturing MS experiment, this result unambiguously evidences 
that holo-hemoglobin is an α2β2 heterotetramer with four bound heme ligands.
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Surface Labeling
Surface labeling is based on the principle that chemical probes preferably modify a 
biomolecule at its solvent-exposed parts, while amino acids that are buried, either in the 
folded protein core or by an interacting protein, will not be affected. Any modification 
causes a defined mass shift, which can be detected at the peptide level by bottom-up MS 
analysis. Evidently, the information obtained from surface labeling is somewhat similar 
to the insights gained from crosslinking experiments. Crosslinking, however, readily 
identifies the interacting proteins whereas surface labeling merely highlights protected 
regions. Translating surface labeling data into valuable structural information often 
requires probing of different protein states, e.g. unfolded/folded, monomeric/oligomeric 
or unbound/ligand-bound, in comparative or time-course labeling experiments. Such 
an analysis directly reveals which protein areas become solvent exposed or buried and 
which regions remain unaffected, giving insights into biomolecular conformations and 
binding interfaces. Surface labeling can be performed in two different ways, that is, 
covalent labeling by amino acid side chain modifications and non-covalent labeling by 
hydrogen-deuterium exchange at the peptide backbone, better known as HDX-MS.

Covalent labeling has developed much in parallel to chemical crosslinking because 
the employed chemical principles partially overlap, as exemplified by the use of lysine-
reactive and photoactivatable reagents [88, 89]. However, basically any covalent labeling 
strategy is compatible with bottom-up MS. Therefore, covalent labeling-MS can be 
tailored to target a wide array of amino acids [90]. Alternatively, it may be conducted 
in a non-specific fashion, e.g., by photo-affinity labeling [91] or oxidation with hydroxyl 
radicals [92]. Hydroxyl radical probes are, for example, employed in a labeling approach 
named ‘fast photochemical oxidation of proteins’ (FPOP) [93, 94]. FPOP has been 
successfully used to monitor protein folding [95], to map binding epitopes [96] and even 
to probe solvent-accessible protein regions in vivo while preserving the cellular integrity 
[97]. Beneficially, FPOP seems to work equally efficient on proteins located in the cell 
membrane, cytoplasm and nucleus.

The non-covalent labeling approach HDX is the best-known and most widely used 
strategy for biomolecular surface mapping. Hydrogen exchange as a means to probe 
biomolecular structures was already introduced in the late 1960s [98]. It is based on the 
observation that hydrogens bound to N, O or S exchange against solvent hydrogens, 
whereby peptide backbone hydrogens exchange with specific measurable rates while 
amino acid side chain hydrogens exchange too fast to be monitored [98]. Soon after 
the emergence of biomolecular MS, HDX and MS were combined in pioneering studies, 
showing that this integrated approach gives insights into the solution and gas phase 
conformation of proteins [99, 100]. Most commonly, an HDX-MS analysis consists of three 
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essential steps. First, a biomolecular assembly is transferred from H2O- to D2O-based 
buffers so that the solvent-exposed hydrogens will exchange to deuterium (see also  
figure 2). Second, this exchange reaction is quenched at different time points by 
acidification and cooling of the solvent. Third, the reaction mix is subjected to bottom-up 
MS analysis to determine the deuterium uptake at the peptide level, allowing to derive 
HDX reaction kinetics that reveal solvent accessible regions of the analyte. In figure 4c, 
this is again illustrated for human hemoglobin. The mass spectra show peptides that 
have the same amino acid sequence but were derived from either holo-hemoglobin (left 
panel) or the free hemoglobin -chain (right panel). Both samples were incubated in D2O-
based buffer and analyzed at three different time points. The isotope-envelope of the 
free a-chain peptide moves continuously to higher m/z positions (right panel), evidencing 
that more and more hydrogens are replaced by heavy deuterium isotopes. In contrast, 
the holo-hemoglobin peptide remains at the same m/z position over time (left panel), 
showing that no deuterium is taken up. This suggests that the analyzed peptide is solvent 
accessible in the free a-chain but buried in holo-hemoglobin.

A main shortcoming of the standard HDX-MS workflow is that the bottom-up analysis 
is performed in H2O-based solvents, so the deuterium uptake may be partially 
mitigated by deuterium-to-hydrogen back exchange. In view of this obstacle, it is 
clear that increasing speed and efficiency of the bottom-up analysis has been a key 
to make HDX-MS a broadly applicable strategy [47, 101]. This has been achieved by 
automating large parts of the HDX-MS analysis workflow. In a state-of-the-art HDX-
MS experiment, the quenched reaction mix is subjected to on-column digestion  
with an immobilized acid-stable protease (mostly pepsin), peptides are separated 
using a miniaturized reversed phase liquid chromatography system and mass analysis 
is performed on a tandem-MS platform, all of which are often coupled online. Further 
advances – like online reduction of protein disulfide bonds prior to digestion [102], 
ETD-based peptide fragmentation to monitor residue-specific deuterium uptake [103] 
and sophisticated software tools for peptide mapping, data analysis and structural 
interpretation [104–107] – have additionally streamlined the HDX-MS workflow.

Nowadays, HDX-MS is applicable to biomolecular systems that are hardly tractable by 
other techniques. For example, HDX-MS has become increasingly popular to study the 
structural biology of membrane proteins, shedding light on interactions of membrane 
receptors [108, 109], conformational dynamics of membrane proteins [110] or protein–
membrane interactions [111]. Moreover, HDX-MS is a particularly powerful approach to 
study the interactions of chaperones and their folding substrates. Such investigations are 
complicated by the fact that specific and non-specific chaperone-substrate interactions 
and intra-substrate interactions, all of which change dynamically during the folding 
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process, have to be discerned. This complex interplay of events is exemplified by the 
interaction between the histone H2A-H2B heterodimer and its chaperone Nap1, recently 
studied by HDX-MS [112]. In this study, Nap1 was shown to confine the conformational 
flexibility of H2A-H2B, transforming their partially disordered histone fold domains into 
a more folded conformation. At the same time, the Nap1/H2A-H2B binding interface was 
mapped (shown in figure 1) and, concomitant with protein complex formation, distinct 
cooperative unfolding events within both Nap1 and H2A-H2B could be revealed. Another 
recent HDX-MS investigation focused on chaperone-dependent differences in the folding 
pathway of the TIM-barrel protein DapA [113]. The authors demonstrated that DapA folds 
in a slow cooperative manner in absence of the bacterial chaperone complex GroEL/
GroES. When present, GroEL/GroES catalyzes the separate folding of individual DapA 
segments thereby accelerating the folding process without specifically interacting with 
DapA. Intriguingly, a DapA homolog protein, originating from a bacterium that lacks 
GroEL/GroES, folds in a fast, segmental way even without the chaperone complex. These 
findings led to the hypothesis that segmental folding may be a general pathway for TIM-
barrel proteins, providing an evolutionary route towards GroEL/GroES independence.

M o l e c u l a r  B i o l o g y  M e e t s  M a s s  S p e c t r o m e t r y  I I  -  P r o t e i n - C e n t r i c  M S 

M e t h o d s

Experimental Approaches
Although peptide-centric MS is nowadays the most popular variant of biomolecular MS, 
the initial seminal work introducing ESI and MALDI focused largely on intact proteins with 
masses up to 130 kDa [16, 17, 114]. Shortly afterwards, it was demonstrated that, especially 
by using ESI, also non-covalent assemblies could be preserved in the gas phase and 
analyzed intact by mass spectrometry [46, 115–118]. This finding gave rise to a new field 
that was later called ‘native mass spectrometry’ [119]. In native MS, named in analogy 
to native gel electrophoresis, purified proteins or biomolecular assemblies are injected 
into the mass spectrometer under non-denaturing conditions. While the aforementioned 
early experiments were mainly performed on protein-ligand complexes and protein 
homo-oligomers, careful tuning of the mass spectrometer and the ionization conditions 
lead to successful analysis of more and more non-covalent biomolecular complexes, 
including impressive examples such as the ribosome [120], intact viruses [121, 122], 
the substrate-loaded GroEL/ES chaperone complex [123] and endogenously produced 
eukaryotic exosome complexes [124, 125] (see also figure 1). Most of these studies used 
ESI, ionizing the proteins from an aqueous ammonium acetate buffer. Beneficially, 
these solutions are volatile, minimizing the formation of biomolecule-buffer molecule 
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adducts, which would impair accurate mass measurements. Ammonium acetate has only 
moderate buffer capacity at physiological pH, but can keep biomolecules in a native-like 
functionally active state. The retention of native-like biomolecular tertiary structures in 
the gas phase could eventually be evidenced by probing the gas phase structure of non-
denatured proteins and protein complexes using ion mobility spectrometry-MS (IMS-MS) 
[126, 127].

IMS-MS has been a niche technology for several years, mainly applied to study the gas 
phase conformations of metal clusters, peptides and small proteins [128]. This changed 
rapidly with the introduction of a commercially available IMS-MS instrument in 2007 
[129]. In the last ten years, IMS-MS has become a popular technique to study the overall 
structure of biomolecular assemblies, monitor changing protein conformations or reduce 
sample complexity by complementing the mass measurement with another gas phase 
separation dimension. All of these aspects have been described in several reviews [128, 
130–132] and protocols [133]. Therefore, we will provide only a brief explanation of the 
IMS principle. In essence, IMS separates gaseous ions based on their mobility through a 
buffer gas. This may allow the detection of different conformers of the same protein [134] 
or the separation of different oligomeric states of amyloidogenic proteins [135], which 
may exhibit the same m/z values but different ion mobilities. The ion mobility depends 
on a number of aspects including ion charge and size. Most importantly, ion mobility 
determination allows to calculate rotationally averaged collisional cross subsections 
of the analyte ions, which renders information on their shape. Changes in ion mobility 
detected by IMS, thus, indicate structural changes. figure 1 shows two examples, where 
such information was used to monitor ligand-induced conformational changes of an ABC 
transporter [136] and sequential steps of Norovirus capsid assembly [137].

Currently, the majority of the native (IMS-)MS experiments is performed on soluble proteins 
and protein complexes, as exemplified by studies on mega-Dalton-sized assemblies like 
cargo-loaded bacterial nano-containers [138] and the dynein-cofactor dynactin [139], 
the structure of which is shown in figure 1. However, native MS may also be used to 
investigate membrane proteins, which can be directly infused after solubilization either in 
detergent micelles [140] or by detergent-free methods [141]. Besides highly accurate mass 
measurements of biomolecular assemblies, native MS experiments can provide valuable 
information on stoichiometries and oligomeric states, especially when combined with 
gas phase dissociation in native tandem-MS experiments and/or with complementary MS 
experiments under denaturing conditions. This is illustrated in figure 4d wherein mass 
spectra of denatured and native hemoglobin are depicted. In the upper mass spectrum, 
hemoglobin was measured by ESI-MS under acidic denaturing conditions, disrupting all 
non-covalent interactions. Accordingly, the heme cofactor has dissociated from the α- and 
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β-chain, as evidenced by a signal corresponding to free heme (figure 4d, inset in upper 
mass spectrum). Moreover, the α- and β-protein chains are unfolded, exposing all their 
chargeable amino acids. This causes the emergence of highly charged α- and β-chain 
ions during the ESI process, which are detected at relatively low m/z. Since these protein 
ions are substantially larger and higher charged than peptide ions, their isotope pattern 
is not resolved. However, their molecular weights can still be accurately determined 
based on the m/z differences between the differently charged α- and β-chain ions (figure 
4d, inset in upper mass spectrum). The masses of the three hemoglobin components – 
α-chain (15,155 ± 1 Da), β-chain (15,895 ± 1 Da) and heme (616.5 Da) – are thus readily 
revealed by the denaturing MS analysis. In contrast, the native mass spectrum (figure 4d, 
lower mass spectrum) contains only signals for one species, represented by three charge 
states in a relatively high m/z region. The shift to higher m/z is mainly due to the fact 
that the analyte takes up fewer charges than under denaturing conditions. Charging of 
the analyte is reduced in native MS because some chargeable sites are buried within the 
folded protein core and the pH of the spraying solution is closer to neutral. Based on the 
three charge states seen in the native mass spectrum, the species mass can be calculated 
as 64.59 ± 0.04 kDa, which unambiguously corresponds to a protein complex consisting 
of two α-chains, two β-chains and four heme groups. Two mass spectra, each acquired 
in less than two minutes, can thus correctly identify both the composition and binding 
stoichiometry of a biomolecular complex.

While the hemoglobin example illustrates (albeit for a simple case) the power of protein-
centric MS, it also highlights that one level of information is still missing – the amino 
acid sequence. Sequencing intact proteins directly in a so-called top-down approach 
[142] rather than inferring their sequence from bottom-up MS data offers several 
advantages. Most importantly, top-down sequencing may go beyond sheer protein 
identification, potentially revealing sequence variations, the position of PTMs and even 
the interdependence among different mutations and modifications, all of which is barely 
feasible when using solely peptide-centric MS methods. The success of this strategy, 
however, heavily depends on a highly efficient fragmentation of the peptide backbone, 
which is generally more difficult to achieve for intact proteins than for short peptides. It 
is therefore not surprising that the development of top-down sequencing closely follows 
advances in peptide fragmentation techniques. While top-down sequencing of native 
proteins and protein complexes is still in its infancy, first successful top-down experiments 
on denatured protein samples were performed in the McLafferty lab around the turn of the 
millennium [142]. This breakthrough was achieved on FTICR mass spectrometers mainly 
due to the invention of ECD fragmentation [143, 144]. Over the years, more fragmentation 
techniques such as ETD and UV-photodissociation were introduced, allowing top-down 
sequencing to be performed on several types of instruments, including Orbitrap mass 
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spectrometers [145–147]. Next to the progress in the field of gas phase fragmentation, the 
development of powerful spectrum analysis software and statistical tools [148–150] has 
greatly increased the scope of top-down protein analysis. Finally, more efficient protein 
extraction, separation and fractionation methods were critical prerequisites for an in-
depth analysis of complex samples by top-down MS [151–154].

It becomes apparent that, by now, many different variants of protein-centric MS have 
evolved, ranging from non-denaturing approaches that may be combined with gas phase 
dissociation and ion mobility separation to denaturing approaches that even facilitate 
intact protein sequencing (figure 2). Combining these approaches is, in our view, the 
key to a thorough understanding of biomolecular systems. Therefore, the following 
subsections will showcase examples that illustrate the diverse, often complementary, 
analytical angles provided by the different protein-centric MS approaches.

Comprehensive Analysis of Post-Translational Modifications
As phosphorylation is one of the most prevalent PTMs, the functional and structural 
characterization of protein phosphorylation is a major theme in molecular biology [155, 
156]. Detection and site localization of protein phosphorylation sites using MS works 
without radioactive labeling and specific antibodies, in contrast to more traditional 
biochemical methods. Protein phosphorylation is typically analyzed with bottom-up 
proteomics approaches [157], however, the central role of phosphorylation in modulating 
protein conformation, activity, localization and complex formation/dissociation have 
driven the development of low-throughput protein-centric MS approaches that are better 
suited to monitor these aspects. 

Owing to the ability of native MS to capture non-covalent interactions, it appears to be a 
straightforward choice to monitor the effect of protein phosphorylation on biomolecular 
interactions. However, differentially phosphorylated protein isoforms were, for a long 
time, nearly impossible to distinguish due to limitations in mass resolving power. Notably, 
phosphorylation causes a mass shift of no more than 80 Da, therefore, phospho-isoforms 
differ in mass by generally less than 0.1%. Resolving these subtle differences became 
possible with the development of mass spectrometers that combined high resolution with 
a high mass range. Important early contribution in this area came from orthogonal Q-TOF 
mass spectrometers, modified to allow the transmission and detection of high mass ions 
[158, 159]. More recently the now commercialized Orbitrap EMR instrument has really made 
an impact in this field [160, 161]. This novel mass spectrometer is able to mass resolve 
phospho-isoforms of proteins and protein complexes of several 100 kDa, as exemplified 
in a recent investigation of the interplay between protein phosphorylation and protein-
protein or protein-ligand interaction dynamics [162]. In this study, the phosphorylation 
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and cyclic nucleotide-binding of dimeric 150 kDa cGMP-dependent protein kinase (PKG) 
were simultaneously monitored by high-resolution native MS, showing that binding of 
cAMP or cGMP causes different PKG phosphorylation kinetics. In a second example, it 
was demonstrated that the binding and phosphorylation of the mitotic regulator Bora 
by the cycle kinase Aurora A proceed independently. Interestingly, all three investigated 
proteins – Aurora A, Bora and PKG – existed in different phosphorylation states. The 
relative abundance of all these phopsho-isoforms could be accurately determined 
by native MS, whereas complementary peptide-centric MS experiments were done to 
localize the phosphorylated residues [162]. Since the co-existing phospho-isoforms are 
indistinguishable at the peptide level, the phosphorylated residues could not be allocated 
to specific Bora phosphorylation states. This level of information was later accessed by 
combining highly specific ion isolation and complementary gas phase fragmentation 
techniques in a top-down protein sequencing approach [163]. Top-down sequencing 
allowed to decipher the phospho-proteoforms of Bora resulting from phosphorylation 
by either Aurora A or Polo-like kinase 1 (Plk1), showing that both kinases target different 
Bora residues and generate distinct phosphorylation successions. Compared to these 
binary kinase/Bora systems the tripartite Aurora A/Bora/Plk1 interplay is analytically even 
more challenging, as it is characterized by numerous mutual phosphorylation events 
with various implications on protein structure and function. Simultaneous probing of 
these often temporarily occurring effects was recently achieved by using an MS-based 
structural biology strategy, integrating native MS, crosslinking-MS, IMS-MS, top-down 
sequencing, and bottom-up proteomics [164]. Strikingly, it could be demonstrated that 
Aurora A and activated Plk1 hyper-phosphorylate Bora according to a defined sequence 
of residue-specific phosphorylations, thereby priming a substantial structural change of 
Bora, which eventually allows stable Plk1/Bora complex formation. This multipronged MS 
analysis, thus, provided mechanistic insights into the sequence of events accompanying 
the Aurora A/Bora-mediated Plk1 activation, which is essential for recovery from DNA 
damage-induced cell cycle arrest.

Another example that the seemingly small difference of one phosphorylation can have a 
profound effect on proteins was recently reported for calmodulin after phosphorylation 
by casein kinase 2 [165]. The kinase was shown to phosphorylate calmodulin between 
one and four times in a specific order. To see whether any of these phosphorylation 
events influenced the calmodulin structure, the phosphorylated protein was incubated 
with deuterated buffer for a set amount of time, denatured and injected into the mass 
spectrometer. Subsequent selection and ETD fragmentation of the distinct phospho-
isoforms allowed the quantification of the deuterium uptake in specific regions. This 
innovative top-down HDX-MS experiment successfully proved that only a specific pair of 
phosphorylation events influenced the calmodulin structure substantially.
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The in-depth characterization of PTMs using protein-centric MS is not limited to 
phosphorylation. An interesting example exhibiting a more complex PTM pattern is 
presented by histone proteins bearing multiple modifications such as methylation 
(+14 Da), acetylation (+42 Da) and phosphorylation (+80 Da). Crosstalk between these 
modifications has been examined for histone H3 using state-of-the-art top-down MS 
analysis [166]. Another protein modification that recently attracted a lot of attention 
in the biomolecular MS community is glycosylation. Unlike the aforementioned PTMs, 
glycosylation needs to be studied not only in respect of its location and abundance, but 
also with regard to the saccharide composition of the often very complex glycan trees. For 
this reason, glycosylation analysis requires a different set of MS strategies. Bottom-up MS 
analysis can be conducted to examine glycosylation patterns, whereby complementary 
fragmentation methods, e.g., ETD and HCD, allow to derive both the peptide sequence 
and the glycan tree composition. While bottom-up MS reveals the specific glycan 
linkages as well as site-specific glycosylation differences, these data can be effectively 
complemented by protein-centric MS analysis. Both native MS and denaturing MS have 
been successfully used to profile complex glycosylation patterns even in presence of 
other PTMs, as exemplified by the comprehensive analyses of chicken ovalbumin and 
interferon-β1, which were shown to consist of 59 and 138 different protein-isoforms, 
respectively [167, 168]. As such, protein-centric MS may become a screening method 
to compare patient derived plasma glycoproteins or production batches of protein 
therapeutics. Most therapeutic proteins, such as monoclonal antibodies are well 
characterized regarding their primary sequence and specific glycosylation sites. However, 
the glycan tree composition at these sites can still differ substantially, depending on the 
source material (e.g. CHO cells, yeast or human cell lines) and its growth conditions. A 
protocol to investigate these glycan trees, in particular on monoclonal antibodies, with 
native MS has been reported two years ago [169]. This approach relies on the stepwise 
application of glycan-specific glycosidases to sequentially truncate the glycan trees. As 
a result of this procedure, certain proteoforms show glycan-specific mass losses, which 
can be immediately read out with native MS, allowing the step-by-step reconstruction of 
the glycosylation profile. As an additional benefit of native MS, this strategy can also be 
used for glycoprotein complexes. Examples of non-covalently associated glycoproteins 
characterized by native (IMS-)MS include glycosylated antibody-antigen complexes, 
multimeric glycoproteins [170], glycosylated antibody-drug conjugates [171, 172] and 
glycoprotein complexes involved in complement activation [173, 174].

Protein-Ligand Binding Kinetics and Stoichiometries
Binding of ligands, such as co-factors, nucleotides, lipids or drug molecules, is to some 
extent similar to PTMs, as both result in a characteristic mass shift of proteins and protein 
complexes. Unlike PTMs, however, ligands are in general non-covalently associated, so 
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their binding needs to be investigated by native MS. Native MS protein-ligand interaction 
studies are not limited to the mere detection of the binding event, but can also 
provide information about the binding stoichiometry [175, 176], affinity [177, 178] and 
cooperativity [179, 180]. Over the past decade, such approaches have gained importance 
as small molecule screening studies in the pharmaceutical industry [181–183].

In an elegant example of MS-based ligand binding studies the interaction between 
gangliosides (sialic acid-glycosphingolipid conjugates) and human norovirus proteins 
has been investigated using three sophisticated native MS strategies [184]. Initially, the 
authors used native ‘catch-and-release’ ESI-MS [185] to screen a carbohydrate mixture, 
resembling the oligosaccharide moiety of 17 gangliosides, against the 865 kDa oligomeric 
norovirus P-particle, a mimic of the capsid’s protruding spike structure. The resulting 
native mass spectra contained ions representing the most prominently formed P-particle-
carbohydrate complexes. This convoluted signal was mass selected and subjected 
to CID to release the bound carbohydrates, allowing the detection of any dissociated 
carbohydrate in the low m/z region. Second, a direct ESI-MS assay [186] was applied to 
confirm the identified ligands and to quantify their binding affinity towards a smaller 
dimeric version of the P-particle. Third, to verify that the relevance of the P-particle model 
system, the derived kinetic constants were cross-validated by a ‘proxy protein’ ESI-MS 
method [178]. In this approach, a 10.5 MDa Norovirus-like particle and a small (16 kDa) 
‘proxy protein’ with known carbohydrate binding affinity were co-incubated to compete 
for carbohydrate binding. Since different carbohydrate binding states are much easier 
to distinguish for small proteins, the carbohydrate occupation of the ‘proxy protein’ was 
measured at different Norovirus-like particle concentrations. This provided an indirect 
read-out to determine the Norovirus-like particle-carbohydrate binding affinities, which 
were in good agreement with the results of the direct ESI-MS approach.

As mentioned above, native (IMS-)MS has also become a valuable method to study 
membrane proteins. The emerging view is that some of these proteins may preferentially 
interact with specific lipids and, especially in the case of membrane transporters, adopt 
situation-specific conformations. Intriguingly, both of these aspects can be probed 
by native IMS-MS, as illustrated in the following examples. First, a recent IMS-MS study 
elucidated the lipid binding selectivity of three membrane proteins, the mechanosensitive 
channel of large conductance, aquaporin Z and the ammonia channel [187]. The extent 
to which these membrane proteins are stabilized by different lipids was measured using 
IMS-MS, which gives information on both the protein shape and the protein mass. The 
former provides direct evidence for partial unfolding in the gas phase, whereas the latter 
readily identifies the specific protein-lipid complex corresponding to the respective 
unfolding state. Beneficially, this allows separate interrogation of successive lipid binding 
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events, demonstrating how different synthetic and natural lipids or multiple lipid-
binding events modulate the membrane protein stability. In all three cases, the highest 
stability was rendered by a class of lipids that was shown to be functionally significant 
for the respective protein. In the second example, factors involved in the conformational 
transitions of membrane transporters have been investigated for the membrane 
embedded mammalian drug efflux pump P-glycoprotein, probing the influence of the 
specific binding of lipids, nucleotides and drugs [136]. All three classes of small molecules 
were shown to bind independently as well as concomitantly to the P-glycoprotein, 
however, only synergistic binding triggered a significant shift in the conformational 
equilibrium, resembling the structural transition expected for an efflux process.

M o n i t o r i n g  C e l l u l a r  M a c h i n e r i e s  –  T h e  R o l e  o f  M S  i n  I n t e g r at e d 

S t r u c t u r a l  a n d  M o l e c u l a r  B i o l o g y  S t u d i e s

So far, we have described several examples of biomolecular systems that were 
successfully probed by peptide- and/or protein-centric MS strategies (see also figure 1). 
A few biomolecular assemblies have become recurring subjects of integrated structural 
and molecular biology studies, often involving one or more biomolecular MS approaches 
next to more complementary methods such as X-ray crystallography and EM. In the final 
section of this review, we will focus on one such system; the eukaryotic transcription 
machinery. Our understanding of this system has substantially increased owing to studies 
that combined biomolecular MS with other structural and molecular biology techniques. 
Thus, this section aims to illustrate the added value of such integrated approaches 
highlighting specifically the niche of biomolecular MS therein. 

Eukaryotic Transcription Complexes
DNA-dependent RNA polymerases (Pol) are responsible for gene transcription in 
eukaryotic cells. In most eukaryotes, three of these multi-subunit enzymes are present, 
with Pol I synthesizing ribosomal RNA, Pol II producing messenger RNA and Pol III making 
transfer RNA and small RNAs. Pol II, the most widely studied subtype, is a 514 kDa protein 
complex consisting of 12 different subunits [188]. Several assembly states of Pol II have 
been characterized by X-ray crystallography, culminating in structural models of Pol II 
in complex with transcription factor (TF) IIB, TATA box binding protein, a DNA template 
and an RNA synthesis product [189–191]. However, Pol II engages in even more complex 
assemblies in the course of mRNA synthesis, recruiting other transcription factors, mRNA 
processing enzymes and even supramolecular co-activators like the Mediator complex. 
Further complexity arises from the bound RNA transcript but also from heterogeneous 
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PTMs, most notably on the Pol II C-terminal domain [192–194]. Similarly, Pol I and Pol III 
bind several transcriptions factors and general regulators [195]. Such massive, dynamically 
interacting ensembles are typically elusive to X-ray crystallography. Therefore, a number 
of these assemblies has recently been investigated by hybrid structural and molecular 
biology approaches, the key elements of which are cryo-EM and biomolecular MS. These 
strategies not only uncovered a wealth of structural information but also gave insights into 
the relationship between the architecture and biochemical function of RNA polymerase 
supercomplexes.

Topology of the Mediator middle module
Koschubs et al,  2010

• Native MS
• IMS-MS
• Limited proteolysis
• Light scattering
• SAXS
• Pull-down assays

Architectural model of the Mediator middle module
Larivière et al,  2013

• Crosslinking-MS
• Homology modeling
• X-ray crystallography

Architecture of a 21-subunit Mediator complex
Robinson et al,  2015

• Integrative modeling
• Crosslinking-MS
• Cryo-EM
• X-ray crystallography
• Homology modeling
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• Integrated data from 
 other studies

1

9

21

4

31

10

Structure of the Mediator head module
Robinson et al,  2012
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Figure 5. Hybrid approaches gradually unravel the Mediator complex architecture. The Mediator complex 
is a challenging target for structural biology because it comprises several subcomplexes and highly flexible regi-
ons. First, a topological model of the Mediator middle module was derived with a hybrid approach employing 
native MS and IMS-MS. This could be extended to a more detailed model by means of cross-linking-MS and 
homology modeling. In parallel, a Mediator head module structure was derived by combining X-ray crystallo-
graphy and cross-linking-MS results. Finally, hybrid structural biology approaches led to the characterization 
of a 15-subunit Mediator core complex and a 21-subunit Mediator complex. Structural images adapted with 
permission from the publications referenced in the figure.
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Pol II from yeast represents the first fully assembled cellular machinery probed by 
crosslinking-MS [196]. The architecture of Pol II was accurately reflected by crosslinking-
MS, initiating its rise to an established structural biology method. Moreover, the Pol II-
TFIIF binding interface could be mapped based on specific inter-protein crosslinks. The 
Pol II-TFIIF complex model was further extended in a more comprehensive crosslinking-
MS study, resulting in a structural model of the yeast core initiation complex that could 
be reconciled with previously obtained biochemical insights into the yeast pre-initiation 
complex [197]. To obtain high-resolution structural models of this pre-initiation complex, 
crosslinking-MS was used in combination with cryo-EM in two independent investigations 
[198, 199]. The more recent study from Plaschka et al. even went beyond the pre-initiation 
complex and provided the structure of the pre-initiation complex bound to the co-
activating Mediator core complex. The structure of this 1.2 MDa supercomplex was solved 
with sub-nanometer resolution using cryo-EM, however, this analysis did not reveal 
the subunit arrangement within the Mediator middle module. Instead, this part of the 
Mediator core complex could be topologically elucidated based on the crosslinking-MS 
distance constraints, demonstrating the benefits of integrating complementary structural 
biology approaches [199]. 

The mediator complex is exemplary for biomolecular assemblies that are refractory 
to traditional structural biology methods, as it is conformationally highly flexible and 
compositionally diverse (figure 5). The Mediator middle module was early on investigated 
by native MS, tandem-MS and IMS-MS, which, in combination with light scattering, 
small angle X-ray scattering (SAXS) and pull-down assays, revealed its overall shape and 
subunit topology [200]. This model was later refined using crosslinking-MS and homology 
modeling [201]. Furthermore, a structure of the Mediator head module has been 
determined by X-ray crystallography and crosslinking-MS [202]. A full mediator complex 
model was finally derived based on a comprehensive hybrid structural biology strategy 
combining X-ray crystallography, cryo-EM, computational modeling and crosslinking-MS 
[203].

Moving on from transcription initiation to mRNA elongation and processing, native MS, 
crosslinking-MS and cryo-EM proved once more to be a fruitful combination, uncovering 
the structural and biochemical basis for co-transcriptional mRNA capping [204]. The 
capping process, which modifies the 5’ end of the newly synthesized mRNA, is performed 
in yeast by the Cet1 triphosphatase and the Ceg1 guanylyltransferase. Through native MS, 
a heterotetramer of these enzymes was shown to bind to Pol II. Next, the relevance of the 
formed capping and transcribing Pol II complex was proven by MS-based monitoring of 
the stepwise mRNA modification. This paved the road for cryo-EM and crosslinking-MS 
experiments that revealed the capping enzyme binding site at the Pol II mRNA exit tunnel.
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In contrast to Pol II, eukaryotic Pol I and Pol III were only recently characterized by high-
resolution structures [205–207]. However, some structural aspects of both complexes have 
previously been revealed by MS analysis. Native (tandem-)MS together with in solution 
dissociation experiments confirmed that 10 of the 17 Pol III subunits form a stable core, 
whereas the remaining 7 subunits are more peripheral [208]. Three of these peripheral 
subunits form the C82/34/31 subcomplex, which could be accurately positioned on the 
Pol III core based on crosslinking-MS and biochemical data [209]. The presence of Pol 
III subcomplexes was confirmed in another native MS study that also included IMS-MS 
to obtain topological information [210]. This study additionally probed the assembly of 
Pol I, finding that Pol I and Pol III exhibit similarities in their disassembly pathways. While 
these examples show how MS by itself can render structural insights, both native MS and 
crosslinking-MS were also integrated in hybrid structural biology approaches that revealed 
structural and functional features of Pol I and Pol III subunits and accessory factors. For 
instance, key aspects of the Pol III pre-initiation complex architecture were unveiled by 
crosslinking-MS and X-ray crystallography of the TFIIIC complex [211]. Regarding the 
structural organization of Pol I, native MS proved that the Pol I subunits A49 and A34.5 
– the only ones for which no Pol II homologues exist – form a stable heterodimer that 
associates with the other 12 Pol I subunits [212]. Subsequent crystallization of the A49/
A34.5 heterodimer enabled structural comparisons to Pol II-associated transcription 
factors, uncovering key similarities between A49/A34.5 and TFIIF as well as TFIIE. 
Moreover, a crosslinking-MS-based Pol I model showed A49/A34.5 in positions similar to 
the TFIIF and TFIIE binding regions on Pol II [213], reinforcing the concept that some Pol 
I subunits act as stably associated transcription factors. Other factors for transcription 
initiation, however, are reversibly associated to Pol I. One of them, Rrn3, was studied 
by SAXS and native MS, which led to the conclusion that it forms dimers in solution but 
monomerizes during Pol I binding [214]. The Rrn3/Pol I interaction site could be mapped 
by crosslinking-MS, resulting in a model of the Pol I–Rrn3 initiation complex [214].

Concluding Remarks
The continuous technological progress of MS provides opportunities to probe the 
structure and function of biomolecular systems with increasing analytical depth. Most 
importantly, MS experiments typically yield information that is complementary to the 
aspects monitored by traditional biochemical or structural biology approaches. While 
individual methods are often insufficient to understand highly complex and dynamically 
interacting biomolecular machineries, their characterization can be achieved by merging 
the unique benefits of diverse analytical techniques, as we have exemplified on and 
transcription-related complexes. Closing in upon the in vivo architecture of such cellular 
key players, the focus of integrated structural studies is moving from recombinantly 
produced complexes to endogenously existing biomolecular assemblies, which also 
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have become amenable to native MS and crosslinking-MS characterization. Evidently, the 
ultimate goal is to elucidate even more intricate systems, for example cellular signaling 
pathways, organelles and, eventually, entire cells. Here, in particular crosslinking-MS will 
likely prove as an ideal complement to emerging in vivo and in situ technologies such as 
live-cell imaging, in-/on-cell NMR and cryo-electron tomography. However, also other MS-
based approaches (e.g., protein surface labeling and limited proteolysis) are extending 
their scope towards proteome-wide structural studies, allowing them to pull their weight 
in integrated analytical strategies. The future of MS-based approaches in structural and 
molecular biology is bright!
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Defining the stoichiometry and cargo load of  viral and bacterial  nanoparticles

by Orbitrap mass spectrometry

S u m m a r y

Accurate mass analysis can provide useful information on the stoichiometry and 
composition of protein-based particles, such as virus-like assemblies. For applications 
in nanotechnology and medicine, such nanoparticles are loaded with foreign cargos, 
making accurate mass information essential to define the cargo load. Here, we describe 
modifications to an Orbitrap mass spectrometer that enable high mass analysis of several 
virus-like nanoparticles up to 3.7 MDa in mass. This allows the accurate determination of 
the composition of virus-like particles. The modified instrument is utilized to determine 
the cargo load of bacterial encapsulin nanoparticles that were engineered to encapsulate 
foreign cargo proteins. We find that encapsulin packages from 8 up to 12 cargo proteins, 
thereby quantifying cargo load but also showing the ensemble spread. In addition, we 
determined the previously unknown stoichiometry of the three different splice variants 
of the capsid protein in adeno-associated virus (AAV) capsids, showing that symmetry 
is broken and assembly is heterogeneous and stochastic. These results demonstrate 
the potential of high-resolution mass analysis of protein-based nanoparticles, with 
widespread applications in chemical biology and nanotechnology.
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I n t r o d u c t i o n

Over the past two decades, mass spectrometry of protein complexes under near-
native conditions (native MS) has developed into a field of its own [1]. Breakthroughs in 
instrumentation and sample preparation now make it possible to analyze intact protein 
complexes up to several megadaltons in mass, including membrane protein complexes, 
with relatively high accuracy and precision [2–4]. Our group and others have used MS to 
study intact virus capsids, capsid assembly, capsid composition, and cargo encapsulation 
[4–11]. There is considerable interest in the use of virus capsids for applications in vaccine 
delivery, gene therapy, nanomedicine, and nanotechnology [12–16]. MS analysis of these 
megadalton virus particles still poses a significant challenge due to reduced sensitivity 
of most instruments for higher masses. Native MS is traditionally and still predominantly 
performed on modified (quadrupole-) time-of-flight (TOF) instruments, where the 
operating pressures of several pumping stages are increased to improve transmission of 
high m/z ions via collisional cooling [17–22]. More recently, we developed an Orbitrap-
based platform for application in native MS, demonstrating the use of the mass analyzer 
in detection of noncovalent protein complex ions up to approximately 20 000 m/z 
with improved resolving power compared to traditional TOF instruments modified for 
native MS [23–26]. It was shown that Orbitrap-based analysis offers great potential for 
characterizing microheterogeneity in large protein complexes, such as small ligand 
binding on the 800 kDa GroEL chaperonin and glycosylation profiling on intact proteins 
under native conditions [26–30]. Here, we seek to further extend and explore the upper 
mass limits of the Orbitrap platform with the purpose of analyzing virus like assemblies.

R e s u lt s  a n d  d i s c u s s i o n

On the basis of theoretical considerations regarding the ion optics of the instrument (see 
Supporting Information text and figures S1 and S2), we hypothesized that more efficient 
focusing of ions, especially in the C-trap, would be beneficial for transmission of high m/z 
ions (>20 000). A schematic of the instrument is presented in figure 1. We sought to more 
effectively focus high mass ions in the front-end ion guides and C-trap by lowering their 
RF frequency. The effects of reducing the RF frequencies of the front-end ion guides on 
high m/z ion transmission were tested on large Cesium Iodide clusters (up to 20 000 m/z) 
and GroEL CID product ions (ranging from 15 000 to 40 000 m/z). A 5- to 10-fold increase in 
ion transmission could be demonstrated for CsI clusters at 20 000 m/z and GroEL product 
ions at 30 000 m/z. Moreover, the instrument modifications allowed detection of GroEL 
product ions up to 40 000 m/z, compared to 30 000 m/z in the standard configuration (see 
figures S3 and S4).
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We further explored the performance of the modified instrument for the analysis 
of megadalton (MDa) virus assemblies (figure 2). Therefore, we analyzed an array 
of particles, namely the bacterial nanocontainer encapsulin (2.1 MDa, d ~ 24 nm), 
the adenovirus dodecahedron (Dd, 3.5 MDa, d ~ 22 nm) and adeno-associated virus 
serotype 1 (AAV1, 3.7 MDa, d ~ 27 nm). Encapsulin, Dd and AAV1 could all be mass 
analyzed on the modified instrument (see figure 2). All the detected ion signals originate 
from well-defined charge state distributions that are nearly baseline resolved for all 
species. The standard deviations on the obtained masses are all on the order of 0.01%. 
These MS analyses are considerably more precise and accurate than conventional 
techniques that are used to determine the size and mass of protein nanoparticles, 
such as size exclusion chromatography, light-scattering based techniques or gel-based 
assays. Although attempted, we were so far not able to analyze particles larger than 
AAV1, such as the 13 MDa HK97 head II particle on the Orbitrap-based platform [26]. 
It is estimated that the upper limit of the instrument for intact protein complexes is 
currently at 25 000–30 000 m/z, corresponding to a mass of roughly 5 MDa in positive-
mode nanoelectrospray. Because all ions generated in the source must pass the C-trap 
twice, which we identified as a bottleneck for high-mass transmission, this limit is lower 
compared to the highest m/z that can be observed for HCD product ions, which only 
pass the C-trap once after being generated in the HCD cell.

Encapsulin is a recently discovered bacterial nanoparticle, consisting of 60 copies of a 
capsid-like protein that form a T = 1 icosohedral capsid-like particle that encapsulates 
a functional enzyme in vivo in bacteria [31]. More recently, it was shown that encapsulin 
can also be utilized as a nanocontainer to package non-native cargo proteins [32]. To 
demonstrate the utility of the modified Orbitrap platform in chemical biology and 
nanotechnology, we analyzed encapsulin loaded with foreign fluorescent cargo proteins 

HCD cell

Orbitrap

C-trap

transport octapole

bent flatapole

S-lens

injection flatapole

ion trapping
elevated pressure
heavy collision gas

CID

Figure 1. Schematic of the Exactive Plus instrument.
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(figure 3). Whereas the spectrum in figure 2 seems to represent a single charge state 
distribution, we observed that it is actually the sum of many very closely overlapping 
distributions, originating from the encapsulin nanoparticle with a variable number of the 
cargo proteins encapsulated. We discovered this only when we applied high energy to the 
ions in the HCD cell, promoting dissociation, whereby subsequently up to two encapsulin 
monomeric subunits became expelled from the intact precursor ions. In the resulting 
high m/z fragment ions, the underlying distributions of the different species became 
resolved (figure 3).

The resulting masses correspond to an integer number of loaded cargo proteins, thereby 
verifying the more accurate mass assignments on the HCD product ions compared to the 
intact parent ions. We observe charge state distributions corresponding to nanoparticles 
of the 60-mer encapsulin, encapsulating between exactly 8 and 12 copies of foreign 
fluorescent cargo molecule. The intensity weighted average number of encapsulated 

 

Figure 2. Native MS of virus-like particles on the modified Exactive Plus. Shown are encapsulin (top), adeno-
virus do-decahedron (middle) and adeno-associated virus serotype 1 (bottom). Corresponding structures are 
also shown on the graphs. The quoted masses represent the average ± standard deviation over all charge states 
in the spectrum. 
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cargo molecules is determined at 10.6 TFP per encapsulin nanoparticle. The results show 
that the modified Orbitrap platform can be used to quantify the encapsulated cargo in 
this ~2 MDa bacterial nanocontainer with sufficient resolution to also characterize the 
ensemble spread. To validate the above quantitation procedure, we used the extracted 
intensity information on the individual encapsulin-cargo stoichiometries to reconstruct 
a theoretical spectrum for the intact particle. 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 [33]. These spectra illustrate 
how the very close overlap between the different charge state distributions results 
in one unresolved ion series (the required resolution to separate these peaks at half-
height is 2500–3000, currently beyond the capabilities of the instrument). Summing 
the theoretical spectra together reasonably reproduces the experimental spectrum of 
the undissociated encapsulin with the determined mixed number of fluorescent cargo 
proteins encapsulated.
The Dd and AAV1 particles have similar masses of around 3.5 MDa. Still, the corresponding 
mass spectra shown in figure 2 look strikingly different. Dd has been proposed as 
a noninfective vector for gene transfer and is structurally a dodecahedron made of 
adenovirus pentons, i.e., a 60-mer homo-oligomeric assembly, having a single defined 
mass. AAV1 has a T = 1 icosahedral capsid and is extensively used as a vector for gene 
therapy and vaccine delivery [34, 35]. It is the first approved gene therapy vector in the 
Western world [36]. In AAVs, alternatively splicing and differential codon usage of a single 
capsid gene produces three variants of the capsid viral protein, VP1/VP2/VP3. The VP3 
sequence is common between all three splice variants, and VP2 and VP1 have N-terminal 
longer sequences, with VP1 containing a phospholipase domain in its unique region. The 
exact amounts of VP1/VP2/VP3 in the capsid are unknown but estimated to be 1/1/10, 
based on densitometry analyses of the capsid proteins resolved on SDS-PAGE [37–39]. 
Despite many reported crystal structures and cryo-electron microscopy reconstructions of 
several AAV serotypes, it is currently not known whether there is any defined VP1/VP2/VP3 
stoichiometry in the capsid, as only the common part between the three splice variants 
(VP3) is clearly resolved in those structures. In our mass spectrum of AAV1 capsids, we were 
able to resolve three series of peaks (see figure 4). From the calculated masses, we can 
determine the copy numbers of VP1/VP2/VP3, also applying the constraint that the total 
copy number in the capsid is fixed at n = 60. On the basis of the sequences of VP1/VP2/
VP3, their monomer masses are calculated to be 81375/66225/59606 Da, respectively. On 
the basis of these theoretical masses, the experimental masses of the intact capsids were 
used to estimate the VP1/VP2/VP3 copy numbers, where we considered every theoretical 
mass within 2 standard deviations of the experimental mass to be a possible match.



57

D e v e l o p m e n t  o f  m a s s  s p e c t r o m e t e r s  f o r  n a t i v e  M S

II

The masses listed in figure 4 correspond to capsids with a single copy of VP1 and between 
9 and 11 copies of VP2 (with all remaining subunits VP3). For all three series of peaks, the 
charge state assignment is relatively ambiguous. We get a similar standard deviation of 0.5 
kDa on the calculated masses, regardless of whether the masses are calculated using the 
charge-state range of 165–178 or 164–177 (a bigger shift in charge state assignment does 
result in bigger errors). By simulating theoretical spectra of AAV1 capsids with different 

Figure 3. Identifying and quantifying foreign cargo en-capsulation (Teal Fluorescent Protein, TFP) in bac-
terial encapsulin. (a) Native MS spectrum of encapsulin at high collision energy, showing dissociation of up 
to two en-capsulin 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.
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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 table S1). 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 

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) Simu-
lated 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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of VP1/VP2/VP3 offer an explanation for the lack of VP1/VP2 density in the structural 
analyses of AAV, as the lack of symmetry would preclude VP1/VP2 to clearly appear in 
reconstructions of the particles.

To illustrate the benefit of the native MS-based approach described here, data acquired 
by SDS-PAGE and negative stain electron microscopy on AAV1 particles are provided in 
figure S5. These represent more conventional techniques for the analysis of AAV and other 
protein-based nanoparticles in general. Whereas SDS-PAGE does provide good separation 
of VP1/VP2/VP3, such an experiment only provides an ensemble average regarding the 
relative amounts of the three different capsid proteins, as the particles fully disassemble 
when analyzed under denaturing conditions. Techniques such as negative stain electron 
microscopy visualize the intact particles, but despite the relatively high spatial resolution 
attained, no information can be gained on the relative amounts of VP1/2/3 in the absence 
of any distinct morphological features. SEC or gel shift assays similarly lack the resolution 
to resolve mass differences on the order of 0.1%. As discussed above, even when the 
particles were analyzed with atomic-level resolution using X-ray crystallography, no 
density corresponding to the unique regions of VP1 and VP2 could be seen, because of 
the inherent variability between the particles. For these reasons, the ability to determine 
with high precision and mass resolving power the absolute masses of nanoparticles 
makes the MS-based approach described here a uniquely powerful analytical tool.

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 [17–22]. Whereas enhanced collisional cooling is in principle also 
possible on the Orbitrap-based instrument described here, there is a possible benefit of 
the strategy for improved high mass transmission that we employ. By increasing the quasi-
potential well depth of the ion focusing devices, we prevent the introduction of excessive 
gas in regions of the instruments where this is unwanted. Most notably, it was recently 
demonstrated that the main reason for a decay of signal for larger ions in the analyzer is due 
to collisions with background gas [40]. We identified the C-trap as a bottleneck for efficient 
high mass transmission, but collisional cooling in this region would lead to particularly high 
pressures in the Orbitrap as well, which we anticipate to lead to rapid decay of coherent and 
stable oscillation of the ions inside the Orbitrap analyzer.

In conclusion, we have identified limitations for high mass analysis in the Orbitrap-based 
platform for native MS and developed a successful strategy to improve the instruments 
sensitivity at high m/z. This allows the characterization of virus-like assemblies with 
superior mass resolving power, thereby facilitating analyses such as the quantification 
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of cargo encapsulation in engineered virus like particles for nanotechnology, and the 
precise definition of protein stoichiometries in heterogeneous protein assemblies.
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M at e r i a l s  a n d  m e t h o d s

Sample preparation
Samples were prepared for mass spectrometry by buffer exchange to ammonium acetate, 
using Vivaspin 500 K 10 kDa MWCO centrifugal filter units. GroEL samples were analyzed 
from 50 mM ammonium acetate, pH 6.8. Encapsulin and dodecahedron samples were 
analyzed from 150 mM ammonium acetate, pH 6.8. The AAV1 samples were prepared as 
previously described [41, 42] and analyzed in 100 mM ammonium acetate, pH 6.8. Aliquots 
of 1–2 μL, at a final concentration of ~2 μM, were loaded into gold-coated borosilicate 
capillaries (prepared in-house) for nanoelectrospray ionization.

Instrument Modifications
The Exactive Plus mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) was 
modified to include an adjustable gas supply for the HCD cell, and analogue filters were 
removed from the image current preamplifier to allow detection over the entire frequency 
range. The control software of the instrument was modified to allow the standard mass 
range of this instrument to be increased from m/z 50–6000 to m/z 400–40 000. In addition, 
maximum RF voltages were applied to all RF multipoles including the C-trap. Instead of 
trapping in the C-trap, ions were allowed to enter the HCD cell and were stored there prior 
to their return back into the C-trap. Manual tuning of the voltage offset on the transport 
octapole was used for mass filtering of the incoming protein ions, as previously described 
[26]. 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.
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S u p p o r t i n g  I n f o r m at i o n

Limiting factors in transmission efficiency of high mass ions
Before setting out to make further modifications, in order to extend the accessible 
mass range beyond what we reported previously, we investigated which factors would 
influence high mass ion transmission and detection on the Orbitrap 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 
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and therefore is inversely proportional to m/z. A similar formula is also applicable 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

( ) ( )2

0 F
RUr ⋅<ϕ  (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

),( 00 UUCrF ⋅=  (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 sufficiently high 
pressure of residual gas in the corresponding multipole, so that any excess radial energy 
is damped in collisions, preferably over the length comparable 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 efficient 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 
(figure  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 fragments 
(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

( ) kTRT ≈ϕ  (4)

Substituting RT from (4) into (2)-(3), we obtain the upper limit for transmitted m/z:
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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 potential into a multipole 
(see Figure S1) depends on the distance from the aperture as exp(±x/h) where 1/h2 is the 
eigenvalue of the Laplace operator 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 (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 
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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 entrance 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:
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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 figure S2). 
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S u p p l e m e n ta r y  M at e r i a l s  a n d  M e t h o d s

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 transmission of ions at high m/z.

Tuning of some crucial instrument parameters was necessary for the analysis of mega 
Dalton 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 operating 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 acquisition were averaged before FT as microscans, rather than combining spectra 
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.

Table S1. 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

  stoichiometry stoichiometry

peak 
series

mass 
(kDa)

stdev VP1 VP2 VP3 mass 
(kDa)

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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Figure S5. AAV1 capsid gross morphology and VP composition. (a) 5μl 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 dena-
tured AAV1 capsids showing VP1,VP2 and VP3.
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High f idelity mass analysis  unveils  heterogeneity in  intact ribosomal particles

S u m m a r y

Investigation of the structure, assembly and function of protein–nucleic acid 
macromolecular machines requires multidimensional molecular and structural biology 
approaches. We describe modifications to an Orbitrap mass spectrometer, enabling 
high-resolution native MS analysis of 0.8- to 2.3-MDa prokaryotic 30S, 50S and 70S 
ribosome particles and the 9-MDa Flock House virus. The instrument’s improved mass 
range and sensitivity readily exposes unexpected binding of the ribosome-associated 
protein SRA.
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I n t r o d u c t i o n

Hybrid approaches such as cryo-electron microscopy (cryo-EM) and cross-linking mass 
spectrometry in structural biology have yielded much new insight into the workings of 
some of nature’s most intricate molecular machines [43–45]. Native mass spectrometry 
(native MS) [46] can also help characterize molecular machines by providing insight 
into their composition, modularity and ligand binding, revealing structural details that 
might be elusive with other methods [47]. However, analysis of large protein complexes 
requires a dedicated mass spectrometer that combines high mass resolution, high mass 
range and high sensitivity. The extended mass range Orbitrap instrument (EMR) [26, 29] 
was designed to address this need and has now been successfully used for systems in 
the range of 20–250 kDa [48–50]. Although this instrument can also successfully analyze 
whole viruses up to 4.5 MDa, its low sensitivity at high mass-to-charge ratios (m/z) greatly 
reduces its applicability in analyzing such particles [51, 52].

Protein–nucleic acid complexes attain a relatively low number of charges during 
electrospray ionization, as their oligonucleotide components contribute to the mass but 
maintain little or no net positive charge (figure 1a). This property of protein–nucleic acid 
complexes, together with their high molecular weight, make them particularly challenging 
to analyze with current native MS instrumentation. Therefore, we set out to modify a Q 
Exactive Plus (QE) Orbitrap instrument with the aim of improving its sensitivity at high 
m/z, thereby extending the upper mass limit and enabling high-resolution accurate mass 
measurement of large protein–nucleic acid complexes. The resulting ultra-high mass 
range spectrometer (QE-UHMR) has a high-mass quadrupole and several modifications to 
enhance detection of ions of very high m/z. To demonstrate its capabilities, we analyzed 
multiple high-molecular-weight protein–nucleic acid assemblies: 30S, 50S and 70S 
Escherichia coli ribosomal particles and authentic Flock House virus particles containing 
genomic RNA.

R e s u lt s  a n d  d i s c u s s i o n

Native MS analysis of large protein–nucleic acid complexes requires efficient transmission 
of their ions, which have very high m/z values, through the mass spectrometer to the 
detector. Although the Orbitrap mass analyzer has no theoretical upper m/z limit, 
transmission through radio frequency (RF) confining multipoles hampers the detection 
of high-m/z ions. Here we describe modifications (see Materials and Methods) aimed at 
increasing the transmission and resolution of ions with an m/z ratio above 20,000. Briefly, 
focusing of ions was enhanced by lowering the RF frequency of the instrument’s ion 
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guides. In-source trapping of the ions provided improved and controllable desolvation 
while focusing the ion cloud in the front end of the mass spectrometer. Finally, transport 
of the high-m/z ions from the C-trap into the Orbitrap mass analyzer was optimized to 
efficiently capture them  (figure S1). The collective result of these modifications was a 
substantial increase in ion transmission and an extension of the experimental upper m/z 
limit to more than twice that of the EMR, as shown through analysis of hepatitis B virus–
like particles (figure 1b and figure S2a). Additionally, the high-mass quadrupole of the QE-
UHMR allowed isolation and fragmentation of protein complexes at very high m/z values, 
enabling tandem MS analysis [25] (figure S2b,c). We also demonstrate the enhanced 
capabilities of this instrument through the analysis of several challenging protein–nucleic 
acid assemblies.

Figure 1. Increased sensitivity for high-m/z ions enables high-resolution mass analysis of protein–nucleic 
acid macromolecular machineries. (a) Ratio of the measured and expected m/z values for a number of pro-
tein assemblies (blue) and protein–nucleic acid assemblies (orange; RNA content is shown as a percentage of 
molecular weight). The values for protein-only assemblies are taken from the literature. (b) Ion transmission ef-
ficiency plotted against average m/z values of several protein (or protein–nucleic acid) complexes for QE-UHMR 
(orange) and EMR (blue) instruments. Asterisks indicate assemblies measured in the present study.
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Prokaryotic ribosomes are large, protein–ribonucleic acid molecular machines 
responsible for the translation of proteins from mRNA transcripts. They consist of two 
parts: the smaller 30S ribosome and the larger 50S ribosome, which assemble in the 
presence of Mg2+ ions into the 70S ribosome. The 30S ribosomes are responsible mainly 
for translation initiation and consist of 21 proteins (RS1 to RS21) and a fragment of 
ribosomal RNA (16S rRNA). The 50S ribosome, which contains the catalytic peptidyl 
transferase site, consists of 36 proteins (RL1 to RL36) and two rRNA fragments (5S and 
23S rRNA). The complete 70S ribosome reaches a molecular weight of ~2.30 MDa [53]. 
Structural investigation of E. coli ribosomes is challenging owing not only to their size 
and complexity but also to their inherent heterogeneity. Some ribosomal proteins may 
be present substoichiometrically, whereas other ribosome-interacting proteins may be 
recruited at different stages of translation. Additionally, small modifications have been 
mapped to both the ribosomal proteins and rRNA fragments. A further challenge for native 
MS analysis is the requirement of Mg2+ ions to stabilize in particular the 70S particles, 
which causes significant peak broadening and signal suppression in the resulting mass 
spectra. Notwithstanding the fact that impressive MS data on ribosome particles were 
reported a decade ago [54], mass spectra displaying the heterogeneity in the 30S and 50S 
particles were absent, and no mass could be assigned from the unresolved spectra of the 
70S particles.

We analyzed 70S, 30S and 50S ribosome particles using the QE-UHMR mass spectrometer 
(figure 2). The enhanced sensitivity of the instrument allows the use of charge reduction 
by adding triethylammonium acetate to the spray solution to further enhance mass-
resolving power [51]. Figure 2a (top) shows the mass spectrum of intact E. coli 70S 
ribosomes in the presence of 10 mM Mg2+, with ions centered around 36,000 m/z. The 
well-resolved series of charge states allows determination of the accurate mass of the 
fully assembled 70S ribosome of 2,316 ± 1 kDa, which matches well with the expected 
mass (2,302 kDa). The mass deviation of 0.6% from the theoretical mass is attributable 
partly to incomplete desolvation but is caused mainly by nonspecific adduction of the 
Mg2+ ions.

Lowering the Mg2+ concentration led to disassembly of the 70S particles into the 30S 
and 50S particles (figure 2a, bottom). Use of the QE-UHMR revealed a number of 
previously hidden details. The two most abundant 30S ribosome assemblies (788.59 
± 0.08 kDa and 850.1 ± 0.10 kDa) have a mass difference of ~61.50 kDa (figure 2b). The 
mass of 850.09 kDa is in good correspondence with the expected mass for complete 
30S particles (847.54 kDa), and we hypothesize that the mass of 788.59 kDa originates 
from the substoichiometric presence of the RS1 protein (expected mass loss = 61.2 kDa). 
The RS1 protein, which mediates the interaction of the mRNA with the 16S rRNA and is 
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therefore essential for translation, is loosely associated to the 30S particles and is highly 
dynamic. Therefore, the protein is often intentionally removed before crystallization and 
is absent in all high-resolution cryo-EM reconstructions [55]. We additionally resolved 
two lower-abundance 30S particles (793.75 ± 0.08 and 855.26 ± 0.05 kDa) that also show 
partial absence of the RS1 protein. However, the 5.16-kDa mass difference between the 
two sets of assemblies seems to indicate the presence of a small ribosome-interacting 
protein. Tandem MS experiments of the 30S ribosome particles (figure 2d and figure S3) 
provided a more accurate mass of 5,095 Da, which we assigned to the stationary-phase-
induced ribosomal-associated protein (SRA, expected mass = 5,095.8 Da). Bottom-up 
liquid chromatography–tandem MS (LC-MS/MS) analysis of all proteins present in the 70S 
ribosome preparation (figure 2e) confirmed the presence of the SRA protein and revealed 
it to be the most abundant nonribosomal protein in the preparation and substantially 
more abundant than other stress-related proteins (raiA, RsfS and HPF). The SRA protein is 
a ribosome interactor that is bound to around 10% of E. coli ribosomes during log-phase 
growth and to 40% when the bacteria enter stationary phase [56]. Our measurements 
indicated that ~22% of the 30S particles in the preparation were bound to SRA protein 
(figure 2b).

The majority of 50S ribosome particles, which are substantially larger than 30S particles, 
had a mass of 1,389.7 ± 0.15 kDa (figure 2c), which is in good agreement with the expected 
molecular weight of a 50S particle without the stalk complex (50S – RL10[RL7/12]4). 
This highly flexible structure consists of one copy of the RL10 protein bound by two 
heterodimers of RL12 and RL7 ([RL7/12]4). The stalk complex, mediating the interaction of 
the ribosome with GTPase elongation factors, is only partially annotated in the available 
high-resolution structural models, and RL7 and RL12 are the only ribosomal proteins that 
do not directly interact with the rRNA [57]. Dissociation of the stalk complex pentamer 
from the 50S ribosome has been observed in MS experiments and may occur more readily 
under low-magnesium conditions [58]. We also detected a less-abundant form of 50S 
particle with a mass of 1,431.5 ± 0.65 kDa, which fits best to 50S particles missing only one 
RL7/RL12 heterodimer (50S – [RL7/12]2). Taken together, our high-resolution native MS 
data expose the heterogeneity of the 30S and 50S particles. This may partly explain why 
the mass spectra of the 70S particles presented here are less well resolved: they evidently 
represent the sum of the heterogeneous 30S and 50S particles.

To explore the limits of the QE-UHMR, we performed native MS analysis of Flock House 
virus (FHV), an insect virus with a single-stranded RNA (ssRNA) genome encapsidated by 
a 33-nm (diameter) protein shell consisting of 180 copies of the 43.6-kDa capsid protein-α 
(Cpα). The segmented genome is formed by the 3,107-nt RNA1 that encodes an RNA-
dependent RNA polymerase and the 1,400-nt RNA2 that encodes the capsid protein. 
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Figure 2. Accurate mass measurement of 70S, 50S and 30S ribosome particles. (a) Left, structures of the 
E. coli 70S ribosome consisting of the 50S (proteins are shown blue, rRNA in green) and 30S (proteins shown in 
red, rRNA in orange) particles. Right, high resolution native mass spectra of the 70S, 30S and 50S ribosomes. (b) 
Distinct particles of the 30S ribosome. Masses are shown as mean ± s.d. (c) Distinct particles of the 50S riboso-
me. In most particles, the pentameric stalk complex is absent. (d) Quadrupole time-of-flight (Q-ToF) tandem MS 
spectra of the 30S ribosome particle expose the release of the SRA and the RS6 protein. (e) Bottom-up LC-MS/
MS and intensity-based absolute quantification (IBAQ) shows the abundance of all proteins in the ribosome 
preparation.
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Together, the protein and RNA segments form the virus, with a theoretical mass of >9 MDa. 
We analyzed the authentic virions of FHV purified after infection of cultured Drosophila 
cells using native MS. In the resulting mass spectrum (figure 3a), a clear series of sharp and 
well-resolved charge states was observed around 42,000 m/z, a region inaccessible to the 
EMR, with an average peak width at half-height of around 70 m/z. The accurate mass of 
FHV measured here was 9,325.5 ± 0.8 kDa, which agrees well with the expected mass when 
assuming 180 copies of Cpα and the two RNA segments (9,307.2 kDa). Notably, tandem MS 
analysis of the virions revealed the release of two proteins with masses of 39,193.23 ± 1.65 
Da and 4,394.61 ± 0.5 Da (figure 3b and figure S4). These masses correspond well with 
the masses expected for capsid protein-β and the membrane-permeabilizing γ-peptide, 
formed through autoproteolytic cleavage of Cpα during viral maturation [59] (figure 3c). 
Because the native mass spectrum of the intact virion appears to represent a relatively 
homogeneous population of virus particles and no Cpα could be detected, we conclude 
that the autoproteolytic cleavage is complete and that most if not all peptide-γ copies 
remain noncovalently associated to the capsid after they have been formed.

QE-UHMR enables native MS experiments with substantially increased sensitivity and 
mass resolution at high m/z. This instrument enabled high-fidelity, hypothesis-free mass 
analysis of E. coli ribosome particles, revealing the substoichiometric association of the 
elusive small protein SRA. Native MS of ribosomal particles from both prokaryotic and 
eukaryotic sources therefore has potential application as a quality-control step before 
analysis by EM or crystallography. This type of high-resolution native MS analysis could be 
extended to studies of ribosomal binding of drugs, antibiotics and initiation or elongation 
factors; detection of low-copy-number viral proteins such as polymerases or proteases; 
and analysis of numerous other complex macromolecular machines.

Acknowledgements
The authors would like to thank P. Lössl and F. Liu (Utrecht University) for assistance in the 
bottom-up LC-MS/MS analysis. M.v.d.W., K.L.F. and A.J.R.H. are funded by the large-scale 
proteomics facility Proteins@Work (Project 184.032.201) embedded in the Netherlands 
Proteomics Centre and supported by the Netherlands Organization for Scientific Research 
(NWO). M.v.d.W. and A.J.R.H. are also supported by a Projectruimte grant (12PR3303-
2) from Fundamenteel Onderzoek der Materie (FOM). A.M. and A.J.R.H. acknowledge 
additional support through the European Union Horizon 2020 program FET-OPEN project 
MSmed, Project 686547. A.R. is supported by a University of Texas Medical Branch (UTMB) 
startup fund and the Texas Rising STARs Award from the University of Texas System.



75

D e v e l o p m e n t  o f  m a s s  s p e c t r o m e t e r s  f o r  n a t i v e  M S

II

M at e r i a l s  a n d  m e t h o d s

Instrument modification and performance
The electronics of a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific) were 
modified to enable lowering of the radio frequency (RF) on the instrument’s ion guides 
(figure S1). The RF in the bent flatapole, quadrupole, transfer multipole, C-trap, and 
higher-energy collisional dissociation (HCD) cell were set to 1.1 MHz, 278 kHz, 770 kHz, 
2.1 MHz and 770 kHz, respectively. As high-m/z ions need more time to transfer from the 
C-trap into the mass analyzer, the voltage ramp on the central electrode was extended by 
changing the pulse slew rate on the pulser board, and the starting voltage was adjusted. 

Figure 3. High-resolution native MS of FHV. (a) Left, native mass spectrum of the 9.3-MDa FHV detected at 
42,000 m/z. Right, magnification of this region showing baseline resolved charge states. (b) Quadrupole time-
of-flight (Q-ToF) tandem MS of FHV particles reveals the exclusive loss of capsid protein-β and the γ-peptide. 
(c) Structure of the FHV fivefold symmetry axis (PDB 4FTE) shows the capsid protein-β (blue) and the cleaved 
peptide-γ (yellow).
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The preamplifier and data acquisition system was modified in the same way as for the 
previously reported Exactive Plus EMR instrument [26].
As the size of a protein complex increases, the amount of nonspecific adducts (for example, 
solvent molecules) increases and additional energy is needed to effectively desolvate 
these ions. To assist in desolvation, ion trapping was enabled in the injection flatapole 
region [60]. This essentially eliminated the compromise between ion transmission and 
desolvation that is present in the Exactive Plus EMR when high-m/z ions are accelerated 
by the gas jet from the transfer tube. To diminish this acceleration, the diameter of the exit 
aperture of the S-lens was reduced from the standard 2 mm to 1 mm. During trapping, the 
interflatapole lens was maintained at 69 V (for positive ions), blocking jet-accelerated ions 
from exiting the injection flatapole. Moreover, the injection flatapole was maintained at 
a certain negative voltage, termed the desolvation voltage, to establish a potential drop 
between S-lens exit aperture and the injection flatapole. As ions exit the S-lens region, 
they lose their energy in collisions with background gas that leaks from the S-lens region, 
and settle at the bottom of the potential well. The desolvation voltage was adjusted for 
each protein complex individually; it typically lies in the range of −50 to −200 V but has a 
maximum of −300 V. After a set time of 4 ms, the voltage on the injection flatapole was 
pulsed to a normal positive value of around 15 V, and the inter-flatapole lens pulsed down 
to around 10 V to allow for transmission. In addition to assisting in the desolvation of these 
protein complexes, ion trapping collisionally dissipates the ions’ kinetic energy before the 
90-degree bent flatapole, thus assisting in the higher transmission through this region.

These modifications increased the upper m/z limit of the instrument to well above 25,000, 
as we show for charge-reduced hepatitis B virus (HBV) capsids (figure S2a). Both the 
3-MDa particle (T = 3) at 28,000 m/z and the 4-MDa particle (T = 4) at 33,000 m/z were 
well resolved, and the instrument showed no transmission bias for the lower-molecular-
weight (T = 3) particle. The HBV T = 4 particle consists of 240 copies of a 16.7-kDa capsid 
protein and was isolated using the instrument’s high-mass quadrupole (figure S2b), which 
operates at a threefold lower frequency than the original quadrupoles. Subsequently, 
the particles were fragmented using the HCD cell, which had a maximum acceleration 
voltage of 300 V, compared to the original 200 V (figure S2c). This resulted in ejection of 
monomeric capsid proteins, which appear in the low m/z range, and their concomitant 
charge-reduced products that appear at increasingly higher m/z values. We could detect 
the sequential loss of up to 17 monomeric HBV capsid proteins, resulting in detectable 
product ions reaching 75,000 m/z, by far the highest m/z ions that have ever been detected 
on an Orbitrap mass analyzer.

An instrument like the one described here can be built on the basis of a standard Q 
Exactive Plus (or Q Exactive HF) mass spectrometer under collaboration with Thermo 
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Fisher Scientific, wherein several customized boards, a capillary for gas leak and an exit 
aperture of S-lens are installed on site in place of the corresponding standard parts. 
A special version of the Tune software, which controls the mass spectrometer and supports 
all hardware modifications, is also supplied under a customer-privileged license.

Charging behavior of large protein and protein–nucleic acid assemblies
The average charge state of protein complexes measured from an ammonium acetate 
buffer by nanoflow electrospray ionization can be estimated using a previously described 
relationship with the mass

z = 1.638 × M0.5497

where z is the average charge state and M is the mass in kDa [4]. The charging ratio in 
figure 1a was determined by taking the ratio of the detected m/z and the predicted 
m/z (measured m/z / expected m/z). Detected mass-to-charge ratios were determined 
experimentally for ribosomes and FHV, whereas values for IgG1, hepatitis B virus–like 
particles (VLP) and HK97 prohead-I were taken from the literature [4, 26, 61]. Mass-to-
charge ratios of the assemblies listed in figure 1b were either determined experimentally 
(30S, 50S and 70S ribosomes and FHV) or taken from the literature (immunoglobulin G1, 
RNA polymerase II, 20S and 26S proteasome and hepatitis B virus) [26, 47, 61, 62].

Sample preparation for native mass spectrometry of 70S, 30S and 50S E. coli 
ribosomes
70S ribosome preparations were purchased from New England BioLabs (NEB) at a 
concentration of 13 μM in a buffer containing 10 mM magnesium acetate. Samples 
were buffer exchanged for MS analysis by seven consecutive dilution and concentration 
steps using a 10-kDa molecular-weight cutoff filter (Millipore) into 150 mM ammonium 
acetate, pH 7.4 (Sigma-Aldrich) with 10 mM magnesium acetate (Sigma-Aldrich). For 
analysis of 70S ribosome particles, samples were diluted to 0.5 μM ribosome in 150 
mM ammonium acetate, pH 7.4, 25 mM triethylammonium acetate, pH 7.4 (Fluka) and 
10 mM magnesium acetate. For analysis of 30S and 50S ribosome particles, samples 
were diluted to 0.5 μM ribosome in 150 mM ammonium acetate, pH 7.4, 25 mM 
triethylammonium acetate, pH 7.4 and 0.5 mM magnesium acetate.

Sample preparation for native MS of FHV virions
FHV particles were expressed in S2 Drosophila cells maintained in culture using Schneider’s 
Drosophila medium (Gibco) supplemented with 10% FBS (Gibco) and kept at 28 °C and 
5% CO2. Near-confluent cells were transfected with Lipofectamine 3000 (Thermo-Fisher) 
in 6-well plates with two pMT plasmids containing cDNA for each of the FHV genomic 
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RNAs (RNA1 and RNA2) followed by the self-cleaving hepatitis D ribozyme present to 
regenerate authentic 3′ ends. After 24 h growth, cells were induced with 500 μM CuSO4 
and allowed to grow for 24 h. 100 μl infectious supernatant from these cells was then used 
to inoculate 20 ml S2 cells in T75 flasks initiating viral infection and production. After 3 d, 
cells were harvested and lysed by addition of 1% NP-40 and storage at −20 °C.

To isolate and purify FHV particles, the frozen lysate was thawed at room temperature 
followed by a 5 min centrifugation at 4,000 r.p.m. on a tabletop centrifuge to pellet cellular 
debris. The FHV particles in the supernatant were pelleted by ultracentrifugation at 40,000 
r.p.m. for 2.5 h using a Ti50 rotor onto a 30% sucrose cushion in 10 mM Tris, pH 7.4. The 
pellet was resuspended gently in 10 mM Tris, pH 7.4. The FHV particles were further 
purified by a second ultracentrifugation step at 40,000 r.p.m. for 1.5 h using a Sw40 rotor 
on a 10–40% sucrose gradient in 10 mM Tris, pH 7.4. The fraction containing FHV particles 
was extracted and supplemented with 0.5 mM CaCl2, 5 mM MgCl2 and 40 U DNase I (NEB) 
and 10 ng RNase A (Roche) and incubated at room temperature for 1 h to remove any co-
purifying nonencapsidated cellular nucleic acid. Finally, this solution was applied atop 
a 100-kDa molecular-weight-cutoff centrifugal concentrator (Eppendorf) and washed 
by spinning for 5 min at 6,000 r.p.m., replenishing the solution with 1 volume of 10 mM 
Tris, pH 7.4, a total of five times to wash out any traces of sucrose, divalent cations, 
DNases and RNases. The final concentrated purified samples were analyzed by SDS-
PAGE gel electrophoresis. The FHV particle concentration was determined by measuring 
absorbance at 260 nm.

Approximately 25 μg virus was buffer exchanged for MS analysis by seven consecutive 
dilution and concentration steps using a 10-kDa molecular-weight-cutoff filter into 50 mM 
ammonium acetate, pH 7.4. Prior to analysis, these preparations were diluted fivefold in 
50 mM ammonium acetate, pH 7.4

Sample preparation for native MS of hepatitis B virus capsids
Hepatitis B virus capsids were prepared as described [61]. Samples were buffer exchanged 
for MS analysis by seven consecutive dilution and concentration steps using a 10-kDa 
molecular-weight-cutoff filter into 150 mM ammonium acetate, pH 7.5. For measurement 
under charge-reduced conditions, samples were diluted in 150 mM ammonium acetate, 
pH 7.5, and 25 mM triethylammonium acetate. For tandem MS measurements, samples 
were diluted in 150 mM ammonium acetate, pH 7.5.

Native MS
Samples were introduced into the mass spectrometer through the nanospray ionization 
(NSI) interface using gold-coated borosilicate capillaries prepared in house. Capillary 
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voltages were set at approximately 1,350 V in positive ion mode. Xenon was used in 
the collision cell at a pressure of approximately 1 × 10−9 mbar (readout in the Orbitrap 
analyzer). The automatic gain control (AGC) mode was fixed, and the noise level parameter 
was kept at 2. Ion transfer optics and voltage gradients throughout the instrument were 
tuned for every analyte specifically. Special care was taken for settings that could either 
cause fragmentation or act as a mass filter. We found that careful tuning of the in-source 
trapping fragmentation voltage was required, as this greatly influenced ion transmission. 
The ion transfer optics (injection flatapole, inter-flatapole lens, bent flatapole, transfer 
multipole and C-trap entrance lens) settings mainly influenced the transmission profile 
over the m/z range but did not affect fragmentation. For ribosome, FHV and hepatitis B 
virus mass spectra, these settings were put to 10, 10, 4, 4 and 9 V, respectively. Transient 
times were set at 14.6 ms for 70S ribosomes, 32 ms for hepatitis B virus and 30S and 50S 
ribosomes and 64 ms for FHV. All spectra were acquired through spectral averaging except 
for the FHV and tandem MS of hepatitis B virus, where transient averaging was applied. 
Instrument calibration was performed using cesium iodide clusters up to 11,000 m/z.

Spectra were viewed in Xcalibur Qualbrowser 2.2.44 software (Thermo Fisher Scientific). 
Masses were determined manually by minimization of the error over the charge-state 
envelope from different charge-state assignments.

Tandem MS of 30S ribosomes, 50S ribosomes and FHV
Tandem MS experiments of 30S ribosomes, 50S ribosomes and FHV were performed on 
a modified quadrupole time-of-flight (Q-ToF) mass spectrometer [22] (MS Vision; Waters). 
Samples were introduced into the mass spectrometer through the nano-electrospray 
ionization interface using gold-coated borosilicate capillaries prepared in house. Capillary 
voltages were set at ~1,350 V in positive ion mode. Xenon was used in the collision cell at 
a pressure of ~1.75 × 10−2 mbar. For analysis of 30S ribosome proteins, fragmentation was 
induced using 150 V of collision energy, whereas analysis of 50S ribosomes required 200 
V, and FHV proteins required 250 V. Spectra were analyzed using Masslynx 4.1 software 
(Waters) and deconvoluted using the transform function. The instrument was calibrated 
using cesium iodide clusters.

Expected E. coli ribosome and FHV masses
The sequences of the E. coli ribosomal proteins were extracted from the UniProtKB 
database (http://www.uniprot.org/uniprot/), and their masses were calculated from 
these sequences. (table S1).Several post-translational modifications or processing of 
the N and C termini were included after database and literature searches. A number of 
modifications were confirmed through tandem MS experiments. Sequences of the rRNA 
strands were retrieved from the BioCyc database (https://biocyc.org/), and their masses 
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were calculated. All proteins were assumed present as a single copy except for RL7 and 
RL12, which were assumed to be present as two copies. For calculation of the 30S and 50S 
ribosome mass, the RS20 protein was included in the 30S subunit and RL26 was omitted 
from the 50S subunit. The mass of the SRA protein was calculated from its sequence 
without loss of the initiator methionine.

FHV protein mass was calculated from the sequences of the capsid protein-α and capsid 
protein-β and peptide-γ. The RNA genome masses were calculated from sequences that 
were obtained from NCBI (table S2).

Determination of protein abundances in ribosome preparations by LC MS/MS
Ribosomes were treated with 10 μg/ml RNase A (Sigma-Aldrich) and incubated at 95 °C 
for 1 h to degrade the RNA. Subsequently, the sample was denatured with urea, reduced 
with 1,4-dithiothreitol, alkylated with iodoacetamide and digested at 37 °C using Lys-C 
and trypsin as described [63]. The resulting peptide mixture was desalted using Sep-Pak 
C18 Cartridges (Waters) and analyzed with an Agilent 1290 UPLC (Agilent Technologies) 
online coupled to an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific), 
which were operated with a previously described 90-min LC-MS/MS method [63]. Briefly, 
peptides were separated by reversed-phase chromatography (column in-house packed 
with Poroshell 120 EC-C18, 2.7 μm, Agilent Technologies) and mass analyzed in top-speed 
mode with a 3-s cycle time, performing MS1 and HCD-MS2 scans, both acquired in the 
Orbitrap analyzer at respective mass resolutions of 60,000 and 15,000 (at m/z 200). The 
data were analyzed using MaxQuant v1.5, and protein abundance was calculated as an 
intensity-based absolute quantification (IBAQ) value [64, 65].
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Figure S1. Schematic of the Q-Orbitrap HMR mass spectrometer. Several modifications were made to the 
Q-Exactive Plus mass spectrometer. Ions are trapped in the source region through a combination of elements: 
1) the S-lens exit aperature with reduced diameter acts as the entrance lens to the ion trapping region, 2) the 
injection flatapole is pulsed down to a negative voltage termed desolvation voltage to assist with desolvation 
of large protein complexes and 3) the inter-flatapole lens is maintained at a high positive potential to prevent 
ions from eluting out of the injection flatapole region. Trapping is followed by restoration of the voltage levels 
allowing low-energy elution of trapped ions into the bent flatapole (4) where they get guided by an axial DC field 
and focused by an RF field. The RF frequencies of all ion routing multipoles were reduced: 4) 1.1 MHz on the bent 
flatapole, 5) 287 kHz on the quadrupole, 6) 900 kHz on the transport multipole, 7) 2.1 MHz in the C-trap and 8) 
900 kHz in the HCD cell. Finally, 9) high mass ions were more efficiently injected into the Orbitrap mass analyzer 
by adjusting the slew rate of the high-voltage pulse that provides capture of ions in the analyzer. 
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Figure S2. Native MS and top-down tandem MS capabilities of the Q-Orbitrap HMR mass spectrometer. 
(a) Mixtures of T=3 and T=4 hepatitis B virus capsids analyzed under charge reducing conditions span a wide 
mass range between 27,500 and 35,000 m/z. The spectrum, which contains well-resolved charge states for both 
particles, shows no bias for the 25% smaller T=3 particle. (b) The high mass quadrupole can selectively isolate 
the 4 mega-Dalton T=4 particle for subsequent fragmentation. (c) Top-down tandem MS spectrum of T=4 HBV 
capsids using 300 V HCD energy causes sequential ejection of up to 17 out of the 240 copies of the capsid pro-
tein. The ejected monomers appear at low mass to charge ratio while the concomitant product ions appear at 
increasingly higher mass to charge ratio. The inset shows an enlargement of the spectrum at 70,000 m/z con-
taining well resolved HBV capsids that have lost between 14 and 17 capsid proteins (6.5% of the original mass) 
and 68% of the original charge. These data reveal ions can be detected by the Orbitrap mass analyzer up to at 
least 75,000 m/z.
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Table S2. Components and expected and measured masses of Flock House virus. Database entries for proteins 
refer to Uniprot accession codes while RNA entries refer to the NCBI database. Expected mass for the Flock 
House virus includes 240 Ca2+ ions.

Component Database entry Expected mass Measured mass

Capsid protein alpha P12870 43578.5

Capsid protein beta P12870 39200.4 39193.2

Peptide gamma P12870 4396.1 4394.6

RNA1 NC_004146.1 1000635.6

RNA2 NC_004144.1 449618.8

Flock House virus 9307243.1 9325477.3

Table S1. Expected masses for complete 30S, 50S and 70 ribosomes based on their component proteins and 
ribosomal RNA masses. Masses only include the removal of the initiator methionine when this is reported in 
Uniprot entries. 

Ribosome Particle Expected mass

30S Ribosome 847538.6

50S Ribosome 1454563.4

70S Ribosome 2307197.8
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Examining the heterogeneous genome content of  multipartite  viruses BMV 

and CCMV by native mass spectrometry

S u m m a r y

Since the conception of the idea by amongst others Brian Chait and co-workers in 1991, 
mass spectrometry of proteins and protein complexes under non-denaturing conditions 
(native MS) has strongly developed, through parallel advances in instrumentation, 
sample preparation and data analysis tools. However, the success rate of native MS 
analysis of, in particular heterogeneous, megadalton protein complexes, still strongly 
depends on careful instrument modification. Here, we further explore these boundaries 
in native mass spectrometry, analyzing two related endogenous multipartite viruses: the 
Brome Mosaic Virus (BMV) and the Cowpea Chlorotic Mottle Virus (CCMV). Both CCMV and 
BMV are approximately 4.6 megadalton in mass, of which approximately 1 megadalton 
originates from the genomic content of the virion. Both viruses are produced as mixtures 
of three particles carrying different segments of the genome, varying by approximately 
0.1 megadalton in mass (~2%). This mixture of particles poses a challenging analytical 
problem for high-resolution native MS analysis, given the large mass scales involved. We 
attempt to unravel the particle heterogeneity using both Q-TOF as well as Orbitrap mass 
spectrometers extensively modified for analysis of very large assemblies. We show that 
manipulation of the charging behavior can provide assistance in assigning the correct 
charge states. Despite their challenging size and heterogeneity, we obtained native mass 
spectra with resolved series of charge states for both BMV and CCMV, demonstrating that 
native MS of endogenous multipartite virions is feasible. 
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I n t r o d u c t i o n

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

CCMV and BMV share a number of important biochemical and biophysical features (figure 
1). Both belong to the bromoviridae family and contain positive sense single stranded 
RNA (ssRNA) genomes, that are packaged into a non-enveloped icosahedral T=3 capsid 
consisting of 180 copies of the capsid protein (CpCCMV or CpBMV) [20–22]. A main difference 
between BMV and CCMV is the virus host organism, cowpea plants for CCMV and grasses 
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for BMV [20]. Their capsid proteins are highly homologous sharing 70% sequence identity 
and the masses of the Cp monomers differ less than 50 Dalton. Both capsid proteins 
adopt a common “jellyroll” fold and are structurally highly homologous. CCMV and 
BMV are multipartite viruses, which means that the end result of infection is a mixture 
of particles that consist of the same protein capsid encapsulating different segments of 
the genome (figure 1e). In both BMV and CCMV, three distinct particles are formed that 
are all required for infectivity [23, 24]. The viruses package RNA1 and RNA2 separately but 
co-package RNA3 and a sub-genomic RNA4 [25]. No other proteins are packaged in the 
virions and infection readily occurs through mechanical inoculation [20, 26]. A segmented 
genome is commonly believed to provide the opportunity for genetic reassortment thus 
increasing diversity [27]. Additionally, multipartite genomes allow viruses to encode more 
information while keeping the size of the packaging capsid small. Recently however, 
Vaughan et al. proposed that partitioning also helps leveraging the differences in the 
RNA/protein interaction to regulate processes leading to replication [28]. Therefore, the 

a b c

BMV MSTSGTGKMTRAQRRAAARRNRWT-ARVQPVIVEPLAAGQGKAIKAIAGY
CCMV MSTVGTGKLTRAQRRAAARKNKRNTRVVQPVIVEPIASGQGKAIKAWTGY
     *** ****:**********:*: .   ********:*:******** :**
 
BMV SISKWEASSDAITAKATNAMSITLPHELSSEKNKELKVGRVLLWLGLLPS
CCMV SVSKWTASCAAAEAKVTSAITISLPNELSSERNKQLKVGRVLLWLGLLPS
 *:*** **. *  **.*.*::*:**.*****:**:***************

BMV VAGRIKACVAEKQAQAEAAFQVALAVADSSKEVVAAMYTDAFRGATLGDL
CCMV VSGTVKSCVTETQTTAAASFQVALAVADNSKDVVAAMYPEAFKGITLEQL
     *:* :*:**:*.*: * *:*********.**:****** :**:* ** :*

BMV L-NLQIYLYASEAVPAKAVVVHLEVEHVRPTFDDFFTPVYR
CCMV TADLTIYLYSSAALTEGDVIVHLEVEHVRPTFDDSFTPVY-
       :* ****:* *:    *:************** *****

d e

RNA1

RNA2

RNA3
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Figure 1. Structural and genomic composition of Brome Mosaic Virus (BMV) and Cowpea Chlorotic Mottle 
Virus (CCMV). (a) Structure of the protein capsid of BMV (based on PDB entry 1JS9) shows high similarity with 
(b) the structure of CCMV (PDB entry 1CWP). (c) This similarity becomes even more apparent when the asym-
metric trimeric units (BMV in red, CCMV in blue) are overlaid. The characteristic “jellyroll” folds can be seen here. 
(d) Alignment of BMV and CCMV capsid protein sequences shows high homology (70% sequence identity). (e) 
Schematic representation of the genomic architecture of BMV and CCMV. End results of infection are a mixture 
of particles carrying different segments of the single stranded RNA. RNA1 and RNA2 are packaged separately, 
whereas RNA3 and RNA4 are co-packaged. All protein structures were rendered using PyMol software. 
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ability of distinguishing between different genomic cargoes encapsulated is an essential 
first step in pursuing studies aimed at following the fate of each of the particles during the 
virus life cycle or its laboratory equivalent. 

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

R e s u lt s  a n d  d i s c u s s i o n

The masses of the BMV and CCMV capsid proteins were determined from spectra of 
denatured monomeric CpCCMV and CpBMV to be 20251 and 20295 Da, respectively (data 
not shown). These measured masses hint at the removal of the initiator methionine and 
N-terminal acetylation for both Cp’s (theoretical masses of 20254.33 and 20295.47 Da for 
CpCCMV and CpBMV respectively). No other forms of the capsid proteins could be detected. 
Based on these data and the expected genome content we generated a table with the 
theoretical masses for the three distinct intact BMV and CCMV particles (Table 1).

We initially recorded native mass spectra of BMV on a modified Q-TOF instrument (figure 
2a). The exact m/z position of the BMV signal varied strongly between experiments 
(23,000-28,500 m/z) and seemed to be largely dependent on the angle of the electrospray 

Table 1. Expected masses for CCMV and BMV virions. Protein mass is based on assumed sequences and 
processing after comparison with masses obtained by mass spectrometry under denaturing conditions. RNA 
lengths and sequences are taken from the Viper database. Masses are in Dalton and RNA lengths in number of 
nucleotides.

CCMV

Particle Protein Copies Protein Mass RNA Length RNA Mass Total Mass

RNA 1 180 3645401 3171 1020949 4666351

RNA 2 180 3645401 2774 892247 4537648

RNA 3/4 180 3645401 2173/824 964451 4609852

BMV

Particle Protein Copies Protein Mass RNA Length RNA Mass Total Mass

RNA 1 180 3653190 3234 1041799 4694989

RNA 2 180 3653190 2865 921040 4574230

RNA 3/4 180 3653190 2111/876 961774 4614964
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needle relative to the mass spectrometer entrance. This variation is more commonly 
observed when using Z-spray sources but varies from analyte to analyte. In the majority of 
the spectra, the most abundant charge state envelopes were present around 26,000 m/z. 
However, in all cases, less abundant charge distributions were detected at higher m/z, 
with approximately 10% lower charge. This signal persisted at low collisional activation, 
indicating that they are not (merely) a result of initial gas phase dissociation. As these 
low abundant distributions are often convoluted by more abundant distributions and 
dissociation products, we focused our analysis mainly on the higher charged distribution 
appearing at lower m/z. Initial analysis of the spectrum in figure 2a indicated the presence 
of 3 distinct species. Charge state assignment was confident for two of the species, resulting 
in masses of 4575.2 ± 0.5 and 4618.9 ± 0.7 kDa, which matched well with the expected 
masses for RNA2 and RNA3+4 particles, respectively. The charge state assignment of the 
third species was more ambiguous, and was determined as either 4710.3 ± 1.3 or 4684.9 
± 1.0 kDa, which corresponds to a charge difference of 1z. Nonetheless, this is in good 
proximity of the expected mass for an RNA1 filled BMV particle. Based on the measured 
masses we simulated spectra for the different species using the software package SOMMS 
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Figure 2. Native mass spectra of BMV endogenous virions acquired on a quadrupole time of flight instru-
ment. a) BMV sprayed from aqueous ammonium acetate and b) sprayed from a mixture of ammonium acetate 
and triethylammonium acetate. In this particular case, charge reduction through triethylammonium acetate 
addition lowers the number of particles that are resolved although the spacing between the charge states is 
increased. Insets: magnified regions of the boxed areas of the spectra, with peaks corresponding to three charge 
states of the three distinct BMV particles colored. The charge state assignments for the middle charge states are 
indicated at the top.
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(figures S1a and S1b) [29]. This allowed approximation of the relative levels of the three 
components as 1.5:1:1 (RNA3+4 : RNA2 : RNA1 respectively). This is close to the values 
obtained from gel electrophoresis densitometry (1.5:1:0.7, figure S2).

We additionally acquired spectra of the BMV virions on the Orbitrap EMR mass spectrometer 
(figure 3) [2, 30]. We often observe that large complexes retain more charges when 
sprayed on the Orbitrap instrument, when compared to the Q-TOF instrument. Although 
we cannot fully explain this we suspect it to be due to a different design of the source and 
the different desolvation characteristics in both instruments. The resulting charge state 
envelope on the Orbitrap centers around 23,000 m/z and is clearly base-line resolved, 
but appeared to contain only a single component related to a particle with a mass of 
4621 kDa, which we assigned as the RNA3+4 packed BMV virion. The RNA2 and RNA1 
containing particles are most likely not resolved at the current instrument resolution due 
to a combination of factors. Firstly, the retention of more charges causes charge states to 
be more closely positioned to eachother leaving less free space for multiple components. 
Secondly, in the current m/z region, the charge states of the three particles are predicted 
to cluster more closely together in groups of three (see also the simulations in figure 3b). 
And finally, the more abundant RNA3+4 peaks are predicted to be positioned on the left 
side of these clusters so any tailing of these peaks can overlap with the RNA1 and RNA2 
charge states.

Both the mass measurement and the quantification of the different BMV particles, but in 
particular the RNA1 virion, are hampered by the significant overlap in the charge states 
of the different particles. Therefore, we attempted to move the BMV ion signals to higher 
m/z by reducing the charge they attain in the ESI process. A method to reduce the charge 
states of proteins in the gas phase is through addition of proton-scavenging compounds 
that have high gas-phase basicity to the spray buffer. Several of these compounds have 
been reported in literature but have to be used with caution especially when measuring 
high molecular weight proteins [31, 32]. They are generally not as volatile as the commonly 
used ammonium acetate and can cause extensive adduct formation, resulting in peak 
broadening and loss of mass resolving power. To circumvent this, we chose to add 25 mM 
of triethylammonium acetate (TEAA) prior to injection in the mass spectrometer, as this 
compound is volatile and has a similar pKA as ammonium acetate. When applied on the 
Q-TOF instrument, this shifted the center of the charge state distribution to approximately 
29,500 m/z through a loss of around 12% of the initial charge in ammonium acetate (figure 
2b). In the resulting spectrum we were able to detect two distinct species and assigned 
their masses as 4576.9 ± 0.3 and 4620.3 ± 0.3 kDa, in good agreement with the RNA2 and 
RNA3+4 masses. Simulation of the BMV masses indicated that in this m/z region it is 
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most likely not possible to resolve RNA1 from the other two particles, especially since it 
overlaps mainly with the RNA2 signal   (figure S1c).

Figure 3. (a) Native mass spectra of BMV on the Orbitrap EMR with extended mass range. (b) Top: Enlargement 
of the region around 22,750 m/z a shows single series of well-resolved charge states. However, only a single 
mass could be assigned from this envelope. Bottom: Simulation of the theoretical masses of BMV in the same 
region indicates close positioning of the peaks belonging to the different BMV particles
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Up to this point, we succeeded to confidently identify RNA2 and RN3+4 loaded BMV 
virions. In an ultimate attempt to identify RNA1 particles, we performed tandem MS 
experiments on both BMV sprayed from aqueous ammonium acetate or an ammonium 
acetate/triethylammonium acetate mixture (figure 4). Tandem MS, in combination with 
collision induced dissociation, is a commonly used tool in native mass spectrometry of 
protein complexes. It assists in identifying components of the complex by making use 
of the principle of asymmetric charge partitioning. As the protein complex ions collide 
with the inert gas molecules, single subunits are unfolded and ejected, appearing at low 
m/z (the low mass product). The high mass product, essentially the complex missing the 
ejected subunit, moves to higher m/z as it has a reduced charge density. For virus capsids, 
generally homo-oligomers, loss of multiple monomeric subunits is often detected, 
resulting in high mass products with increasingly higher m/z. As the quadrupole selection 
efficiency of ions with close to 30,000 m/z is rather poor, we had to perform the CID of the 
TEAA treated samples by selecting the full charge state envelope. Loss of up to three CpBMV 
subunits was detected for the ammonium acetate samples while in the triethylammonium 
acetate samples it was limited to loss of two subunits, primarily because the maximum 
collision energy was reached. Although especially in the products around 33,000 m/z 
there seemed to be multiple species present, only two could be confidently assigned as 
RNA2 and RNA3+4. 

As described above, BMV and CCMV are highly similar viruses, both structurally and 
genomically. Therefore, we continued our native MS experiments on endogenous CCMV 
virions using a Q-TOF mass spectrometer. We detected a relatively broad charge state 
envelope around 26,000 m/z, which is in good agreement with estimations based on a 4.5 
MDa particle (figure 5a). In addition, we analyzed the sample under similar conditions in 
an Orbitrap EMR with extended mass range (figure 5b). Both Q-TOF and Orbitrap spectra 
shown here of CCMV only show a single series of charge states in the spectrum, in agreement 
with what we previously reported [2]. Based on the expected masses in table 1 we 
simulated mass spectra of the three CCMV particles theoretically present in the spectrum 
(figure 6a). This clearly shows that at the m/z position where CCMV ion signals are located, 
around 26,000 m/z, resolving the 3 types of particles that are putatively present requires a 
higher mass resolving power than is feasible with the current generation of instruments. 
This requirement for high resolution is not so much a result of small mass differences 
between the particles, as it is due to significant overlap of the charge state positions of 
the three particles. Therefore, we hypothesized that shifting the different species to an 
m/z other than 26,000 could allow a better separation of the individual types of particles. 
To achieve asymmetric charge partitioning, all-ion fragmentation of CCMV was performed 
using over 250 V collisional activation in the Q-TOF’s Xenon filled collision cell (figure 5c).  



98

C h a p t e r  I I I

Surprisingly, inspection of the low m/z region of the spectrum (inset) indicated that instead 
of unfolding and ejection of CpCCMV monomers, backbone fragmentation was favored. 
Thus, very limited charge reduction was detected. Alternatively, addition of TEAA to the 
spray buffer resulted in an approximate loss of 25% of the charge on the CCMV particles, 
giving rise to signal around 35,000 m/z, instead of 26,000 m/z (figure 5d). Although at least 
one clear series of charge states could be detected in this spectrum the corresponding 
mass (4622 kDa) could not be assigned unambiguously to one of the expected CCMV 
particles. Additionally, simulated spectra at this m/z position (figure 6b) showed strong 
overlap for the peak positions of RNA2 and RNA3/4 particles. Although peaks for RNA1 
particles seem better positioned, it still depends on their relative abundances and the 
mass resolving power whether the different components can be distinguished.

In this paper, we explore the capabilities of separating and analyzing very large 
heterogeneous particles, i.e. the endogenous multipartite virions of CCMV and BMV, using 
four different native mass spectrometry approaches. To our knowledge, the collection of 
native mass spectra of genome containing virion samples in literature is quite limited [33]. 
Viral genomes are very diversely organized through nature and it is commonly accepted 
that each different organization provides some benefit during the lifecycle of the 
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Figure 4. Tandem MS spectra acquired on a quadrupole time-of-flight instrument of BMV sprayed from 
aqueous ammonium acetate. (a) or an ammonium acetate–triethylammonium acetate mixture (b). Collision 
induced dissociation results in sequential loss of CpBMV subunits, resulting in distinct product ions that are 
colored in the spectrum. The precursor signal is colored red.
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Figure 5. Native mass spectra of multipartite CCMV endogenous virions acquired under different experi-
mental conditions using different mass analyzers. (a) Spectrum acquired using a quadrupole time-of-flight 
instrument. A single series of resolved charge states can be resolved at high collisional activation. (b) Spectrum 
acquired on an Orbitrap EMR with extended mass range, displaying baseline resolved ion signals. Similar to 
previously reported spectra, only a single series of charge states can be resolved, although with considerably 
higher resolution than the equivalent time-flight spectrum. (c) All ion fragmentation of CCMV on the quadrupole 
time-of-flight instrument does not show the characteristic charge reduction of asymmetric charge partitioning. 
Surprisingly, the preferred fragmentation pathway appears to be capsid protein backbone fragmentation. (d) 
Quadrupole time-of-flight spectrum after charge reduction using triethylammonium acetate. A more clearly re-
solved series of charge states is detected. Additionally, at least one additional poorly resolved series of peaks 
becomes visible.
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associated virus. Advantages of the genome segmentation as it is present in multipartite 
viruses like BMV and CCMV include increased stability, enhanced replication rate and 
increased genome recombination. A disadvantage is the requirement of all particles for 
successful infection and any demands that this has on the timing of the production of the 
different particles during the infection cycle [34–36]. An intrinsic part of understanding 
multipartite virus biology is the measurement of the ratios of the different particles 
(genome segments) that are naturally produced during infection. Although this is 
commonly done through agarose gel electrophoresis, the native MS approach described 
here can potentially complement this data. For BMV and CCMV, these experiments can 
additionally confirm the co-packaging of the RNA3 and RNA4 segments.

Native mass spectrometric analysis of such virions is challenging for a number of reasons. 
Although CCMV and BMV are highly similar, the results obtained for the two viruses showed 
quite some differences. One striking aspect was the gas-phase fragmentation behavior: 
CpCCMV backbone fragmentation in CCMV but ejection of CpBMV monomers for BMV. This 
can be an indication of structural differences between the protein capsids or their 
interaction with the genome. Regardless, it imposes an extra difficulty in the native MS 
analysis of CCMV as it introduces additional heterogeneity in the precursor spectrum and 
prevents efficient asymmetric charge partitioning in the tandem MS spectrum.  
The heterogeneity in the BMV and CCMV spectra is a direct result of both incomplete 
desolvation and declustering, and the composition of the different particles. The most 
efficient way to identify all the components in these samples is to increase the mass 
resolving power. For both BMV and CCMV we were able to acquire base-line resolved 
Orbitrap mass spectra. Although this greatly increased the resolution in the BMV spectra 
(from ~290 to ~510 full width at half maximum), it unfortunately lowered the number 
of distinct particles that were resolved. Based on the theoretical masses we estimated 
that to adequately resolve the different BMV particles around 650-1000 resolution on the 
EMR is required. This moderate increase in resolution could potentially be achieved by 
improving the life-time of ions inside the orbitrap mass analyzer, as this allows acquisition 
of spectra at longer transient times. Although the Q-TOF spectra were acquired with lower 
resolutions, we were able to distinguish three different BMV particles. Improvement of the 
desolvation and declustering on these instruments has the potential to increase the mass 
resolving power in these spectra and additionally improve the charge state assignment.

The orbitrap spectra of BMV appeared at lower m/z than their associated Q-TOF spectra, 
where the peak overlap was nearly complete, indicating that an increase in resolution 
is not the only requirement to analyze these heterogeneous megadalton assemblies. 
Especially interesting is the comparison with spectra acquired previously on adeno-
associated virus 1 (AAV1) [2]. With masses of approximately 3.7 MDa but heterogeneities 
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of only 7 kDa (0.19%) this sample would be highly challenging, but analysis is moderately 
simplified as the m/z shift caused by the heterogeneity is lower than the m/z differences 
between two charge states, yet resolvable by the mass spectrometer. A way to avoid 
this overlap of charge states is to make the analysis independent of the charge state 
assignment. This can be done through a number of alternative techniques including 
charge detection mass spectrometry [18, 37–39], gas-phase electrophoretic mobility 
molecular analysis (GEMMA) [40–42] and nano(electro)mechanical-mass spectrometry 
(NEMS) [43–46]. Although these techniques allow analysis of a range of analyte masses 
and sizes, the mass heterogeneities in the BMV and CCMV sample are currently too 
small to be detected, emphasizing the need to expand mass heterogeneity limits [42]. 
For native mass spectrometry, charge reduction, either through addition of proton-
scavengers or through asymmetric charge partitioning in CID can extend these limits. 
Addition of the low amounts of triethylammonium acetate did not impose any additional 
mass spectrometric difficulties and does not require adaptation of the commonly used 
sample preparation methods. Acquisition of tandem MS spectra remained possible 
for the megadalton BMV particles, and detection of the charge reduced products (up 
to 40,000 m/z) was not limited by the detection of the time-of-flight mass analyzer but 
merely the maximum collision energy available. Although no new components could be 
identified, the RNA2 and RNA3+4 particles were well resolved and their detection and 
relative abundance in the MS1 spectrum could be confirmed.

In conclusion, the analysis of BMV and CCMV as reported here is indicative of the current 
challenges in mass spectrometry of heterogeneous high molecular weight complexes, 
but also shows the advances and potential of the native mass spectrometry toolkit. The 
mass resolving power achieved on these high molecular weight assemblies is already 
very close to that required to successfully resolve and quantify the components in a 
heterogeneous mixture of virions. 
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CCMV and BMV were purified after infection in cowpea and Nicotiana Benthamiana plants, 
respectively, as previously described in detail [47–49].

Sample buffers were exchanged to mass spectrometry buffer using centrifuge filter 
units (Millipore). Typically, either 50 mM ammonium acetate at pH 5.0 (CCMV) or 100 
mM ammonium acetate pH 7.3 (BMV) was used for mass analysis. For spectra acquired 
under charge reducing conditions, buffers were the same but with the addition of 25 mM 
of triethylammonium acetate (TEAA). Small aliquots of the sample (at approximately 2 
µM based on the monomeric capsid protein) were infused into the mass spectrometer 
using nano-electrospray sources consisting of gold-coated borosilicate capillaries 
that were produced in house. Native MS experiments were performed on quadrupole 

Figure 6. SOMMS mass spectrum simulations of CCMV using the expected masses from table 1. Spectra 
are independently simulated for RNA1 (blue), RNA2 (red), and RNA3 + 4 (green) particles. The position and char-
ge state of peaks labeled with an asterisk are added in the top right corner. (a) Simulation around 26,000 m/z, 
similar to data in figure 5a and 5b. The mass difference between RNA1 and RNA2 (128,700 Da) is almost exactly 
five times the m/z position of the labeled peaks. Therefore, the RNA1 181+ charge state overlaps significantly 
with the RNA2 176+. The resolution required to resolve the different particles is higher than is feasible with the 
current generation of mass analyzers. (b) Simulation around 35,000 m/z, similar to data in figure 5d. Near infinite 
resolution is required to resolve RNA2 and RNA3 + 4 particles. RNA1 particles are better positioned but the ability 
to resolve them also depends on their relative intensities.
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time-of-flight (Q-TOF, MS vision, Waters) or Orbitrap EMR mass spectrometers (Thermo 
Scientific) modified for the analysis of high molecular weight proteins [2, 30, 50]. In both 
instruments, Xenon was used in the collision cell. Typical Q-TOF settings were: 1300-
1500 V capillary voltage, 100-200 V cone voltage, 250 V collision energy, 10 mbar source 
pressure and 2x10-2 mbar collision gas pressure. Tandem mass spectrometry experiments 
were acquired with up to 50 V extraction cone voltage and 400 V collision energy. Typical 
Orbitrap EMR settings were: 1300 V capillary voltage, 200 V extended trapping, 1x10-9 bar 
ultra high vacuum pressure, 250-500 ms injection time and FT resolution 4000 at 200 
m/z. Spectra were analyzed using Masslynx 4.1 (Waters, for Q-TOF spectra) or Xcalibur 
2.2 Qualbrowser (Thermo Scientific, for Orbitrap EMR data). Instruments were calibrated 
using CsI clusters.

Simulation of mass spectra was performed using the SOMMS package [29], that generates 
charge state envelopes for a user defined envelope width, peak width, mass and charge 
state range. In general, the position and width of the charge states envelope were set to 
match experimental data as much as possible. The peak width was estimated from the 
experimental data. The relative abundance of the different components was set equally 
unless the simulated spectra were used to estimate the relative abundances from an 
experimental spectrum.
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Figure S1. (a-b) Simulation and comparison of the masses measured for BMV in ammonium acetate on the 
quadrupole time-of-flight instrument. (a) The spectra are simulated for the three particles separately. (b) The 
spectra are simulated for the three particles separately and combined. (c) Simulation of the theoretical masses 
of BMV at high mass to charge ratio.
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Structural analysis  of  a  temperature-induced transition 

in  a  viral capsid  probed by hydrogen-deuterium exchange mass spectrometry

S u m m a r y

Icosahedral viral capsids are made of a large number of symmetrically organized protein 
subunits whose local movements can be essential for infection. In the capsid of the 
minute virus of mice (MVM), events required for infection that involve translocation of 
peptides through capsid pores are associated with a subtle conformational change. In 
vitro, this change can be reversibly induced by overcoming the energy barrier through 
mild heating of the capsid, but little is known about the capsid regions involved in the 
process. Here we use hydrogen-deuterium exchange coupled to mass spectrometry 
(HDX-MS) to analyze the dynamics of the MVM capsid at increasing temperatures. Our 
results indicate that the transition associated with peptide translocation involves the 
structural rearrangement of regions distant from the capsid pores. These alterations are 
reflected in an increased dynamics of some secondary structure elements in the capsid 
shell from which the spikes protrude, and a decreased dynamics of long intertwined loops 
that form the large capsid spikes. Thus, the translocation events through capsid pores 
involve a global conformational rearrangement of the capsid and a complex alteration of 
its equilibrium dynamics. This study additionally demonstrates the potential of HDX-MS 
to explore in detail temperature-dependent structural dynamics in large macromolecular 
protein assemblies and, most importantly, it paves the way for undertaking novel studies 
on the relationship between structure, dynamics, and biological function in virus particles 
and other large protein cages. 
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I n t r o d u c t i o n

Non-enveloped virus particles include multiple copies of one or a small set of proteins 
organized in a highly symmetrical capsid that encloses the viral genome. The structures 
of these large macromolecular assemblies at the atomic level, obtained mainly by 
X-ray crystallography or cryo-electron microscopy, have contributed enormously to the 
understanding of these complex biological systems [51–53]. However, the structures 
depicted by these techniques may be somewhat deceptive. Viruses are not a static 
ensemble of atoms with a fixed position over time, but highly dynamic structures that 
constantly fluctuate around an average conformation as a result of thermal energy. 
These fluctuations are commonly termed ‘breathing’ and represent an important 
feature in virus dynamics, playing a role in the infection process [54]. In addition to 
these fluctuations, changes in physicochemical conditions or the action of specific 
biomolecules in vivo can lead to structural transitions between different states separated 
by an energy barrier [54–57]. Characterization of these and other biologically relevant 
structural transitions require specific physicochemical conditions, such as a particular 
range of temperatures, that frequently fall beyond the technical limits of current high-
resolution structural methods.

The minute virus of mice (MVM) represents an excellent model system for studying 
functionally relevant motions and rearrangements in large protein complexes. MVM is a 
non-enveloped single-stranded DNA (ssDNA) parvovirus with a T=1 icosahedral capsid 
made of 60 equivalent subunits (VP1, VP2 and VP3) that share the same sequence and 
fold (figure 1a). The only difference between the subunits is the length of their structurally 
disordered N-terminal segments (Nt) [58]. VP2 is the most abundant capsid protein. VP1 
is an extended form of VP2 and has a longer Nt, whereas in VP3 the Nt of VP2 has been 
shortened by proteolytic cleavage during virus entry into a host cell. The Nts of VP2 and 
VP1, initially buried in the capsid, contain molecular signals that are required during 
various stages of the infection cycle. They are externalized through capsid pores located 
at the 5-fold symmetry axes (figure 1b) [59–65]. These pores are also involved in packaging 
and ejection of the viral ssDNA [66, 67]. 

Recombinantly expressed VP2 capsid proteins are able to assemble into DNA-
free virus-like particles (VLPs) that are structurally indistinguishable from natural 
empty MVM capsids, except for the absence of the disordered VP1 Nts [68]. These 
VLPs represent an excellent model system to explore the structural determinants 
of MVM capsid assembly, its physical properties and function [67–77]. By excluding 
the VP1 Nts, these VLPs facilitate the specific structural investigation of the 
biologically required externalization of VP2 Nts. This event is triggered in vivo by DNA 
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encapsidation [65], but can also be mimicked in vitro by mild heating of the VLPs  
above approximately 46ºC [69, 70]. The transition causes a reversible cooperative 
conformational rearrangement that involves slight changes in the degree of solvent 
exposure of some tryptophan residues which can be measured by spectrofluorometry [70]. 
Previous attempts to characterize this conformational rearrangement by conventional 
methods, however, have been hampered by the required heating conditions. 

Hydrogen deuterium exchange coupled to mass spectrometry (HDX-MS) [78–83] has been 
previously used to probe the dynamics of virus capsids at equilibrium [84–90]. However, 
to our knowledge HDX-MS had not been used to probe and structurally characterize 
conformational transitions in virus particles or other large protein-based complexes. In 
this work we apply HDX-MS to study the conformational rearrangement in the MVM capsid 
and probe temperature-dependent variations in capsid dynamics. 
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Figure 1. The MVM capsid and HDX-MS experimental setup. (a) The MVM capsid structure (PDB ID 1Z14 [68, 
68]) exhibits an icosahedral T = 1 symmetry. The black lines delimit the 60 VP2 subunits. The icosahedral sym-
metry axes (5-fold, 3-fold, 2-fold) are labeled. (b) Five VP2 subunits (shown as ribbon models) surround a 5-fold 
axis pore (center) through which translocation of peptide segments and viral DNA occurs during viral infection. 
The capsid contains 12 such pores. (c) Native mass spectrum of the intact MVM VLPs. A well-resolved series of 
charge states reveals a mass of 3883 kDa, confirming that the capsid consists of 60 copies of the 64 kDa VP2 
capsid protein. (d) Schematic representation of the HDX approach used. The uptake of deuterium by the capsid 
protein backbone is monitored as a function of time at varying incubation temperatures around the transition 
temperature.
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First, we study capsid dynamics at 0ºC and show that structural elements important 
for virus infectivity, such as the pore region or the Nts, present the fastest exchange. 
Second, we monitored the deuterium uptake at increasing temperatures to determine 
region-specific temperature-dependent changes in capsid dynamics. Our results 
show that the cooperative transition required for viral infection and associated 
translocation events through the capsid pores is not constrained to the vicinity of 
the pores, but involves a global cooperative rearrangement of the capsid.   

R e s u lt s  a n d  d i s c u s s i o n

The general workflow of the temperature-dependent HDX experiments described 
in this paper is shown in figure 1d. Overall the approach is similar to most other HDX 
experiments but includes additional sample preparation and data analysis steps. Prior 
to HDX analysis, we verified both the composition and stoichiometry of the purified VLPs 
using native mass spectrometry (Figure 1c). In these spectra a well-resolved series of 
charge states was detected around 30,000 m/z, which was assigned to a mass of 3883.0 
± 0.8 kDa, corresponding well with the expected mass of 60 copies of the monomeric 
VP2 protein: 3877.9 kDa. The mass of the VP2 monomer was determined by LC-MS under 
denaturing conditions (figure S3c). The oligomeric state was additionally confirmed using 
tandem MS experiments (figure S3a). Having verified the integrity and purity of the VLPs, 
we performed HDX analysis (figure 1d). Samples stored in protiated buffer were heated in 
parallel with a volume of D2O for 5 minutes. The solutions were subsequently mixed at a 
ratio that reached 98% deuterium content and continuously heated over different periods 
of time during which backbone amide hydrogens could exchange with deuterium from 
the buffer. After stopping the reaction with a quench solution, proteins were denatured, 
reduced and digested and this mixture was loaded onto a HPLC system. The peptides 
that resulted from the digestion were separated and analyzed by the coupled mass 
spectrometer, after which the deuterium uptake time courses were measured.

In previous structure-function studies, mutant MVM particles were compared with wild-
type particles using spectrofluorometry, atomic force microscopy (AFM) and infectivity 
assays [71, 76]. Mutation of residues located around the base of the 5-fold axes pores 
abolished viral infectivity, impaired the transition observed by fluorometry, and showed 
a highly increased mechanical stiffness at the pore regions [71, 76]. Other studies showed 
that viral ssDNA segments bound to the capsid inner wall in the native MVM virion confer 
a higher resistance to thermal inactivation of its infectivity by increasing the mechanical 
stiffness of the capsid around the 2-fold and 3-fold axes (relative to mutant virions 
in which some of the capsid-DNA interactions had been removed) [72–74, 77]. This 
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biologically advantageous stabilization of the virion was achieved while preserving the 
limited mechanical stiffness of the capsid around the 5-fold axis pores, which is essential 
for virus survival. These results indicated that the distribution of mechanical stiffness and 
variations in capsid conformational dynamics are essential for virus survival. However, 
the structural elements involved in functionally relevant conformational transitions had 
not been investigated. 

To directly investigate the equilibrium dynamics (‘breathing’) of different regions of the 
MVM capsid in a basal state (prior to the conformational transition), we performed HDX-
MS experiments at 0ºC without prior heating (figure 2). Results provided a high-resolution 
map of the level of exposure to solvent of different capsid regions over time, revealing 
different kinetics in the regions represented by different peptides (figure 2a). We classified 
the capsid peptides into three different groups according to their level of deuterium 
uptake after one hour: from 0 to 15% (blue dots), from 16% to 34% (green dots) and from 
35 to 100% (red dots). Figure 2b shows the deuterium uptake level after one hour, color-
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Figure 2. Deuterium uptake by the MVM capsid at 0ºC. (a) Uptake of deuterium for a selection 
of peptides at different time points expressed as a fraction of the maximum uptake. Dots indicate 
the peptides used for the analysis at increasing temperature. The color indicates the level of uptake 
after 1 hour: red (high uptake), green (medium uptake) and blue (low uptake). (b) Mapping of the 
peptide uptake levels after 1 hour on the capsid structure. For simplicity, only five subunits surroun-
ding a capsid pore (center) are represented. The level of exposure from the highest to the lowest 
percentage is colored as red-white-blue, respectively. Capsid regions that could not be probed are 
shown in yellow. Squares indicate some of the most dynamic regions of the capsid, with peptide 
153-164 located around the pore (central square) and peptide 422-429 at the 3-fold axis spikes (pe-
ripheral squares).
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coded on the crystal structure of the VLP (PDB ID 1Z14) [68]. The most dynamic capsid 
regions correspond to the Nt of the capsid protein subunits (located at the capsid interior 
and not visible in the crystal structure), some highly exposed loops at the tips of the 3-fold 
spikes and, interestingly, the structural elements forming the capsid pores at the 5-fold 
axis. These results provide direct proof for conformational fluctuations at equilibrium 
(breathing) in the capsid pore regions that are involved in translocation events during 
MVM infection. 

Unlike techniques such as fluorescence spectroscopy, which do not provide any detailed 
information about the structural elements and residues involved in the transition, 
HDX-MS offers peptide resolution that should permit the identification of structural 
elements involved in structural transitions in very large protein complexes, even viral 
particles. To prove this, we compared the equilibrium dynamics of different regions of 
the MVM capsid at different temperatures below and above the transition temperature 
TM of the conformational rearrangement. Purified VLP aliquots were incubated between 
10 seconds and 4 hours at 6 different temperatures (25, 37, 45, 50, 55 and 60 ºC). An 
initial examination of the HDX time course plots at different temperatures revealed 
differences between peptides that suggest region-dependent variations in dynamics. A 
representative set of these distinct behaviors is shown in figure 3a. In the left column, the 
time courses of four different peptides are plotted at each different temperature. In the 
right column, the relative uptake after 4hr of incubation (N 4h/NTOTAL) is plotted as a function 
of temperature. We found that some peptides were characterized by a rapid exchange 
rate that was not dependent on temperature (e.g. 153-164), whereas others presented 
increasing deuteration levels at increasing temperatures (e.g. 196-215, 178-195, and 
248-255). Noticeably, for some peptides (e.g. 178-195 and 248-255) the deuteration level 
changed at temperatures close to the reported TM of the capsid conformational change 
detected by fluorescence and associated to Nt externalization through the pores. To test 
whether those changes in dynamics could be associated to this transition, we fitted our 
HDX data to a unimolecular two-state transition in the same way that it had been done 
in fluorescence spectroscopy experiments (figure 3c) [70]. We found that the TM obtained 
by fluorescence (47.2±0.3ºC, figure 3b) or by HDX-MS experiments (TM=48±1ºC, figure 3c) 
were indistinguishable, suggesting that changes in dynamics around the TM can be used 
as markers to identify capsid regions that are structurally altered during the transition.
 
To systematically analyze the different behaviors caused by the conformational change, 
we calculated the slope of the relative uptake plots before (m25ºC-45ºC) and after (m50ºC-60ºC) 
the transition temperature, TM. In this way, we could classify the peptides in three different 
groups: (i) Peptides presenting the same slope before and after the transition temperature, 
corresponding to peptides that expose most of their amide sites at low temperature or do 
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not undergo a change in dynamics (e.g. 153-164 and 196-215). (ii) Peptides that decrease 
the slope after the transition, corresponding to peptides that abruptly reach their fully 
deuterated level or decrease their dynamics (e.g., 178-195). (iii) Peptides that increase 
the slope after the transition, corresponding to peptides whose amide hydrogen become 
exposed at higher temperatures (e.g.  248-255). In principle, the observed increase in 
amide exposure of this last group could be a fingerprint of higher dynamics, but it could 
also arise because of a loss of capsid integrity at higher temperatures. To verify that the 
capsids would not fall apart during heating in the HDX buffer, we acquired native MS 
spectra of MVM capsids under identical conditions. Even over an extended period of time 
(>5h) at 60 °C, the spectrum does not appear different from the spectrum acquired at 0ºC. 
This corroborated that the integrity of the particles was not compromised (figure S3b). It 
was also important to ascertain that the conformational transition probed was reversible. 
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Figure 3. Probing the heat-induced transition of the MVM capsid by fluorescence and HDX-MS. 
(a) HDX time course plots of 4 representative peptides (left) and plots of N4h/NTOTAL as a function of 
Temperature (right). (b) Tryptophan-specific fluorescence of the MVM VLPs as a function of tempe-
rature. Data (dots) were fitted to a two-state transition (solid line). (c) HDX uptake plots of the num-
ber of deuterons exchanged at t=4 hours as a function of the temperature. Data (dots) were fitted to 
a two-state transition (solid line).
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Fluorescence assays showed that after heating and cooling the sample from 27ºC to 61ºC 
(while waiting 30 min at the highest temperature), particles not only maintained their 
integrity but also kept their ability to undergo the temperature-induced conformational 
change (results not shown), which corroborates the reversibility of the process. 

To identify which regions undergo the most abrupt changes in deuterium incorporation 
after the cooperative transition, we plotted for each peptide the slope before the 
transition (m25ºC-45ºC) versus the slope after the transition (m50ºC-60ºC) (figure 4a and S4a-c). 
With this approach, peptides showing a similar uptake before and after the transition 
would fall close to the region represented by slope m = 1 (solid line in figure 4a); peptides 
showing an increase in dynamics after the transition fall above this region; and peptides 
showing reduced dynamics or reaching its fully deuterated state after the transition 
fall below. Peptides presenting rapid exchange at 0˚C (red dots in figure 3a) had slope 
values close to 0. Any transition-associated increase in equilibrium dynamics of these 
peptides, which include the disordered Nts within the capsid and the five long β-hairpins 
that delimit each capsid pore, was beyond the range of our experiments because 
exchange was nearly complete even at the shortest times that could be reliably tested. 
Peptides 414-429 and 422-429 also belong to this fast-exchange group but present an 
abrupt change in slope. They correspond to an exposed loop situated close to the tip 
of each 3-fold spike and their slope decrease 10-fold after the transition. However, two-
state fittings for these two peptides suggest that the HD change does not occur at the 
transition temperature, indicating that a structural change in this loop is not associated 
with the global transition. Blue dots correspond to peptides with low uptake at 0˚C 
and green dots to peptides with moderate uptake at 0˚C. Not surprisingly, peptides 
presenting an increased dynamics after the transition fall above the line with slope m=1 
and are blue, and peptides with a decreased dynamics fall below m=1 and are green. For 
example, peptides 248-255 (green) and 178-195 (blue) are the ones falling the furthest 
away from the line m=1, and they represent the most notorious cases of each change in 
dynamics. To identify the peptides presenting the most significant changes in dynamics 
we selected a region around m=1 (accounting for 25% of the area covered by all the 
peptides) and only included the peptides that fell beyond that region in our classification 
(table S1). Mapping of these selected peptides in the capsid structure revealed local 
conformational changes in multiple capsid regions that can be collectively described as 
follows (figures 4b and 4c):

i) Capsid regions with transition-associated conformational rearrangements leading to 
reduced dynamics or abrupt fully deuterated states after the transition. They include 
substantial portions of several long, convoluted loops of each capsid subunit that 
generally define parts of the thick walls of the spikes centered at the capsid 3-fold axes, 
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away from the pores at the capsid 5-fold axes. Peptides defining these structural elements 
involve as many as one-fourth of the capsid amino acid residues. 

ii) Capsid regions with transition-associated conformational rearrangements leading to 
abrupt increase in local dynamics correspond to a b-strand that belongs to the b-sandwich 
fold of each capsid protein subunit from which long peptides protrude to form the capsid 
spikes.

To ensure that these changes in dynamics were due to a global conformational 
change and not to a loss of secondary structure, we performed far-UV CD experiments 
at increasing temperatures to see whether heating causes changes in the beta sheet 
content of the MVM capsid protein (figure S4d). We could not detect any effect of heating, 
which excludes the possibility that a loss of secondary structure becomes convoluted 
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with the conformational changes around the transition temperature. Overall, our results 
provide a detailed description based on HDX-MS analysis of structural elements involved 
in a functionally relevant conformational transition in a large macromolecular complex, 
and show that a global conformational rearrangement of a viral capsid is involved in 
externalization of biological signals through capsid pores.

In this work, we have used HDX-MS at various incubation temperatures to identify, 
with high spatial resolution, structural changes in the MVM capsid that are required 
for viral infection. Transition-associated, abrupt changes in local dynamics of peptide 
segments in the capsid served as markers to identify structural elements that modified 
their conformation during the transition. The results revealed that translocation events 
through capsid pores that occur during the infection cycle involve a global structural 
rearrangement of the capsid. Many of the elements showing altered conformations were 
located far from the pores, and included loops with abruptly decreased dynamics as well 
as regular secondary structure elements that showed marked increase in dynamics. This 
study provides a novel demonstration of the potential of HDX-MS to structurally analyze 
temperature-dependent structural transitions, even in mega-Dalton protein complexes. 
Particularly, it enables further investigation of the links between the viral infection 
process and the conformational landscape that is sampled by a virus capsid. This paves 
the way for more comprehensive studies where MVM and other viruses are functionally 
investigated on the (bio)chemical, mechanical and thermodynamic level. These studies 
can have important outcomes in virology and nanotechnology, for instance for the 
design of antiviral drugs and development of functional nanoparticles or gene-therapy 
vehicles.
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Expression and purification of VLPs of MVM 
Bacmid BM-VP2 [70] was used for the production of VLPs of MVM in H-5 insect cells. VLPs 
were purified as previously described [69] with minor modifications. VLP preparations 
were extensively dialyzed against phosphate-buffered saline. Capsid purity and integrity 
were assessed by electrophoresis and electron microscopy. 

Spectrofluorometry of VLPs 
The heat-induced conformational transition of the VLP associated to Nt externalization 
was initially probed by following the variation in intrinsic Trp fluorescence in thermal 
gradients as previously described [70]. Reversibility of the conformational rearrangement 
was ascertained by repeated fluorescence analysis after heating to a controlled maximum 
temperature (60ºC) and cooling. Capsid dissociation was observed only at high (75ºC) 
temperatures [70].

Native MS
Native MS samples were prepared by exchanging the buffer in which purified VLPs were 
obtained for aqueous ammonium acetate using multiple concentration and dilution steps 
with a centrifuge filter (Millipore). For the experiments shown in figure 1, samples were 
prepared in 100 mM Ammonium acetate pH 7.4 and kept on ice. For control experiments 
under HDX conditions, samples were heated at 60ºC in water and spectra were acquired 
at multiple time points. Before injection into the mass spectrometer, low amounts (<25 
mM) of triethylammonium acetate were added. Mass spectrometry experiments were 
performed on a modified QToF II (MS Vision; Waters, U.K.) [91], operating at 10 mbar source 
pressure, 1300–1500 V capillary voltage, 100 V cone voltage, 300 V collision energy with 
2×10−2 mbar pressure in the collision cell using xenon as collision gas [92]. Tandem mass 
spectrometry experiments were acquired by full envelope selection and fragmentation 
using a 400 V potential over the collision cell. Aliquots of the samples (at approximately 2 
µM monomer concentration) were introduced in the mass spectrometer through nano-
electrospray ionization using gold coated boro-silicate capillaries produced in-house. All 
data was analyzed using Masslynx 4.1 software (Waters). 

Hydrogen-Deuterium Exchange MS
Fluorometry studies showed that the structural transition is complete for most of the 
particles within a time of 5 minutes at >50ºC [70]. Aliquots of MVM VLPs of 3 mg/ml and 
D2O (99.99% deuterium content) were heated separately at different temperatures (25, 37, 
45, 50, 55, 60 ºC) for 5 minutes prior to the start of the exchange reaction. The exchange 
reaction was initiated by addition of the D2O (50-fold dilution, 98% of deuteration) and 
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during the reaction heating was maintained. Reactions were quenched at set time points 
(10, 30, 60, 600, 1800, 3600 and 14400 seconds) by rapid addition of ice-cold quench 
solution (mixing to a final concentration of 100 mM TCEP and 2M Guanidine HCl at pH 2.5). 
Immediately after quenching, the samples were injected into a Waters HDX / nanoAcquity 
system for digestion on an online pepsin column operating at 100 μL/min and 25°C, 
followed by separation on a 10 minutes reverse phase UPLC gradient at 0.5°C and MS 
on a Waters Xevo QToF G2. For the chromatography the aqueous component used was 
0.1% (v/v) formic acid in water set to pH 2.5 and the organic component was 0.1% (v/v) 
formic acid in acetonitrile. Acquisition of HDX of MVM without heating was performed 
identically but samples were incubated on ice (at 0ºC). All experiments at all temperatures 
were performed in triplicate. Identification of peptides was performed by dilution in H2O 
and using MSE data acquisition. 83 peptides covering 80% of the sequence were identified 
for the experiments performed at 0ºC (see complete VP2 sequence in figure S1). For VP2 
regions covered by more than one peptide the criteria were that the shortest peptides 
would be selected for the analysis, always ensuring that redundant information was 
consistent. This led to a subset of 51 peptides, representing the same 80% sequence 
coverage. For the experiments performed at increasing temperature 69 different peptides 
could be identified (over the entire temperature range) with a sequence coverage of 70%. 
Using the same selection criteria as stated above, a subset of 35 peptides was used for the 
analysis (peptides with dots in figure 2a). Data for peptide identification was processed 
with ProteinLynx Global Server 2.5 software. Deuterium uptake was calculated compared 
with the control samples in H2O using Waters DynamX 3.0 software. 

MS under denaturing conditions
To acquire spectra of denatured VP2, samples were introduced in the Waters HDX / 
nanoAcquity system without pepsin digestion. Spectra were deconvoluted using MaxEnt 
algorithm in Masslynx 4.1 software (Waters).

Uptake plots
The total number of exchangeable backbone amide hydrogens was calculated by 
subtracting the N terminus and the number of prolines from the peptide length and 
multiplying it by 0.98 (% deuterium in the solvent). Profiles were fitted without considering 
back exchange or artifactual in-exchange (burst phase), as previously done by Monroe 
et al [90]. Back exchange levels appeared to be grossly independent of the incubation 
temperature of the samples, as we verified using standard peptide mixtures (see figure 
S2).

Fitting of the uptake curves to the two exponential equation (D = N – A1exp(-k1t) – A2exp(-k2t 
)) was not successful since the values from the fitting (k1, k2, A1, A2) for some of the peptides 
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did not converge and significant data could not be obtained from those fits. Therefore, 
we decided to base our analysis on the different deuteration levels that were reached 
over time at increasing temperature. The number of exchanged amide hydrogens at 
4h was normalized to the total exchangeable amides (N4h/NTOTAL) and plotted against 
temperature. We limited our analysis at 4 hours because data at 18 hours timepoints (not 
shown) showed great variation within the technical replicates. Nonetheless, native MS 
at 60ºC for >5h confirmed the stability of the particles under HDX-MS conditions. Capsid 
dissociation occurs only at a temperature of 70-80ºC [69, 70].

Data fitting to a two-state transition
The transition temperature was determined by fitting the data to a two-state transition 
[70]. Thermodynamic parameters (TM, ∆H≠

Tm) were obtained by nonlinear fitting of the 
experimental number of deuterons or fluorescence intensity, as previously done by 
Carreira et al [70]. For HDX-MS experiments, all peptides showing a linear increase in 
uptake were fitted, and the ones showing square r values of 0.99 or higher (11 peptides) 
were used for the calculation of the average Tm. The values of the transition enthalpy 
(∆HTm) were subjected to large errors hampering an accurate estimation. 

Circular Dichroism (CD) Spectroscopy
CD measurements were carried out using a Jasco-600 spectropolarimeter equipped 
with a Neslab RTE-100 computer-operated temperature control unit. Purified MVM VLP 
preparations at a protein (monomer) concentration of 2.6 µM in PBS buffer were used. 
Thermal experiments were carried out using the temperature scan mode and measuring 
the ellipticity in the far-UV at 215 nm. A temperature scan rate of 20 °C/h, a response time of 
2 s, and a band width of 1 nm were used. Temperature was monitored by a thermocouple 
in the cuvette holder block. 



119

M a s s  s p e c t r o m e t r y  o f  p r o t e i n  n a n o - c a g e s

III

S u p p l e m e n ta r y  i n f o r m at i o n

Table S1: Peptide classification according to deuterium uptake before and after the transition. *Because 
peptides 82-113 and 99-113 present overlapping sequence; we split their sequences in two (i.e., 82-100 and 
101-113) to map them on the structure.

Red
(35 to 100% 
basal uptake)

Flat region 
(m25 - 45°C = m50 - 60°C)

2-18, 67-81, 71-81, 153-164, 153-172, 
225-247, 296-323, 499-516.

Saturation 
(m25 - 45°C > m50 - 60°C)

414-429, 422-429

Green
(16 to 34% basal 
uptake)

Linear increase 
(m25 - 45°C = m50 - 60°C)

309-323, 430-446, 517-525, 534-550, 
559-572, 386-413, 386-398

Decrease deuteration 
after TM (m25 - 45°C > m50 - 60°C)

82-113*, 178-195, 216-224, 347-385, 473-497,476-
498, 482-498, 
573-587, 559-587

Blue
(0 to 15% basal 
uptake)

Linear increase 
(m25 - 45°C = m50 - 60°C)

106-113, 196-215, 447-455, 456-472, 99-113*, 128-
134, 526-533

Increase deuteration 
After TM (m25 - 45°C < m50 - 60°C)

60-66, 248-255

1 - MSDGTSQPDSGNAVHSAARVERAADGPGGSGGGGSGGGGVGVSTGSYDNQ - 50
51 - THYRFLGDGWVEITALATRLVHLNMPKSENYCRIRVHNTTDTSVKGNMAK - 100
101 - DDAHEQIWTPWSLVDANAWGVWLQPSDWQYICNTMSQLNLVSLDQEIFNV - 150
151 - VLKTVTEQDLGGQAIKIYNNDLTACMMVAVDSNNILPYTPAANSMETLGF - 200
201 - YPWKPTIASPYRYYFCVDRDLSVTYENQEGTVEHNVMGTPKGMNSQFFTI - 250
251 - ENTQQITLLRTGDEFATGTYYFDTNSVKLTHTWQTNRQLGQPPLLSTFPE - 300
301 - ADTDAGTLTAQGSRHGTTQMGVNWVSEAIRTRPAQVGFCQPHNDFEASRA - 350
351 - GPFAAPKVPADITQGVDKEANGSVRYSYGKQHGENWASHGPAPERYTWDE - 400
401 - TSFGSGRDTKDGFIQSAPLVVPPPLNGILTNANPIGTKNDIHFSNVFNSY - 450
451 - GPLTAFSHPSPVYPQGQIWDKELDLEHKPRLHITAPFVCKNNAPGQMLVR - 500
501 - LGPNLTDQYDPNGATLSRIVTYGTFFWKGKLTMRAKLRANTTWNPVYQVS - 550
551 - AEDNGNSYMSVTKWLPTATGNMQSVPLITRPVARNTY - 587

Figure S1: Complete sequence of the VP2 capsid protein used in this study.
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Figure S2: Dependence of back exchange on sample temperature. Back-exchange levels of four different model 
peptides acquired after incubation of the samples at different temperatures. Back-exchange levels did not sub-
stantially increase at higher temperatures.
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Figure S3: Mass spectrometry data on MVM VLPs used in this study. A) Tandem MS spectrum of intact VLPs 
(60x MVM, 3886.7 kDa) shows sequential loss of monomeric VP2 subunits (1x MVM, 64.6 kDa) resulting in VLPs 
missing a single copy of VP2 (59x MVM, 3815.4 kDa) and two copies of VP2 (58x MVM, 3751.4 kDa). This confirms 
the VLPs consist of 60 copies of VP2. B). Native mass spectra of MVM VLPs under HDX conditions (HDX buffer 
and heating at 60 ºC) shows that even for extended periods under harsh conditions the VLPs remain intact. C). 
Deconvoluted mass spectrum of denatured VP2 subunits provides a weighted averages mass of the monomeric 
building block. 
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Figure S4: A) Average enthalpy before and after the temperature-induced transition. A) Average enthalpy from 
50ºC to 60ºC versus 25ºC to 45ºC for each peptide presenting a high basal uptake (35 to 100%). Dashed line cor-
responds to a line with a slope equal to the unit, where peptides presenting the same level of uptake before and 
after the transition should fall. B, C) The same as before but for peptides presenting medium (16 to 34%, green) 
and low (0 to 15%) uptake at the basal state. D) Circular Dichroism (CD) Spectroscopy of MVM VLPs at increasing 
temperatures. Molar ellipticity at 215 nm is represented as a function of temperature. No detectable change in 
secondary structure was observed at the transition temperature or any other temperature.
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Structure and assembly of  scalable porous protein cages

S u m m a r y

Proteins that self-assemble into regular shell-like polyhedra are useful, both in nature and 
in the laboratory, as molecular containers. Here we describe cryo-electron microscopy 
(EM) structures of two versatile encapsulation systems that exploit engineered electrostatic 
interactions for cargo loading. We show that increasing the number of negative charges 
on the lumenal surface of lumazine synthase, a protein that naturally assembles into 
a ~1-MDa dodecahedron composed of 12 pentamers, induces stepwise expansion of 
the native protein shell, giving rise to thermostable ~3-MDa and ~6-MDa assemblies 
containing 180 and 360 subunits, respectively. Remarkably, these expanded particles 
assume unprecedented tetrahedrally and icosahedrally symmetric structures constructed 
entirely from pentameric units. Large keyhole-shaped pores in the shell, not present in 
the wild-type capsid, enable diffusion-limited encapsulation of complementarily charged 
guests. The structures of these supercharged assemblies demonstrate how programmed 
electrostatic effects can be effectively harnessed to tailor the architecture and properties 
of protein cages.
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I n t r o d u c t i o n

Hollow proteinaceous particles are widespread in nature. By providing a protective 
shell for molecular cargo, these nanostructures serve as multipurpose containers 
for the transport of viral payloads [93], biomineralization [94], protein folding [95] and 
degradation [96], enzyme encapsulation [97, 98] and even catalysis of short metabolic 
sequences [99, 100]. Inspired by this precedent, protein cages are being engineered in the 
laboratory as customized nanoreactors [101, 102], delivery or display vehicles [103] and 
artificial organelles [104, 105] for diverse applications in medicine, materials science and 
synthetic biology.

One highly versatile encapsulation system has been engineered from the capsid-forming 
enzyme lumazine synthase from the hyperthermophilic bacterium Aquifex aeolicus 
(figure 1a). Although the wild-type protein (AaLS-wt) adopts a flavodoxin-like αβ-fold 
[106] (figure 1b) that bears no structural similarity to viral capsid proteins [107–110], it 
spontaneously assembles into virus-like icosahedrally symmetric particles containing 
60 identical subunits with a triangulation number [111] T=1. In nature, these structures 
encapsulate riboflavin synthase, an enzyme that converts lumazine to riboflavin [112]. 
To bind unrelated guests, we mutated four residues that project into the lumen of the 
capsid to negatively charged glutamates. The resulting variant, called AaLS-neg (figure 
1c,f), encapsulates proteins with complementary positive charges [113]. Loading capacity 
was subsequently improved roughly 10-fold by directed evolution, exploiting the ability 
of the cage to sequester a toxic protease and thereby protect the proteome of Escherichia 
coli [114]. The best variant, AaLS-13, possesses seven additional mutations that further 
increase the container’s net negative charge (figure 1d,g) and enhance its ability to bind 
positively charged proteins both in vivo and in vitro [114–116]. The recent discovery that 
the encapsulation process is rapid enough to be limited by the rate of cargo diffusion 
highlights the unique properties of these supercharged protein assemblies [117].

Befitting their greater packaging capabilities, the negatively supercharged AaLS variants 
have substantially larger cage diameters than the native structure (AaLS-13, ~40 nm; AaLS-
neg, ~30 nm; AaLS-wt, ~16 nm) [106, 113, 114]. In analogy to viral proteins that can form 
icosahedral shells of varying size in response to external stimuli or cargo loading [118, 
119], the structural transformations observed in these [113, 114] and other LS variants 
[120] could conceivably reflect expansion of the starting T=1 particles to T=3 (180-mer), 
T=4 (240-mer) or even T=7 (420-mer) icosahedral structures [121]. However, the molecular 
mechanisms underlying these dramatic transitions and, more specifically, how protomer 
structure controls protein cage size and architecture are poorly understood.
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Here, we elucidate the structures of the AaLS protein containers by native mass 
spectrometry (MS) and cryo-EM single-particle reconstruction techniques. Our results 
show that the expanded cages do not assemble according to well-established principles 
of quasi-equivalence [111] but instead adopt unprecedented topologies that preserve 
some pentamer interfaces and leave other edges unsatisfied. Stable gaps in these 
shell structures rationalize why complementarily charged guests are encapsulated so 
efficiently.

 

Figure 1: Design of the AaLS encapsulation system. (a) Engineering AaLS cages to encapsulate cargo proteins 
based on electrostatic interactions. (b) A ribbon representation of the AaLS monomer. (c,d) Backbone traces 
of the AaLS-neg (c) and AaLS-13 (d) monomers in the same orientation as in b. Residues mutated in AaLS-neg 
are shown as red spheres (R83E, T86E, T120E and Q123E) (c), whereas the additional substitutes in AaLS-13 are 
shown as magenta (V115D, A118D and K131E), yellow (R52C, R127C) or green (D28G, T112S) spheres (d).
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Native MS, which has provided accurate masses of viral capsids [122], was employed to 
determine the subunit copy numbers of the AaLS capsids (figure 2). As expected, AaLS-wt 
gave a well-resolved charge state envelope corresponding to a 60-mer (measured mass 
of 1.06 MDa, theoretical mass of 1.05 MDa), consistent with the previously reported T=1 
crystal structure [106] (figure 2a,d). For AaLS-neg, a similarly well-resolved spectrum was 
obtained that corresponds to a 180-mer (measured mass of 3.02 MDa, theoretical mass of 
3.01 MDa) in agreement with the predicted icosohedral T=3 structure [113] (figure 2b,e)). 
When the latter sample was pre-incubated in a low ionic strength buffer, however, only 
disassembled fragments corresponding to pentamers and smaller amounts of 10-mers 
and 15-mers were observed (figure 2f); no dimeric, trimeric or hexameric building blocks, 
which would be expected for T=3 capsids [123], were detected. Although no charge states 
could be resolved for AaLS-13, possibly because of structural heterogeneity, the MS data 
suggest that this cage contains between 240 and 420 subunits (figure 2c).

Encouraged by the apparent monodispersity of the AaLS-wt and AaLS-neg samples, cryo-
EM single-particle reconstruction was performed to obtain detailed structural information 
[124]. The cryo-EM images of AaLS-wt were classified based on orientations of the particles 
in thin ice layers, and two-dimensional (2D) averages of each class were generated. The 
selected 2D class-averages were used to make an initial three-dimensional (3D) model by 
imposing icosahedral symmetry without any structural reference. This model was filtered 
to low-resolution and used as a reference for further 3D classification and refinement. The 
final EM density map of the AaLS-wt cage was calculated to 3.9 Å resolution from 3,268 
particles (figure 3a), which allowed building and coordinate refinement of an atomic 
model (figure 3g). The AaLS-wt cage is a 16-nm wide hollow dodecahedron consisting of 
12 pentamers (figure 3d,j). Our model agrees well with the T=1 crystal structure [106] with 
a Cα root mean square deviation (RMSD) of 0.52 Å for all residues.

In the case of AaLS-neg, contrary to expectations for a conventional T=3 state [113], 
imposing icosahedral symmetry during reconstruction did not result in interpretable 
density. By assuming tetrahedral symmetry, however, we obtained an initial reconstruction 
that was consistent with the distinct patterns of the 2D class-averages. This initial model 
was filtered to low-resolution and used for 3D reconstruction of the cage (figure 3b). The 
secondary structure elements of each subunit could be unambiguously assigned in the 
final EM density map refined to 5.4 Å resolution from 26,769 particles (figure 3h). The 180 
subunits of AaLS-neg, organized as 36 pentameric building blocks, form a novel 29-nm 
hollow tetrahedral cage with large, keyhole-shaped pores in the shell (figure 3e,k). 
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Figure 2: Size expansion of the AaLS variants. (a–c) Native mass spectra of AaLS-wt (a), AaLS-neg (b) and AaLS-
13 (c). The most abundant charge states are annotated for AaLS-wt and AaLS-neg. The spectra clearly indicate 
that AaLS-wt is a 60-mer and AaLS-neg is a 180-mer. For AaLS-13, the oligomeric state was estimated to be 
between a 240-mer and a 420-mer extrapolating from the charging behaviour of the other AaLS variants. (d-e) 
The oligomeric state of AaLS-wt (d) and AaLS-neg (e) is confirmed through tandem MS. The top spectra show 
the isolated signal for the particles while the bottom spectra show the characteristic fragmentation spectra. (f) 
AaLS-neg is is constructed exclusively from pentameric building blocks that become visible when the particles 
are deconstructed by lowering the ionic strength of the mass spectrometry buffer.
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We next turned to the larger AaLS-13 assembly. Despite some sample heterogeneity, an 
initial model for AaLS-13 could be reconstructed from the 2D class-averages of selected 
particles by imposing icosahedral constraints without using a structural reference. The 
3D classification, followed by refinement using 9,900 particles, resulted in an EM map 
resolved to 5.2 Å resolution (figure 3c). The characteristic αβ-fold of the LS monomer units 
was clearly evident (figure 3i). Like its evolutionary parent, AaLS-13 has a highly porous 
cage structure constructed exclusively from pentameric building blocks, but, in contrast 
to AaLS-neg, it adopts icosahedral symmetry (figure 3f,l). The 39-nm wide, ~6-MDa large 
sphere is assembled from 72 pentamers (360 subunits), twice as many as AaLS-neg. Its 
internal volume (15,600 nm3) is 3.7 times larger than that of AaLS-neg (4,200 nm3) and 58 
times larger than that of AaLS-wt (270 nm3), accounting for its enhanced loading capacity 
[114].

Natural protein cages are usually organized based on symmetries present in cubic 
point groups. For instance, 12 and 24 copies of a single polypeptide can assemble into 
tetrahedrally and octahedrally symmetric objects [94, 125–127], respectively, whereas 
60 polypeptides, or multiples thereof, form icosahedra [97, 112], as exemplified by viral 
capsids [111, 128]. With few exceptions [129–133], icosahedral structures contain 12 
pentamers plus 10 × (T−1) hexamers, arranged to maintain quasi-equivalent inter-subunit 
interactions between individual polypeptides [111]. In the structures of the AaLS variants, 
the pentamer is the common and exclusive building block for all assemblies. While 
all pentamers in the wt cage are symmetrically equivalent, the AaLS-13 and AaLS-neg 
structures contain either two or three types of symmetrically non-equivalent pentamers, 
respectively (figure 3j–l). 

A remarkable feature of the negatively supercharged AaLS assemblies is that roughly 
30% of the protomers (48/180 for AaLS-neg and 120/360 for AaLS-13) lack inter-pentamer 
interactions, leaving large pores in the shell wall. AaLS-neg and AaLS-13 possess 12 and 
30 such openings, respectively. The solvent-exposed surfaces that define the edges of the 
keyhole-shaped slots do not show obvious architectural differences compared to their 
buried counterparts. At their centre, the openings are ~4 nm wide and thus significantly 
larger than the channel located at the centre of each pentamer (<1 nm), allowing free 
passage across the shell for molecules with dimensions up to 4 nm. In combination with 
their supercharged interiors, this structural feature allows the AaLS mutants to function 
as ‘protein sponges’ that absorb complementarily charged guest molecules at rates 
approaching the diffusion limit [117]. Since AaLS-wt can also adopt expanded cage 
structures under certain conditions [120], similar openings may mediate the release of 
enzymatically produced riboflavin, which is too large to pass through the <1 nm channels 
at the centre of the AaLS pentamers [112].
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In nature, a single protein fold can be evolved to form multiple oligomeric states with 
different symmetries. The current study shows that such transformations can also be 
discovered by design and evolution in the laboratory. The novelty of the cage architectures 
studied here may serve as inspiration for ongoing efforts to create novel oligomeric 
protein assemblies. Completely artificial protein cages have been generated based on 
symmetries present in cubic point groups by designing building blocks with sterically 
complementary interfaces, either by site-directed mutagenesis [134–137] or by using 
covalent linkages [138, 139]. Formation of tetrahedrally and icosahedrally symmetric 
particles entirely from pentamers demonstrates that non-equivalent arrangements 
of individual building blocks may also be considered for the construction of isometric 

 

Figure 3: Cryo-EM structures of the AaLS variants. (a–c) Cryo-EM density maps of AaLS-wt (a), AaLS-neg (b) 
and AaLS-13 (c) at 3.9, 5.4 and 5.2 Å resolution, respectively. Scale bars: 10 nm. (d–f) Dodecahedral, tetrahedral 
and icosahedral lattices matching the respective symmetries of AaLS-wt (d), AaLS-neg (e) and AaLS-13 (f). For 
AaLS-neg, two tetrahedral lattices (red and blue), embedded in a cube (grey), are depicted. (g–i) Close-up views 
of cryo-EM density maps of AaLS-wt (g), AaLS-neg (h) and AaLS-13 (i) around the three-fold rotational symmetry 
axes. Three pentamers from the refined models are shown as coloured ribbon diagrams. ( j–l) 2D representation 
of the symmetry lattices for AaLS-wt ( j), AaLS-neg (k) and AaLS-13 (l). Although the AaLS-neg structure is projec-
ted onto a flattened cube, note that it lacks the four-fold symmetry axes of a true cube because of the distinct 
pattern of pentamers on each face of the object and hence only possesses tetrahedral symmetry. The contact 
bars between two adjacent pentamers that have wt-like (pseudo) two-fold rotational symmetry are shown in 
red, while the other contact bars are shown in yellow. The asymmetric unit (ASU) for each structure is shown in 
the inset.
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shells. The dramatic morphological changes observed in the supercharged AaLS variants 
additionally highlight the importance of mutations distant from the capsomer interface 
for determining overall cage architecture. By coupling such structural rearrangements in 
the individual building blocks to an external stimulus, such as a change in pH or ionic 
strength, it may even be possible to design structures that undergo controlled (dis)
assembly.

The expanded repertoire of hierarchically ordered nanostructures formed by supercharged 
AaLS variants offers novel insights into the principles underlying the construction, 
function and evolution of protein assemblies. These highly plastic protein cages represent 
a versatile platform for creating tailored structures for a plethora of practical applications 
in nano- and medical science.
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M at e r i a l s  a n d  M e t h o d s

Preparation of AaLS variants
Plasmids encoding AaLS-wt, AaLS-neg, and AaLS-13 proteins were previously described 
[113, 114]. Each protein was overexpressed with a C-terminal His6-tag in E. coli BL21-
gold (DE3) cells and purified by Ni2+-NTA affinity chromatography (Qiagen) followed by 
size-exclusion chromatography using a HiPrep 16/60 Sephacryl S-400 HR column (GE 
Healthcare Life Sciences) with 20 mM Tris–HCl buffer (pH 7.8) containing 0.2 M NaCl and 
1 mM EDTA according to published protocols [121].

For native MS studies, AaLS-neg and AaLS-13 lacking a His6-tag were prepared. The 
respective genes were amplified from the plasmids encoding the corresponding His6-
tagged variants by PCR with primers AaLS_fw (5′-AGA TAT ACA TAT GGA AAT CTA CGA AGG) 
and AaLS_noHis_rv (5′-GGT GGT GCT CGA GTC ATT ATT ATC GGA GAG ACT TGA ATA AGT 
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TTG C). After digestion with NdeI and XhoI, each fragment was ligated into the original 
plasmid, which had been digested with the same restriction enzymes, to give pMG211_
AaLS-neg_noHis and pMG211_AaLS-13_noHis. The proteins lacking the His6-tag were 
overexpressed in E. coli BL21-gold (DE3) cells, and the cell pellets from 0.4 l culture were 
resuspended in 15 ml of 50 mM sodium phosphate buffer (pH 8.0) containing 0.3 M NaCl, 
1 mg ml−1 of lysozyme, 1 mg ml−1 of polymixin, EDTA-free protease inhibitor (complete 
protease inhibitor cocktail tablets, Roche), and a spatula tip of both DNase I and RNase 
A (Sigma Aldrich). After incubating at room temperature for one hour, the cells were 
disrupted by sonication and cleared by centrifugation. The crude lysates containing AaLS-
neg were incubated at 85 °C for 20 min. For AaLS-13, 0.75 volumes of saturated aqueous 
ammonium sulphate were added to the lysates at room temperature. Following removal 
of the precipitate by centrifugation, the clear supernatants were buffer exchanged into 
50 mM sodium phosphate buffer (pH 8.0) containing 0.2 M NaCl. The treated lysates were 
subjected to anion exchange chromatography using a MonoQ 10/100 GL column (GE 
Healthcare Life Sciences) preequilibrated with 50 mM sodium phosphate buffer (pH 8.0) 
containing 0.2 M NaCl and eluted by a linear gradient generated by increasing the NaCl 
concentration to 1 M. The protein fractions were buffer exchanged into 50 mM Tris–HCl 
buffer (pH 7.8) containing 1 M NaCl and concentrated until the monomer concentration 
exceeded 1 mM. After incubation over 7 days at room temperature, the protein samples 
were further purified by size-exclusion chromatography using a HiPrep 16/60 Sephacryl 
S-400 HR column with 50 mM Tris–HCl buffer (pH 8.0) containing 1 M NaCl as mobile 
phase. AaLS-13 samples were supplemented with 3 mM DTT to prevent formation of 
disulphide bonds.

Native MS
Purified AaLS variants were prepared for native MS by exchanging the buffer to 150 mM 
ammonium acetate (Sigma Aldrich), pH 7.8 through seven consecutive dilution and 
concentration steps using a 10-kDa molecular weight cutoff filter (Millipore). For native 
MS analysis, aliquots of the samples were diluted to a monomer concentration of 5 μM in 
150 mM ammonium acetate, 25 mM triethylammonium acetate (Fluka), pH 7.8. For tandem 
MS experiments, aliquots of the samples were diluted in 150 mM ammonium acetate pH 
7.8. For dissociation of AaLS-neg into smaller capsomers, samples were prepared in 10 mM 
ammonium acetate, pH 7.8. Experiments were performed on a quadrupole time-of-flight 
(qTOF) MS (MS Vision, Waters) modified for the analysis of high molecular weight ions 
[140]. AaLS-WT, AaLS-neg and AaLS-13 were introduced into the gas phase through the 
nano-electrospray interface using gold-coated borosilicate capillaries prepared in-house. 
Capillary voltages were set at ~1,400 V in positive ion mode. Pressure in the xenon-filled 
collision cell was 1.8 × 10−2 mbar. For native MS experiments, typical settings were 100 V 
sample cone voltage and 150–250 V collision voltage. For tandem MS experiments, typical 
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settings were 50 V sample cone voltage and a collision voltage ramping from 50 to 300 V. 
The instrument was calibrated using caesium iodide clusters up to 30,000 m/z. Spectra 
were analysed using Masslynx 4.1 software (Waters). Masses were determined manually 
by minimization of the error over the charge state envelope from different charge state 
assignments.

Cryo-EM data collection
Purified samples (1.5–2.0 μl each) of AaLS-wt, AaLS-neg, and AaLS-13 cages (monomer 
concentration of 80, 80 and 300 μM, respectively) in 20 mM Tris–HCl buffer (pH 7.8) 
containing 0.2 M NaCl and 5 mM ethylenediaminetetraacetic acid (EDTA) were applied to 
holey carbon grids R2/2 (Quantifoil), which had been glow-discharged for 90 s using an 
Emitech K100X glow discharge system. The grids were blotted for 4 s twice at ambient 
temperature and 100% humidity and then plunged into liquid ethane using a Vitrobot 
mark one unit (FEI Company). Data were recorded semi-automatically using the EPU 
software on a Titan Krios transmission electron microscope (TEM) operated at 300 kV and 
equipped with a Falcon II direct electron detector (FEI Company). Images were acquired 
at −1.2 to −3.4 μm defocus at 100,720-fold magnification, resulting in a pixel size of 1.39 Å 
on the object scale. Beam-induced motion correction was further performed for images 
of AaLS-wt and AaLS-13. Specifically, the images were recorded as seven separate frames, 
comprising a total exposure of 25 electrons Å−2, which were subsequently aligned and 
summed using DOSEFGPU DRIFTCORR to obtain a final image [141].

Cryo-EM data processing
Estimation of the contrast transfer function was performed using CTFFIND3 (ref. [142]). 
Micrographs exhibiting poor power spectra based on the extent and regularity of the Thon 
rings were rejected. Particles were picked using EMAN 2.1 (ref. [143]) or RELION 1.4 (ref. 
[144]). 2D reference-free alignments of selected particles in 50 classes for AaLS-wt and 
AaLS-13 and 80 classes for AaLS-neg were performed by RELION 1.4. Particles that did 
not yield high-resolution class-averages were excluded from further refinement. Images 
of the selected 2D class-averages were used to reconstruct initial low-resolution models 
by imposing icosahedral symmetry for AaLS-wt and AaLS-13 or tetrahedral symmetry 
for AaLS-neg with the program e2initialmodel.py in EMAN 2.1. 3D classification was then 
performed with RELION 1.4 using the low-pass filtered initial models to 50 Å as references. 
Further 3D classification and refinement were performed using full-sized images (1.39 Å 
per pixel) and masks excluding the cage cavities.

Cryo-EM structural analysis
The cryo-EM maps and the molecular structures were analysed using UCSF Chimera 1.11 
(ref. [145]) and PyMOL (Version 1.7, Schrödinger LLC). Local resolutions of the EM maps 
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were estimated using the ResMap program [146]. The graphics used for the figures and 
movies were generated using UCSF Chimera or PyMOL.

Atomic model building and refinement
For generation of a coordinate model that includes the entire AaLS-wt particle, one 
protomer of the corresponding crystal structure (PDB: 1HQK) [106] was adjusted to the 
EM density using the program O (refs [147, 148]) and symmetry expanded using the 
icosahedral operators from RELION 1.4 (ref. [144]). The resulting model was subjected to 
phase-restrained reciprocal space refinement in PHENIX (ref. [149]) against amplitudes 
and phases back-calculated from the 3.9 Å EM map, as described in ref. [150]. During 
initial steps of coordinate and individual B-factor refinement, secondary structure and 
torsional non-crystallographic symmetry restraints were applied. The weighting of the 
coordinate geometry versus the map term was set to a value that resulted in a good 
overall model geometry during refinement. For the final refinement round, one monomer 
was re-expanded, and the atomic model of the particle was minimized against the EM 
map imposing a strict 60-fold non-crystallographic symmetry. In the Fobs-Fcalc difference 
Fourier map, additional density can be identified close to the active site, which likely 
represents a reaction intermediate. However, as none of the ligands available from crystal 
structures solved in complex with substrate analogues [151, 152] convincingly explains 
the difference density and the resolution of the EM map does not allow modelling of a 
ligand at atomic detail de novo, we left this area of the map uninterpreted.

For the AaLS-neg and AaLS-13 mutants, the affected residues were exchanged in one of 
the 1HQK protomers, which then was expanded to 15 (AaLS-neg) or 6 (AaLS-13) positions 
to generate the asymmetric unit (ASU) of the particles. Areas of the ASU models located 
outside of the EM-density were manually readjusted in each monomer, which included 
a stretch around helix α4 (residues 117–134) and a neighbouring loop (residues 82–90). 
A few residues were added to the C-terminal α5 helix, which extends further towards the 
periphery of the particles. After tetrahedral 12-fold (AaLS-neg) or icosahedral 60-fold 
(AaLS-13) symmetry expansion, the full model was refined using a similar strategy as 
outlined above for AaLS-wt, except for B-factor refinement, which was performed in a 
‘two groups per residue’ mode. Because of the limited resolution in the ~5 Å range, in 
which only large bulky residues are visualized, the refined model was truncated to the 
backbone.

Data availability
The data that support the findings of this study are available from the corresponding 
author on reasonable request. The cryo-EM density maps have been deposited in the EM 
Data Bank with the accession codes EMD-3538 (AaLS-wt), EMD-3543 (AaLS-neg) and EMD-
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3544 (AaLS-13). Atomic coordinates of the corresponding models have been deposited in 
the Protein Data Bank with the accession codes 5MPP (AaLS-wt), 5MQ3 (AaLS-neg) and 
5MQ7 (AaLS-13).
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Simultaneous assessment of  kinetic,  s ite-specific,  and structural aspects

of enzymatic  protein phosphorylation.

S u m m a r y
Protein phosphorylation is a widespread process forming the mechanistic basis of cellular 
signaling. Up to now, different aspects, for example, site-specificity, kinetics, role of co-
factors, and structure–function relationships have been typically investigated by multiple 
techniques that are incompatible with one another. The approach introduced here 
maximizes the amount of information gained on protein (complex) phosphorylation while 
minimizing sample handling. Using high-resolution native mass spectrometry on intact 
protein (assemblies) up to 150 kDa we track the sequential incorporation of phosphate 
groups and map their localization by peptide LC-MS/MS. On two model systems, the 
protein kinase G and the interplay between Aurora kinase A and Bora, we demonstrate 
the simultaneous monitoring of various aspects of the phosphorylation process, namely 
the effect of different cofactors on PKG autophosphorylation and the interaction of AurA 
and Bora as both an enzyme–substrate pair and physical binding partners.
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I n t r o d u c t i o n

Phosphorylation of proteins, where phosphotransferases (kinases) transfer inorganic 
phosphate from adenosine-5′-triphosphate (ATP) to substrate amino acids (mainly 
threonine, serine, and tyrosine), is a universal process in biological systems. It affects 
the activity, conformation, localization, oligomeric state, and/or binding repertoire 
of the substrate proteins and forms the basis of ubiquitous cellular signaling events 
[1–3]. The global high-throughput analysis of dynamic protein phosphorylation 
(phosphoproteomics) has become feasible and datasets with over ten thousand 
phosphorylation sites per experiment have been reported [4, 5]. However, more in-depth, 
diverse, and multidimensional low-throughput analyses are required to fully understand 
the functional implications of a protein phosphorylation event. Presently, protein 
phosphorylation is often investigated at separate levels by using disparate methods that 
require different sample preparation steps or even specific engineering of the proteins. 
First, at the amino acid sequence level, phosphosite-specific antibodies [6] or mass 
spectrometric proteomics approaches can be used to gather site-specific information, 
for example sequence motifs recognized by a kinase and possible cross-talk between 
different modified sites [7]. Secondly, kinetic biochemical analyses, e.g. radiometric or 
fluorescence/luminescence assays, can provide information on the reaction rates of each 
enzyme–substrate pair, the requirements of co-factors, and the influence of environmental 
conditions on kinase activation, deactivation, and inhibition [8, 9]. Thirdly, a range of 
structural effects of the phosphorylation event can be interrogated, for example changes 
in conformation, oligomeric state, and protein complex formation or dissociation [10], 
by using structural biology methods such as nuclear magnetic resonance spectroscopy 
(NMR), X-ray crystallography, and electron microscopy [11, 12]. 

Ideally, a single method would allow the simultaneous analysis of protein phosphorylation 
at all three levels. Mass spectrometric analysis of proteins and protein complexes under 
non-denaturing conditions (native mass spectrometry) [13–16] offers the potential to 
provide information at both the structural and the kinetic level, as phosphate incorporation 
can be identified by a characteristic mass shift of nominally 80 Da and the non-denaturing 
setting enables monitoring of changes within noncovalently bound protein assemblies. 
However, as phosphate incorporation in proteins and protein complexes only causes a 
minimal mass shift (<0.5 %), the mass resolution needs to be sufficient for the detailed 
recording of sequential phosphorylation events. In 2012 we introduced  an Orbitrap 
mass analyzer with extended mass range [17] that provides very high mass resolution, 
making it possible, for example, to resolve complex glycosylation profiles on antibodies 
[18, 19]. Making use of this novel instrument we designed an approach to maximize 
the amount of information that can be derived from protein phosphorylation while 
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minimizing sample preparation, consumption, and analysis time. High-resolution mass 
spectrometric analysis of proteins and protein complexes facilitates baseline resolution 
of differentially phosphorylated proteoforms, enabling us to count the number of 
sequentially incorporated phosphates, relatively quantify all occurring phospho-
isoforms, and visualize transitions on the level of noncovalent protein interactions. 
To obtain information on amino acid sequence level as well, we further extended this 
method and subjected the phosphorylated proteins, originally generated for the native 
MS analysis, also to bottom-up liquid-chromatography tandem mass spectrometry (LC-
MS/MS), thereby acquiring extensive information on the amino acid sequence and site of 
the phosphorylation event. The generic workflow outlined in figure 1 thus provides the 
opportunity to obtain data on all described facets of protein phosphorylation.

We apply our approach on two challenging and interesting systems: the cGMP-
dependent protein kinase G (PKG), which phosphorylates residues from its own 
N-terminus upon cGMP (cyclic guanosine monophosphate) or cAMP (cyclic adenosine 
monophosphate) binding-induced activation [20–23], and the Aurora kinase A (AurA), 
which phosphorylates its interaction partner Protein aurora borealis (Bora) [24–26]. PKG 
is highly expressed in all types of smooth muscle cells, platelets, and certain areas of the 
brain, playing an important role in synaptic activity and smooth muscle contraction [27]. 
The interplay of Aurora kinase A and Bora is critical for eukaryotic cells to enter mitosis 
as they form a protein complex and cooperatively activate polo-like kinase 1 [24–26]. 
Here, we demonstrate the potential of this integrated mass spectrometric approach 
to simultaneously characterize site-specific, kinetic, and structural aspects of these 
enzymatic phosphorylation reactions.
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Figure 1. Overview of the comprehensive MS-based method to investigate protein phosphorylation. 1) 
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R e s u lt s  a n d  d i s c u s s i o n

Initially, we probed untreated PKG by native MS (figure 2a). Based on the mass-to-charge 
ratios (m/z) of adjacent peaks of the charge state envelope [28] the accurate molecular 
weight of the kinase is calculated to be 152817.6 Da, which corresponds to the expected 
mass of homodimeric PKG. Figure 2b shows that, as a result of the purification procedure, 
up to two cAMP molecules are intrinsically attached to PKG and the loading state is 
increased to four cAMP molecules upon incubation with 30 μM cAMP (species I–V). In the 
presence of 10 μM cGMP, three to four cGMP molecules are found to bind noncovalently 
to PKG (species VI–VII), displacing all cAMP molecules, as evidenced by the experimentally 
determined mass, and reflecting PKG’s known higher affinity to cGMP [29]. Owing to the 
high resolving power of the Orbitrap, we can not only count the number of cyclic nucleotide 
molecules bound to PKG but also distinguish between the differentially phosphorylated 
isoforms of each protein/cofactor complex, demonstrating that the predominant 
proteoform of the PKG dimer has consistently two phosphates incorporated (figure 2b). 
To investigate how cyclic nucleotide binding triggers PKG autophosphorylation, we 
incubated PKG with cAMP or cGMP in the presence of Mg2+ and ATP and monitored the 
reaction over time by native MS. We acquired the PKG spectra with a mass resolution of 
roughly 6000 (full width at half maximum), facilitating baseline resolution of all different 
phospho-isoforms. The progressive binding of phosphate is illustrated by a continuous 
signal shift to higher m/z. We detect up to 13 or 6 phosphorylations on the PKG dimer in 
the presence of cAMP or cGMP, respectively (figure 2c). In total, we identify 56 proteoforms 
of PKG/cyclic nucleotide complexes (Tables S1 and S2). Deconvolution of the mass 
spectra to the zero charge state allowed us to calculate the weighted average number of 
phosphate incorporations based on the relative signal intensities (figure 2d). Evidently, 
the maximum number of phosphorylations on PKG/cAMP complexes is substantially 
higher than on PKG/cGMP complexes, as schematically depicted in figure 2e. This finding 
is confirmed by quantitative bottom-up LC-MS/MS analysis of the sample representing 
the final time point (figure 2f). In line with the native MS data we identify three highly 
phosphorylated sites per PKG monomer, when PKG interacted with cGMP, but six highly 
phosphorylated sites for the PKG/cAMP complex, all in the vicinity of the N-terminus. 
In compliance with the identification of two phosphorylations on purified PKG dimer, 
residue Thr516 (located on the activation loop) is shown to be fully phosphorylated also 
without Mg2+/ATP incubation.

Next, we aimed to apply this workflow to investigate the interaction of the kinase domain 
of Aurora kinase A (32.9 kDa) and an N-terminal fragment of Bora (17.5 kDa). Native MS 
analysis  of AurA and Bora (molar ratio 1:2) confirms the formation of a 1:1 complex after 
incubation with Mg2+ and ATP (figure 3a), as previously reported by Hutterer et al [24].  
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In contrast to the results of co-immunoprecipitation studies with full-length Bora and 
AurA [30], we observe complex formation also in the absence of Mg2+/ATP, that is, with 
unphosphorylated Bora. Nevertheless, the complex forms more readily following 
incubation with Mg2+/ATP, indicating a higher AurA binding affinity of phosphorylated 
Bora. Since we obtained baseline resolution of all phospho-isoforms of AurA, Bora, and 
the 1:1 complex with our native MS setup we were able to study the enzyme–substrate 
relationship of AurA and Bora in a time-course experiment. Human AurA, purified 
from E. coli following overexpression, is found to bear up to seven phosphate groups. 
Quantitative bottom-up LC-MS/MS experiments reveal 100 % phosphorylation on Thr288, 
a modification that is essential for the full enzymatic activity of AurA (figure S1, [31]). 
Incubating AurA with Mg2+ and ATP does not change its phosphorylation state (figure 3b). 
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Figure 2. Comprehensive analysis of the cAMP and cGMP mediated autophosphorylation of PKG with 
native and bottom-up MS. (a) Broad-range native mass spectrum of dimeric PKG. The main mass 
derived from this charge-state envelope is 152817.6 Da. (b) Enlargement of the [M + 27H] 27+ sig-
nal and the observed mass shifts upon addition of cAMP or cGMP. Arabic numerals indicate the 
number of attached phosphate groups per dimer, roman numerals indicate distinct cyclic nucleo-
tide bound states. (c) Native mass spectra illustrating the progressive auto-phosphorylation of PKG 
upon incubation with Mg2+/ATP and cAMP or cGMP. (d) Changes of the intensity-weighted average 
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AurA is, however, catalytically active as illustrated in figure 3c. Bora as well as the AurA/
Bora complex become increasingly phosphorylated following incubation with Mg2+/ATP. 
In the control, where no Mg2+/ATP was added, only unphosphorylated Bora is detected 
and the phospho-isoform distribution of the complex resembles the phosphorylation 
state of AurA. After 180 min reaction time, up to six phosphorylations are detected on 
Bora and the complex exhibits a maximum of ten phosphate incorporations. Calculating 
the weighted average number of phosphorylations confirms that both complex and 
Bora follow the same trend of progressive phosphorylation towards a saturation point 
(figure 3d). The determined average of three phosphorylations on Bora at the last time 
point is in line with site-specific phosphorylation data derived from quantitative LC-MS/
MS experiments where two highly and two moderately phosphorylated sites could be 
identified (figure 3e). Of these, Ser59 and Thr144 are likely to be specific AurA targets as 
their location largely complies with the AurA substrate-recognition sequence [32]. To the 
best of our knowledge, this is the first report of AurA-specific phosphorylation sites on Bora. 
The similar phosphorylation time-courses of Bora and the AurA/Bora complex indicate 
that Bora does not need to form a stable complex with AurA to become phosphorylated. 
To verify this hypothesis we also studied Bora phosphorylation using near-catalytic 
amounts of the kinase (AurA/Bora molar ratio 1:100, figure S2). Although the reaction rate 
is reduced under these conditions, we still detect progressive Bora phosphorylation up 
to an average number of approximately 2.5 incorporated phosphates, as expected for a 
Michaelis–Menten-type enzymatic reaction (figure 3d). Bora thus seems to fulfil a dual 
role as a transiently bound substrate and a stable interaction partner of Aurora kinase A, 
as previously hypothesized (figure 3f, [24]). 

In summary, by combining high-resolution native MS and bottom-up LC-MS/MS in one 
workflow, we are able to characterize enzymatic protein phosphorylation at the level of 
amino acid sequence modifications, relative reaction kinetics, and structural transitions. 
Finally, we argue that the strategy presented here can be applied to any enzyme / 
(protein-)substrate system, providing a generic approach to obtain sequential, kinetic, 
and structural information in parallel.
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M at e r i a l s  a n d  M e t h o d s

Purification of PKGIα 
Pellets of cultured HEK293 cells overexpressing full length recombinant bovine PKG1α 
(UniProt KB entry P00516) were resuspended in Lysis buffer (25 mM sodium/potassium 
phosphate buffer, 150 mM sodium chloride, 10 mM DTT, 10 mM EDTA and 10 mM 
benzamindine at pH 6.8) containing protease inhibitors. The suspension was frozen in 
liquid nitrogen and thawed at 37 °C three times in order to lyse the cells. The mix was 
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bottom-up MS. (a) Native MS analysis of AurA and Bora after 180 min incubation. The 1:1 complex forms more 
efficiently with Mg2+/ATP added. (b) Purified AurA shows 7 distinct phospho-isoforms before and after incubation 
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centrifuged for 30 minutes at 40000 rpm and 4 °C. Supernatant was cleared by passing 
through a 0.45 μm cellulose filter. Columns containing agarose linked cAMP beads 
(8-AEAcAMP) were pre-equilibrated using 20 volumes lysis buffer and 20 volumes lysis 
buffer containing protease inhibitors. Cleared supernatant was loaded on the column 
and the flowthrough was reloaded. Subsequently, the column was washed with 20 
volumes lysis buffer with protease inhibitors and 10 volumes high salt buffer (lysis buffer 
with 1 M sodium chloride). Washing was continued overnight using 500 ml lysis buffer. All 
procedures were carried out at 4 °C. Protein elution was performed at room temperature 
using 8 fractions of 2.5 ml lysis buffer containing 500 μM cAMP, incubating 5 minutes 
before each step. Elution efficiency and purity was analyzed using SDS page. Fractions 
were pooled and dialyzed overnight in 1 L protein buffer (50 mM sodium phosphate 
buffer, 5 mM DTT, 150 mM sodium chloride, 2 mM EDTA, 2 mM benzamidine at pH 6.8) 
using 10 kDa MWCO dialysis membranes. Protein concentration was measured using 
280 nm absorbance and purity assessed using native mass spectrometry and SDS-PAGE. 
Finally, samples were aliquoted and stored at -80 °C in 30% (v/v) glycerol [33, 34].

Purification of Aurora A kinase domain and N-terminal fragment of Bora 
Both the human AurA kinase domain (UniProt KB entry O14965) and the N-terminal 
fragment of human Bora (UniProt KB entry Q6PGQ7) were cloned in pET M11 vector 
and expressed in the E. coli strain BL21 Gold (Stratagene, La Jolla) as TEV-cleavable His-
tagged proteins. Purification of both proteins was achieved by immobilized-metal affinity 
chromatography (TALON resin, Clontech, Mountain View) and, in case of AurA, subsequent 
size exclusion chromatography (Superdex75 16/60, GE Healthcare, Little Chalfont). The 
His-tag was cleaved by TEV protease and both proteins were passed through a TALON 
column to remove TEV protease and the tag. Bora was additionally passed through a 
Mono Q column (GE Healthcare, Little Chalfont). Finally, the proteins were purified on a 
Superdex75 16/60 column and stored at -80 _C in 20 mM HEPES pH 7.5, 100 mM (Bora) 
or 200 mM (AurA) sodium chloride, 1 mM DTT, 5 mM TCEP and, only in case of AurA, 10% 
(v/v) glycerol. 

Preparation of auto-phosphorylated PKG 
PKG buffer was exchanged into the phosphorylation buffer (50 mM Tris pH 6.8, 150 mM 
sodium chloride and 5 mM DTT) using 10 kDa MWCO centrifuge filters. Phosphorylation 
was performed at a PKG dimer concentration of 10 μM and in the presence of 10 mM 
cAMP or cGMP, 1 mM ATP and 5 mM magnesium chloride, at 30 °C for 1, 5, 10, 60 and 180 
minutes and overnight. Reaction was quenched by addition of 10 mM EDTA and cooling 
the samples on ice. Buffer was exchanged to 150 mM ammonium acetate pH 6.8 to 
prepare for mass spectrometric analysis. As a negative control, PKG was treated similarly 
in the absence of ATP for 180 minutes. All experiments were performed in duplicate.[1,2] 
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Preparation of AurA/Bora samples
Bora and AurA were mixed at a 2:1 molar ratio in 20 mM HEPES pH 7.5, 100 mM sodium 
chloride and incubated at room temperature in the presence of 40 mM magnesium 
chloride and 40 mM ATP. Aliquots were removed after 1, 10, 30, 60 and 180 min and 
quenched by adding 80 mM EDTA and cooling them on ice. Prior to native MS analysis, the 
buffer was exchanged to 500 mM ammonium acetate pH 6.8. Samples containing near-
catalytic amounts of AurA (molar ratio Bora:AurA 100:1) were prepared similarly with an 
additional aliquot taken after 24 h. The negative controls were treated in the same way 
with either magnesium chloride and ATP (in case of 2:1 molar Bora:AurA ratio) or AurA 
(in case of 100:1 molar Bora:AurA ratio) being replaced by buffer. All experiments were 
performed in duplicate. 

Orbitrap Exactive Plus mass spectrometric analysis 
Samples were analyzed using a Orbitrap Exactive Plus instrument (Thermo Fisher 
Scientific, Bremen) modified for high m/z ions, operating in positive ion mode. Protein 
solutions were electrosprayed at an estimated concentration of 0.5-5 μM using an NSI 
source and gold-coated borosilicate glass needles. Mass spectrometry settings were 
optimized and kept similar for all measurements. In short, source fragmentation was 50-
100 V, 250 °C source temperature, 5 ms (PKG) or 50 ms (AurA/Bora) injection time and 
10-15 V extended trapping. Nitrogen gas pressure in the HCD cell was 4-5 x 10-10 bar. 
The voltage offset on transport multiples and ion lenses was manually tuned to achieve 
optimal transmission of protein ions at elevated m/z. The instrument was calibrated by 
using CsI clusters. 

Data processing 
The accurate masses of all proteoforms were obtained by averaging the masses of the 
charge state envelopes taking only charge states that contribute at least 1% to the signal 
intensity. For the average amounts of phosphorylations, spectra were deconvoluted to a 
zero-charge state spectrum using Protein Deconvolution 2.0 (Thermo Fischer Scientific, 
Bremen). The masses were compared respectively with the mass of dimeric PKG1α, 
assuming phosphorylation of T516 and N-terminal acetylation (152819.12 Da), or with 
the masses of unphosphorylated Bora, unphosphorylated AurA or unphosphorylated 
AurA/Bora complex. This allowed spectrum-assisted assignment of phosphorylation and 
cyclic nucleotide binding state. Subsequently, the intensity weighted average number of 
phosphorylations (± standard deviation) was calculated and plotted against time. 

Bottom-up LC-MS/MS analysis
Samples were buffer exchanged to 50 mM ammonium bicarbonate, 2 M urea or 100 mM 
sodium phosphate buffer pH 7.8, 2 M urea. After reduction (2 mM DTT) and alkylation (4 
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mM iodoacetamide), the protein samples were digested over night at 37°C with trypsin 
(ratio enzyme:protein 1:50) or GluC (ratio enzyme:protein 1:20, only PKG samples) 
respectively. The resulting peptide mixtures were desalted using homemade C18 Stage 
Tips. The peptides were analyzed by nanoLC-MS/MS on a LTQ-Orbitrap Elite (Thermo 
Fisher Scientific, Bremen) coupled to a Proxeon EASY-nLC 1000 (Thermo Fisher Scientific, 
Bremen) operating in reversed phase (C18). Peptides were trapped in 100% solvent A 
(0.1% formic acid in water) and elution was achieved with solvent B (0.1 M acetic acid in 
acetonitrile) at 100 nL/min in a total analysis time of 90 or 120 min. Full MS spectra were 
acquired in the Orbitrap at a resolution of 60000 and precursor ions 4 were fragmented 
using higher energy collision dissociation (HCD) and electron transfer dissociation (ETD). 
PKG MS raw data were processed with the MaxQuant software package [35]. Raw data of 
the AurA/Bora analysis were processed using Proteome Discoverer 1.3 (Thermo Fisher 
Scientific, Bremen). Label-free quantification of peptide abundances was performed 
using peptide MS1 areas. In figures 2, 3 and S1, all residues are numbered according to 
the UniProt KB sequence numbering and error bars represent the standard deviation of 
the duplicates. 

Reaction schemes
Surface representations in figure 2 and 3 were prepared using Pymol v1.5 (Schrödinger, 
LLC) and are based on PDB structures 1j3h and 3shr (PKG), PDB structure 1mq4 (AurA) and 
a Bora model generated with the I-Tasser server [36]. The models of the phosphorylated 
complexes are meant for illustration and do not allow conclusions on the complex 
topologies. 
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Figure S1. Relative occupancies of the phosphorylation sites on Aurora kinase A determined by quantitative 
bottom-up LC-MS/MS.

Figure S2. Time-course of Bora phosphorylation in presence of near-catalytic amounts of AurA. Bora and AurA 
(molar ratio 100:1) were incubated with Mg2+-ATP at room temperature.
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Molecular Basis  of  Transcription-Coupled Pre-mRNA Capping

S u m m a r y

Capping is the first step in pre-mRNA processing, and the resulting 5′-RNA cap is required 
for mRNA splicing, export, translation, and stability. Capping is functionally coupled to 
transcription by RNA polymerase (Pol) II, but the coupling mechanism remains unclear. We 
show that efficient binding of the capping enzyme (CE) to transcribing, phosphorylated 
yeast Pol II (Pol IIp) requires nascent RNA with an unprocessed 5′-triphosphate end. The 
transcribing Pol IIp-CE complex catalyzes the first two steps of capping, and its analysis 
by mass spectrometry, cryo-electron microscopy, and protein crosslinking revealed the 
molecular basis for transcription-coupled pre-mRNA capping. CE docks to the Pol II wall 
and spans the end of the RNA exit tunnel to position the CE active sites for sequential 
binding of the exiting RNA 5′ end. Thus, the RNA 5′ end triggers its own capping when it 
emerges from Pol II, to ensure seamless RNA protection from 5′-exonucleases during early 
transcription.
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I n t r o d u c t i o n

Capping of the eukaryotic pre-mRNA transcript is the first event in co-transcriptional 
RNA processing and is essential for cell viability [37, 38]. Capping relies on three 
enzymatic activities, described below for the yeast Saccharomyces cerevisiae. First, the 
RNA triphosphatase Cet1 hydrolyses the gamma phosphate of the 5′-RNA triphosphate 
end [39, 40]. Then the RNA guanylyltransferase Ceg1 transfers a GMP moiety to the RNA 
diphosphate end, forming a 5′-5′ link [41]. Finally, the RNA guanine-N7 methyltransferase 
Abd1 methylates the terminal guanine base at the N7 position [42], resulting in a mature 
mRNA cap structure. Cet1 and Ceg1 form a stable complex called the capping enzyme 
(CE). Yeast Ceg1 is only active when bound to Cet1 [43]. Metazoan CE consists of a single 
polypeptide with triphosphatase and guanylyltransferase domains [37, 38]. The crystal 
structure of CE from S. cerevisiae is known [44], and structures of the triphosphatase and 
guanylyltransferase components of CE are available for viral [45–47], fungal [44, 48–51], 
and mammalian enzymes [52–54].

CE recruitment involves binding of Ceg1 to the carboxy-terminal domain (CTD) of Pol II 
[43, 55]. The CTD changes its phosphorylation state during the transcription cycle, and this 
triggers recruitment of protein factors to Pol II [56–59]. Ceg1 binds to the CTD when the 
CTD is phosphorylated at serine-5 (Ser5) residues [60], which occurs during transcription 
initiation. CTD binding to guanylyltransferases was characterized structurally [49, 50, 54]. 
Because the CTD is very extended and flexibly linked to Pol II [61], CE could be bound to 
the CTD but reside very far away from the polymerase surface. However, there is evidence 
that capping takes place on the Pol II surface. Capping can occur already upon synthesis 
of a short RNA of around 20 nt in vitro [62–66]. In vivo, chromatin immunoprecipitation 
revealed a sharp occupancy peak for CE subunits just downstream of the transcription 
start site, in contrast to Abd1, which was observed about 100 nt further downstream [67, 
68]. In the human system, guanylylation is up to 10,000-fold faster for RNA that was part of 
a transcribing Pol II complex, compared to free RNA, and this functional coupling was only 
to a minor extent dependent on the CTD [69]. These results indicate the existence of a CE 
binding site on the Pol II surface. A binding site outside the CTD is also suggested by the 
observation that a variant of Cet1 that no longer interacted with Ceg1 was still recruited 
to the 5′ ends of genes in vivo [70].

In order to understand the molecular basis for co-transcriptional capping, the structure of 
CE in complex with a transcribing Pol II enzyme is required. A pioneering study reported 
on the crystallization of a complex containing Pol II and CE without nucleic acids [71]. 
However, the electron density ascribed to CE in that study could not be unambiguously 
assigned, because it could not be fitted with known CE structures. In addition, the putative 
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location of CE at the Pol II foot domain [71] was far away from the RNA exit site. This 
location could not explain co-transcriptional capping, because RNA has to be around 15 
nt in length to reach the Pol II surface [72, 73], and thus short, ~20 nt RNAs could not reach 
CE at the foot domain. Thus, the site of CE interaction with a transcribing Pol II complex 
remains unclear.

Determination of the structure of a transcribing Pol II complex with CE has been 
hampered due to its heterogeneity and flexibility. First, the quaternary structure of CE 
remains unclear. In particular, S. cerevisiae CE contains a Cet1 dimer bound to either 
one or two Ceg1 molecules, resulting in heterotetrameric or heterotrimeric complexes 
[50, 51, 74]. It is unclear whether one or two copies of Ceg1 are required for CE function, 

Figure 1. Quartenary Structure of the Transcribing Pol IIp-CE Complex. Native MS analysis of 
the transcribing Pol IIp-CE complex and its components. (a) Purified CE (blue) is a hetero-tetra-
mer of 180.7 kDa but is also present as a 125.8 kDa heterotrimer missing a copy of Ceg1. (b) The Pol 
IIp complex is predominantly present as the full 520.9 kDa complex (orange) but additionally exists 
in a state where the RPB4/RPB7 heterodimer is absent (brown). (c) The transcribing Pol IIp complex 
(violet) has a mass of 539 kDa. (d) The transcribing Pol IIp complex predominantly binds the CE 
hetero-tetramer Cet1-Cet1-Ceg1-Ceg1 (red) but also a Cet1-Cet1-Ceg1 hetero-trimer (green).

0

0

1

1

N
or

m
al

iz
ed

 s
ig

na
l i

nt
en

si
ty

 (a
.u

.)

0

1

m/z5000 8000 11000 14000

0

1

CTD

5

5

5

CTD

5

5

5

Ceg1

Ceg1

Cet1

Cet1

Pol II

>15nt

>15nt

5

5

5

[Cet1-Ceg1][Cet1-Ceg1]      180.7 kDa
Pol IIp + DNA/RNA23 5’ ppp 539.0 kDa[Cet1-Ceg1][Cet1]         125.8 kDa
Pol IIp + DNA/RNA23 5’ ppp 719.8 kDa
           + [Cet1-Ceg1][Cet1-Ceg1]  
Pol IIp + DNA/RNA23 5’ ppp 664.7 kDa
           + [Cet1-Ceg1][Cet1]   

Pol IIp - RPB4/RPB7         474.8 kDa
Pol IIp          518.8 kDa

a

b

d

c



161

M a s s  s p e c t r o m e t r y  r e a c t i o n  m o n i t o r i n g

IV

although the formation of a Cet1 dimer is known to be required in vivo and stabilizes the 
Cet1 active site in vitro [75]. Second, CE shows very high intrinsic flexibility. Structural 
studies revealed flexible hinges between Cet1 and Ceg1 [44], and also between the two 
Ceg1 domains NT and OB [44, 45, 47, 50, 53]. These flexibilities are apparently required 
for CE function, because exiting RNA must first bind in the Cet1 active site, must then 
move to the Ceg1 active site and can then separate from CE. Here, we show that purified 
CE exists as a mixture of hetero-tetrameric and hetero-trimeric variants and that it forms 
a stable complex with transcribing Pol II. We then demonstrate that transcribing Pol 
II-CE complexes are active in catalyzing the first two steps of capping. We derive the 
three-dimensional architecture of the transcribing Pol II-CE complex by cryo-electron 
microscopy (cryo-EM) and protein chemical crosslinking coupled to mass spectrometry 
(CX-MS). We show that CE spans the end of the RNA exit tunnel of Pol II and that its two 
active sites face exiting RNA. Our results provide the molecular basis for understanding 
how capping is functionally coupled to early Pol II transcription and show how nascent 
pre-mRNA is continuously protected from degradation by 5′-exonucleases.

R e s u lt s  a n d  d i s c u s s i o n

We used native mass spectrometry (MS) to investigate the quaternary structure of CE and 
the stoichiometry of CE bound to the transcribing Pol IIp complex (Serine 5 phosphorylated 
RNA polymerase II bound to a DNA/RNA scaffold). Native MS showed that a major fraction 
of purified CE has a molecular mass of 180.7 kDa, consistent with a hetero-tetramer 
comprising two copies of Cet1 and two copies of Ceg1 (theoretical MW = 180.5 kDa, figure 
1a). In agreement with our earlier data [76], free Pol IIp had a mass of 518.8 kDa (figure 1b). 
The transcribing Pol IIp complex showed a mass of 539 kDa, consistent with an additional 
mass of 20.2 kDa for the DNA-RNA scaffold (figure 1c). Analysis of the transcribing Pol IIp-
CE complex revealed a molecular mass of 719.8 kDa (figure 1d). This corresponded to a 
hetero-tetrameric CE bound to the transcribing Pol IIp (theoretical MW = 719.1 kDa) and 
could be confirmed by a tandem MS spectrum (figure S1). A fraction of the transcribing 
Pol IIp-CE complexes contained a hetero-trimeric CE missing one Ceg1 molecule (figure 
1d, green peaks). Thus, the transcribing Pol IIp complex can associate with hetero-
tetrameric (Ceg1-Cet1-Cet1-Ceg1) and hetero-trimeric (Cet1-Cet1-Ceg1) forms of CE. Two 
Cet1 copies are present in both these complexes, consistent with a requirement for Cet1 
dimerization in vivo [77].

We then used negative mode MS to investigate whether CE was catalytically active within 
a transcribing Pol IIp-CE complex. Accurate mass analysis of the free nucleic acid scaffold 
was consistent with the presence of a 5′-triphosphate end on the RNA (figure 2a). The RNA 
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Figure 2. Cet1 and Ceg1 Are Cata-
lytically Active in the Transcribing 
Pol IIp-CE Complex. Analysis of the 
enzymatic activity of the capping 
enzymes by mass spectrometry.
(a-d) Negative mode MS analysis of 
the nucleic acids. Peaks correspon-
ding to the different RNA and DNA 
species are labeled with small letters 
and their corresponding charge state. 
The additional peaks represent sodi-
um and/or potassium ion adducts. 
(a) Analysis of the free nucleic acids 
scaffold by negative mode MS shows 
that the in-vitro-transcribed 23 nt 
RNA in transcribing Pol IIp-CE com-
plexes contains a 5′-triphosphate 
(5′ppp, peak “c”). Peaks from the DNA 
non-template and template strands 
are denoted “a” and “b.” (b) The RNA 
peaks remain essentially unchanged 
upon addition of Pol IIp. (c) The initi-
al 5′ppp RNA is hydrolyzed to 5′-dip-
hosphorylated RNA (5′pp, peak “d”) 
by Cet1, and a fraction of it is also 
guanylated by Ceg1-catalyzed addi-
tion of a GMP moiety (5′pppG, peak 
“e”). (d) The RNA23-5′pppG peak 
(“e”) is increased after addition of 
Ceg1 incubated with GTP. Peak “b*” 
is shifted with respect to other pa-
nels only because the DNA template 
strand was differentially brominated 
in the used sample. (e) Denaturing 
MS spectrum of the capping enzy-
me complexes with a deconvoluted 
spectrum as an inset. Peak “f”: full 
Ceg1 chain. Peak “g”: Ceg1 – initiator 
methionine. Peak “h”: Ceg1 – initiator 
methionine + GMP. Peak “i”: Ceg1 + 
GMP. Peak “j”: full Cet1 chain. Gua-
nylation of RNA prior to addition of 
GTP to the capping enzyme occurs 
because Ceg1 has GMP covalently 
bound in its active site after purifica-
tion. (f) Schematic of CE catalytic tur-
nover of RNA23-5′ppp to the product 
RNA23-5′pppG. (g) Bar plot depicting 
the fraction of each RNA population 
in the spectra in (a–d).
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mass remained unchanged following incubation with Pol IIp (figure2b). However, when we 
added CE to the transcribing Pol IIp complex, the initial RNA transcript peak disappeared, 
and two additional peaks were detected  (figure 2c). The first additional peak was the 
product of Cet1 activity because it corresponded in mass to 5′-diphosphorylated RNA 
(figure 2c). The second additional peak showed the mass of RNA23-5′pp with an added 
GMP moiety (figure 2c) and corresponded to the 5′-guanylated RNA and was the product 
of both Cet1 and Ceg1 activities. These data revealed that both enzymatic activities of 
recombinant CE were intact in reconstituted transcribing Pol IIp-CE complexes. The MS 
analysis also showed that Cet1 action was complete, whereas Ceg1 action was partial. 
Ceg1 action was apparently incomplete because of partial co-purification of the cofactor 
GTP (figure 2e). To test this, we pre-incubated CE with GTP, removed the excess of GTP, and 
added transcribing Pol IIp. This indeed led to a strong increase in the peak corresponding 
to the Ceg1 product (figure 2d).

These results enabled structural studies of a transiently stable and catalytically active 
transcribing Pol IIp-CE complex by cryo-electron microscopy (EM). Using a hierarchical 
computational image classification scheme, we obtained three populations of images 
that were used to reconstruct CE-free Pol II elongation complexes at 7.2 and 7.4 
Å-resolution and an additional particle class that contained strong CE density. This led 
to a reconstruction of the transcribing Pol IIp-CE complex at a resolution of 17.4 Å (figure 
3). CE spans the outer end of the RNA exit tunnel on the Pol II surface (figure 3a). The CE 
density is partitioned in a major part, which contacts extensively the area around the RNA 
exit tunnel on the Pol II core (contact area A, figure 3a), and a minor part forming a small 
contact area with the Rpb4/7 subcomplex of Pol II (contact area B, figure 3a). The high 
degree of CE flexibility and conformational heterogeneity of the complexes prevented 
structure determination of the Pol IIp-CE complex at higher resolution.

To aid placement of known CE crystal structures into the EM density, we subjected the 
transcribing Pol IIp-CE complex to CX-MS analysis (figure 4). From two independent 
measurements, 527 high-confidence lysine-lysine crosslinks were obtained that resulted 
in 337 distance restrains (Figure 4A). A total of 252 crosslinks were observed within Pol II 
and explained with the Pol II crystal structure, except for one crosslink that exceed the 
maximum allowed Cα distance of 27 ± 3 Å and involved a flexible protein region (figure 
4c). For Cet1, 51 out of 52 intra-crosslinks were explained with the capping enzyme 
structure (PDB code 3KYH) [44], and one unexplained crosslink again involved a region of 
conformational flexibility (figure 4c). These intra-protein crosslinks within Cet1 and within 
Pol II thus provided positive controls for the CX-MS measurements.
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The analysis also yielded 27 crosslinks between Cet1 and Pol II that identified the major 
CE density as the Cet1 dimer (figure 4b). Analysis of these inter-protein crosslinks guided 
placement of the Cet1 dimer crystal structure into the EM density (figures 3a–3c). One 
Cet1 subunit resided near Pol II subunits Rpb3 and Rpb12 (figure 4b, yellow Cet1 copy), 
and another Cet1 subunit resides at the end of the RNA exit tunnel (figure 4b, purple Cet1 
copy). The latter Cet1 subunit approached the Pol II wall and a flexible extension from 
the wall called “flap loop” (β30-β31, Rpb2 residues 919–934) [61]. The flap loop is not 
conserved in Pol I and Pol III, and this may explain why CE specifically interacts with Pol II. 
CE interaction with Pol II is dominated by Cet1 contacts with the Pol II core (contact area 
A, figure 3a), explaining why Cet1 remains active in vivo when the Cet1-Ceg1 interaction 
is perturbed [70].

In contrast to the defined position of the Cet1 homodimer, EM and MS indicated a high 
degree of variability for Ceg1. The minor part of the CE density corresponded to one 
flanking Ceg1 molecule (“proximal Ceg1”), whereas density for a second Ceg1 molecule 
(“distal Ceg1”) was only partial (figure 3b). The distal Ceg1 molecule is likely absent in 
a subset of particles containing a heterotrimeric Cet1-Cet1-Ceg1 complex and may be 
flexible in other particles. We therefore placed only the proximal Ceg1 molecule into the 
EM density, using Ceg1 from the S. cerevisiae CE structure (PDB code 3KYH) (figures 3a–

Figure 3. Cryo-EM Reveals that CE Spans the End of Pol II RNA Exit Tunnel. (a) Crystal structures 
of transcribing Pol II and CE were manually docked into the EM density of the transcribing Pol IIp-CE 
complex (gray surface) and are depicted as ribbon models (Pol II, gray; DNA, blue/cyan, RNA, red; 
Cet1 dimer, purple and yellow, and Ceg1 domains, blue). Cet1 placement was facilitated by cros-
slinking (figure 4). CE forms two contact areas (encircled letters A and B) with Pol II around the wall 
and RNA exit tunnel. (b) Back view of transcribing Pol IIp-CE complex with the proximal Ceg1 mo-
nomer (blue) placed into the EM density. Partial density for the distal Ceg1 monomer is indicated.
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3c). In the resulting model, most of Ceg1 is covered with EM density, and the Ceg1 OB 
domain remained near the Cet1 motif WAQKW that it binds in the CE crystal structure [44]. 
The model indicated that contact area B is formed between the Ceg1 OB domain and the 
Pol II subunit Rpb7 (figure 3A). The model further showed that exiting RNA has to be about 
17 and 23 nt long to reach the active sites of Cet1 and Ceg1, respectively.
Our data revealed that CE docks on the Pol II wall and spans the end of the RNA exit 
tunnel of Pol II. This shows that the first two steps in pre-mRNA capping can take place 
when the nascent RNA reaches the polymerase surface. CE is ideally positioned for instant 
recognition of the exiting RNA 5′ end. This mechanism ensures a seamless protection of 
RNA from degradation by 5′-exonucleases right from the beginning of transcription. 

Acknowledgements
We would like to thank Dimitry Tegunov (Max Plank Institute of Biochemistry in Munich), 
Clemens Plaschka, Otto Berninghausen, and Charlotte Ungewickell for advice and help 
(Gene Center Munich). F.W.M.-R. was supported by the BGF 2011. R.K. was supported by the 
SNSF and the European Commission (FP7-PEOPLE-IEF). F.H. was funded by the Bavarian 
Research Network for Molecular Biosystems and by an LMUexcellent junior grant. M.v.d.W. 
and A.J.R.H. were supported by the Stichting voor Fundamenteel Onderzoek der Materie 
(FOM; project 12PR3033-2) and the Netherlands Science Organization (NWO) funded 
proteomics facility Proteins @ Work (no. 184.032.201). P.C. was supported by the DFG 
(SFB860), the Advanced Investigator Grant TRANSIT of the European Research Council, 
and the Volkswagen Foundation.

M at e r i a l s  a n d  M e t h o d s

Sample Production and Purification
S. cerevisiae genes encoding Cet1 (241–549) and full-length Ceg1 were cloned into a 
bicistronic pOPINE vector. In order to obtain a ribosomal binding site (RBS) before each 
gene, a PCR product containing Cet1-RBS-Ceg1-Strep2 tag was cloned in the vector. Only 
Ceg1 contained a Strep2 tag. The plasmid was transformed into E. coli Rosetta (DE3) pLysS 
(Novagen). Cells were grown in TB medium at 37°C to an OD600 of 0.6. Expression was 
induced with 0.5 mM IPTG for 16 hr at 21°C. Cells were lysed by sonication in buffer L 
(20 mM Tris [pH 8.0], 100 mM NaCl, 3 mM DTT, 2.5 mM MgCl2, 10 μg/ml DNase, 14.2 μg 
leupeptin, 68.5 μg pepstatin A, 8 mg PMSF, 16 mg benzamidine). After centrifugation at 
15,000 × g for 20 min the supernatant was loaded onto a Strep-Tactin macro prep column 
(IBA) equilibrated in buffer L.  Strep-tagged Ceg1 was eluted with buffer L containing 2.5 
mM desthiobiotin and Cet1 co-purified.
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The eluted CE complex was further purified using a HiTrap Heparin HP column (GE 
Healthcare) with a gradient from buffer H1 (20 mM HEPES, 100 mM NaCl, 3 mM DTT, 5 
mM MgCl2) to buffer H2 (buffer H1 plus 1M NaCl). Pure CE complex was obtained after gel 
filtration on a Superdex 200 column (GE Healthcare) in buffer GF (5 mM HEPES [pH 7.25], 
100 mM KCl, 3 mM DTT). The eluted complex was concentrated to 7 mg/ml, aliquoted, 
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Figure 4. Crosslinking Defines the Architecture of the Transcribing Pol IIp-CE Complex. (a) 
Crosslink map of the transcribing Pol IIp-CE complex. Crosslinks between Pol II subunits were ex-
cluded for clarity. Two copies of Cet1 and Ceg1 are shown. Intra-protein crosslinks are in green, 
inter-protein crosslinks between Pol II and CE in black, inter-protein crosslinks between Cet1 and 
Ceg1 in blue, and crosslinks between Cet1 molecules in lilac. (b) Inter-protein crosslinks between 
Pol II and CE (black dotted lines) guided placement of one Cet1 subunit (yellow) near Pol II subunits 
Rpb3 and Rpb12, and the other Cet1 subunit (purple) at the end of the RNA exit tunnel. This place-
ment also fits the EM density (figure 4). The view is from the side but rotated by 180 degrees around 
a vertical axis compared to the side view in figure 4c. (c) Cα distance distribution for observed lysi-
ne-lysine crosslinks. Crosslinks spanning distances of 31–40 Å are explained by the conformational 
flexibility of mobile protein loops. Distance restraints indicate that Ceg1 resides predominantly in 
the closed conformation, but alternative states apparently coexist. (d) Intra-protein crosslinks on 
the S. cerevisiae Ceg1 structure (PDB code 3KYH) in the closed state after domain alignment onto 
the viral enzyme structure (PDB code 1CKM). (e) Inter-protein Cet1-Ceg1 crosslinks between the S. 
cerevisiae Ceg1 structure in the closed state as in (d).
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and stored at −80°C. S. cerevisiae Pol II was prepared as described [78], and the final 
gel-filtration step was carried out in buffer GF. Synthetic DNA and RNA oligonucleotides 
were purchased from Metabion. RNA containing a 5′ triphosphate end was transcribed in 
vitro from a modified pSP64 plasmid (Promega) containing an autocleavable 3′-terminal 
hepatitis delta virus ribozyme. The product RNA was purified as previously described [79].
To obtain Ser5-phosphorylated Pol II (Pol IIp) 1 mg of purified Pol II was incubated with 
17 μl P42 MAP kinase (NEB, 100 U/μl) at 30°C for 15 min. The sample was subjected to gel 
filtration using a Superose 6 column (GE Healthcare) equilibrated in buffer GF. Pol IIp was 
concentrated to 3–4 mg/ml, aliquoted, and stored at −80°C. The phosphorylation stage 
of the Pol II-CTD was analyzed by western blotting with anti-phospho CTD antibodies. To 
obtain the CE-Pol II complex a 3-fold molar excess of CE was incubated with Pol II for 60 
min at 20°C followed by gel filtration in buffer GF. To obtain the transcribing Pol IIp-CE 
complex, Pol II was incubated with a 2-fold excess of nucleic acid scaffold prepared as 
described [73] and incubated for 20 min at 20°C before addition of CE.

EM Sample Preparation and Data Collection
The purified Pol IIp-CE-nucleic acids complex was crosslinked with 1.6 mM of an equimolar 
mixture of heavy- and light-labeled disuccinimidyl suberate (DSS-d0/d12, d is deuterium, 
Creative Molecules) for 30 min at 30°C as indicated in the CXMS methods section and 
subjected to gel filtration on a Superose 6 column (GE Healthcare) equilibrated in buffer GF. 
The crosslinked sample was concentrated to 0.25 mg/ml. For negative stain EM, samples 
of the Pol IIp-CE complex were applied to Quantifoil grids coated with a second layer of 
continuous carbon. The sample was allowed to bind for 1 min, washed with several drops 
of distilled water, stained for 1 min in a 50 μl drop of 2% (w/v) uranyl formate solution, 
and blotted with filter paper. Cryo EM samples of the transcribing Pol IIp-CE complex 
were prepared on Quantifoil grids coated with a second layer of continuous carbon. The 
sample was incubated for 45 s on the carbon foil, blotted, and vitrified in liquid ethane 
with a FEI Vitrobot Mark IV. Data were acquired on a Cs corrected FEI Titan Krios at 300 kV 
acceleration voltage. Micrographs were collected using a FEI Falcon II direct detector with 
defocus values between −1 and −4 μm at a nominal magnification of 74,000× (1.0 Å/pixel). 
The total dose was 25 e−/Å2. Micrographs were binned by a factor of 2 in Fourier space (2 
Å/pixel) and used for image processing.

EM Image Processing and 3D Reconstruction
Particles (250,880) were selected semi-automatically using EMAN Boxer [80]. CTF 
parameters were estimated using CTFFIND [81]. CTF correction and 3D reconstruction 
were performed in RELION [82, 83]. The selected particles were extracted with a 1482 pixel 
box and normalized during the pre-processing procedure in RELION. 3D classification and 
refinement were also done in RELION. Initial unsupervised 3D classification in RELION led 
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to a subset of particles that contained density for CE. This subset contained 1.5% of the 
particles. Directly using unsupervised classification was not very effective. We thus added 
one step of supervised classification to the procedure. The map obtained from the initial 
unsupervised RELION classification with density for CE was used as a first reference for 
supervised classification to divide the large data set into two smaller subsets. To obtain a 
second reference map for supervised classification, the initial CE density was erased from 
the first map with the volume eraser tool in UCSF Chimera [84]. All particles were aligned 
to both references in RELION, and the particles were sorted into two populations (118,817 
particles and 132,063 particles) according to the value _rlnLogLikeliContribution. Both 
populations were then subjected to one round of 3D classification in RELION with six 
classes each.

The 118,817 particles in the first population yielded one class (66,214 particles) 
representing a Pol II elongation complex (EC-1) that was refined to a resolution of 7.2 
Å, plus five classes representing less well-resolved ECs or bad maps likely containing ill-
aligned particles. The 132,063 particles in a second population yielded one EC (61,349 
particles) that was refined with RELION to a resolution of 7.4 Å, one complex with strong 
CE features, and four classes representing less well-resolved ECs or poor maps. The CE-
containing particles were subjected to two further rounds of 3D classification into four 
classes and three classes with the aim to get a more homogeneous subset of particles. 
However, both rounds resulted in a large main population and only small additional 
populations, meaning that further separation into more homogeneous subsets was not 
possible. Likely, the flexibility of CE resulted in gradual heterogeneity of the particles 
that could not be further resolved. The final 11,007 particles for the transcribing Pol IIp-
CE complex were refined to 17.4-Å resolution with RELION. Sampling was 7.5 degrees 
with five pixels offset search range and one pixel offset search step for 3D classification, 
and reference maps for 3D classification and refinement were filtered to 45–50 Å. A 
regularization parameter of four and wide, soft spherical masks of 290 Å diameter were 
used. Classifications were iterated until convergence.

Post-processing was done in RELION, using soft, wide particle shaped masks produced 
in SPIDER [85]. B-factors were estimated automatically, and FSC weighting was applied. 
The B-factor was then used for local resolution estimates using the program RESMAP [86]. 
Local resolution maps (LRMs) were obtained using method83 implemented to run on a 
Graphics Processing Unit. A sliding window of 20 (transcribing Pol IIp-CE complex) or 44 
(transcribing Pol IIp complex) was centered around each voxel, extending the original 
half-maps through mirroring at the borders. The FSC at 0.5 was then calculated within the 
window and assigned to the central voxel. The conservative value of 0.5 was chosen to 
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compensate for the higher FSC variance introduced by smaller window sizes. All structural 
figures were generated using UCSF Chimera [84] and PyMOL.

CXMS Analysis and Modeling
The transcribing Pol IIp-CE complex was crosslinked with 1.6 mM of an equimolar mixture 
of heavy- and light-labeled disuccinimidyl suberate (DSS-d0/d12, d is deuterium, Creative 
Molecules) as described [87]. Crosslinked proteins were digested and the peptides were 
enriched and analyzed by liquid chromatography coupled to an Orbitrap Elite mass 
spectrometer (Thermo Fisher Scientific). Crosslink spectra were searched by the xQuest 
software and crosslink identifications were manually validated at false discovery rates 
<5% [88].

To fit the Ceg1 crosslink distances in the allowed distance range, the OB and NT domains 
of Ceg1 were independently superposed to the corresponding domains of available 
guanylyltransferase structures [44, 45, 47, 50, 53, 54] using Chimera. The C. virus structure 
was used as reference for the final superposition. To avoid clashes with Cet1 in the CE 
structure, the resulting S. cerevisiae Ceg1 model in the closed conformation was rotated 
together with the Cet1 WAQKW motif. Crosslink distances were generated with PyMOL 
and analyzed manually.
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S u p p l e m e n ta r y  i n f o r m at i o n
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Figure S1. Tandem MS spectrum of the transcribing Pol IIp – CE complex. The charge state of the precursor 
is annotated in the spectrum, as well as charge state distributions belonging to the ejected monomeric subunits 
(at low  m/z)  and their concomitant charge reduced products (at high m/z). 



171

M a s s  s p e c t r o m e t r y  r e a c t i o n  m o n i t o r i n g

IV

R e f e r e n c e s

1. Scott, J.D., Pawson, T.: Cell signaling in space and time: where proteins come together and 

when they’re apart. Science, 326, 1220–1224 (2009)

2. Hunter, T.: Why nature chose phosphate to modify proteins. Philos Trans R Soc Lond B Biol Sci, 

367, 2513–2516 (2012)

3. Hunter, T.: Protein kinases and phosphatases: the yin and yang of protein phosphorylation and 

signaling. Cell, 80, 225–236 (1995)

4. Olsen, J.V., Mann, M.: Status of large-scale analysis of post-translational modifications by mass 

spectrometry. Mol Cell Proteomics, 12, 3444–3452 (2013)

5. Lemeer, S., Heck, A.J.R.: The phosphoproteomics data explosion. Curr Opin Chem Biol, 13, 414–

420 (2009)

6. Brumbaugh, K., Johnson, W., Liao, W.-C., Lin, M.-S., Houchins, J.P., Cooper, J., Stoesz, S., 

Campos-Gonzalez, R.: Overview of the generation, validation, and application of phosphosite-

specific antibodies. Methods Mol Biol, 717, 3–43 (2011)

7. Grimsrud, P.A., Swaney, D.L., Wenger, C.D., Beauchene, N.A., Coon, J.J.: Phosphoproteomics for 

the masses. ACS Chem Biol, 5, 105–119 (2010)

8. Jia, Y., Quinn, C.M., Kwak, S., Talanian, R.V.: Current in vitro kinase assay technologies: the quest 

for a universal format. Curr Drug Discov Technol, 5, 59–69 (2008)

9. Salazar, C., Hofer, T.: Multisite protein phosphorylation—from molecular mechanisms to kinetic 

models. FEBS J, 276, 3177–3198 (2009)

10. Nishi, H., Hashimoto, K., Panchenko, A.R.: Phosphorylation in protein-protein binding: effect on 

stability and function. Structure, 19, 1807–1815 (2011)

11. Deribe, Y.L., Pawson, T., Dikic, I.: Post-translational modifications in signal integration. Nat 

Struct Mol Biol, 17, 666–672 (2010)

12. Taylor, S.S., Ilouz, R., Zhang, P., Kornev, A.P.: Assembly of allosteric macromolecular switches: 

lessons from PKA. Nat Rev Mol Cell Biol, 13, 646–658 (2012)

13. Marcoux, J., Robinson, C.V.: Twenty years of gas phase structural biology. Structure, 21, 1541–

1550 (2013)

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

15. Heck, A.J.R.: Native mass spectrometry: a bridge between interactomics and structural biology. 

Nat Methods, 5, 927–933 (2008)

16. Loo, J.A.: Studying noncovalent protein complexes by electrospray ionization mass 

spectrometry. Mass Spectrom Rev, 16, 1–23 (1997)

17. Rose, R.J., Damoc, E., Denisov, E., Makarov, A.A., Heck, A.J.R.: High-sensitivity Orbitrap mass 

analysis of intact macromolecular assemblies. Nat Methods, 9, 1084–1086 (2012)

18. Rosati, S., Rose, R.J., Thompson, N.J., van Duijn, E., Damoc, E., Denisov, E., Makarov, A.A., Heck, 

A.J.R.: Exploring an Orbitrap analyzer for the characterization of intact antibodies by native 

mass spectrometry. Angew Chem Int Ed Engl, 51, 12992–12996 (2012)



172

C h a p t e r  I V

19. Rosati, S., van den Bremer, E.T.J., Schuurman, J., Parren, P.W.H.I., Kamerling, J.P., Heck, 

A.J.R.: In-depth qualitative and quantitative analysis of composite glycosylation profiles and 

other micro-heterogeneity on intact monoclonal antibodies by high-resolution native mass 

spectrometry using a modified Orbitrap. MAbs, 5, 917–924 (2013)

20. Takio, K., Smith, S.B., Walsh, K.A., Krebs, E.G., Titani, K.: Amino acid sequence around a “hinge” 

region and its “autophosphorylation” site in bovine Lung cGMP-dependent protein kinase. J 

Biol Chem, 258, 5531–5536 (1983)

21. Aitken, A., Hemmings, B.A., Hofmann, F.: Identification of the residues on cyclic GMP-dependent 

protein kinase that are autophosphorylated in the presence of cyclic AMP and cyclic GMP. 

Biochim Biophys Acta, 790, 219–225 (1984)

22. Pinkse, M.W.H., Heck, A.J.R., Rumpel, K., Pullen, F.: Probing noncovalent protein-ligand 

interactions of the cGMP-dependent protein kinase using electrospray ionization time of flight 

mass spectrometry. J Am Soc Mass Spectrom, 15, 1392–1399 (2004)

23. Pinkse, M.W.H., Uitto, P.M., Hilhorst, M.J., Ooms, B., Heck, A.J.R.: Selective isolation at the 

femtomole level of phosphopeptides from proteolytic digests using 2D-NanoLC-ESI-MS/MS 

and titanium oxide precolumns. Anal Chem, 76, 3935–3943 (2004)

24. Hutterer, A., Berdnik, D., Wirtz-Peitz, F., Zigman, M., Schleiffer, A., Knoblich, J.A.: Mitotic 

activation of the kinase Aurora-A requires its binding partner Bora. Dev Cell, 11, 147–157 (2006)

25. Seki, A., Coppinger, J.A., Jang, C.-Y., Yates, J.R., Fang, G.: Bora and the kinase Aurora A 

cooperatively activate the kinase Plk1 and control mitotic entry. Science, 320, 1655–1658 

(2008)

26. Eckerdt, F., Maller, J.L.: Kicking off the polo game. Trends Biochem Sci, 33, 511–513 (2008)

27. Lincoln, T.M., Dey, N., Sellak, H.: Invited review: cGMP-dependent protein kinase signaling 

mechanisms in smooth muscle: from the regulation of tone to gene expression. J Appl Physiol, 

91, 1421–1430 (2001)

28. Mann, M., Meng, C.K., Fenn, J.B.: Interpreting mass spectra of multiply charged ions. Anal Chem, 

61, 1702–1708 (1989)

29. Poppe, H., Rybalkin, S.D., Rehmann, H., Hinds, T.R., Tang, X.-B., Christensen, A.E., Schwede, F., 

Genieser, H.-G., Bos, J.L., Doskeland, S.O., Beavo, J.A., Butt, E.: Cyclic nucleotide analogs as 

probes of signaling pathways. Nat Methods, 5, 277–278 (2008)

30. Chan, E.H.Y., Santamaria, A., Sillje, H.H.W., Nigg, E.A.: Plk1 regulates mitotic Aurora A function 

through betaTrCP-dependent degradation of hBora. Chromosoma, 117, 457–469 (2008)

31. Walter, A.O., Seghezzi, W., Korver, W., Sheung, J., Lees, E.: The mitotic serine/threonine kinase 

Aurora2/AIK is regulated by phosphorylation and degradation. Oncogene, 19, 4906–4916 

(2000)

32. Kettenbach, A.N., Schweppe, D.K., Faherty, B.K., Pechenick, D., Pletnev, A.A., Gerber, S.A.: 

Quantitative phosphoproteomics identifies substrates and functional modules of Aurora and 

Polo-like kinase activities in mitotic cells. Sci Signal, 4, rs5 (2011)



173

M a s s  s p e c t r o m e t r y  r e a c t i o n  m o n i t o r i n g

IV

33. Alverdi, V., Mazon, H., Versluis, C., Hemrika, W., Esposito, G., van den Heuvel, R., Scholten, A., 

Heck, A.J.R.: cGMP-binding prepares PKG for substrate binding by disclosing the C-terminal 

domain. J Mol Biol, 375, 1380–1393 (2008)

34. Scholten, A., Fuss, H., Heck, A.J.R., Dostmann, W.R.: The hinge region operates as a stability 

switch in cGMP-dependent protein kinase I alpha. FEBS J, 274, 2274–2286 (2007)

35. Cox, J., Mann, M.: MaxQuant enables high peptide identification rates, individualized p.p.b.-

range mass accuracies and proteome-wide protein quantification. Nat Biotechnol, 26, 1367–

1372 (2008)

36. Zhang, Y.: I-TASSER server for protein 3D structure prediction. BMC Bioinformatics, 9, 40 (2008)

37. Ghosh, A., Lima, C.D.: Enzymology of RNA cap synthesis. Wiley Interdisciplinary Reviews: RNA, 1, 

152–172 (2010)

38. Shuman, S.: Structure, mechanism, and evolution of the mRNA capping apparatus. Progress in 

Nucleic Acid Research and Molecular Biology, 66, 1–40 (2000)

39. Rodriguez, C.R., Takagi, T., Cho, E.-J., Buratowski, S.: A saccharomyces cerevisiae RNA 

5’-triphosphatase related to mRNA capping enzyme. Nucleic Acids Research, 27, 2181–2188 

(1999)

40. Tsukamoto, T., Shibagaki, Y., Imajoh-Ohmi, S., Murakoshi, T., Suzuki, M., Nakamura, A., Gotoh, 

H., Mizumoto, K.: Isolation and characterization of the yeast mRNA capping enzyme β subunit 

gene encoding RNA 5’-triphosphatase, which is essential for cell viability. Biochemical and 

Biophysical Research Communications, 239, 116–122 (1997)

41. Shibagaki, Y., Itoh, N., Yamada, H., Nagata, S., Mizumoto, K.: mRNA capping enzyme: Isolation and 

characterization of the gene encoding mRNA guanylyltransferase subunit from Saccharomyces 

cerevisiae. Journal of Biological Chemistry, 267, 9521–9528 (1992)

42. Mao, X., Schwer, B., Shuman, S.: Yeast mRNA cap methyltransferase is a 50-kilodalton protein 

encoded by an essential gene. Molecular and Cellular Biology, 15, 4167–4174 (1995)

43. Cho, E.-J., Takagi, T., Moore, C.R., Buratowski, S.: mRNA capping enzyme is recruited to the 

transcription complex by phosphorylation of the RNA polymerase II carboxy-terminal domain. 

Genes and Development, 11, 3319–3326 (1997)

44. Gu, M., Rajashankar, K.R., Lima, C.D.: Structure of the Saccharomyces cerevisiae Cet1-Ceg1 

mRNA Capping Apparatus. Structure, 18, 216–227 (2010)

45. Håkansson, K., Doherty, A.J., Shuman, S., Wigley, D.B.: X-ray crystallography reveals a large 

conformational change during guanyl transfer by mRNA capping enzymes. Cell, 89, 545–553 

(1997)

46. Changela, A., Martins, A., Shuman, S., Mondragón, A.: Crystal structure of baculovirus RNA 

triphosphatase complexed with phosphate. Journal of Biological Chemistry, 280, 17848–17856 

(2005)

47. Håkansson, K., Wigley, D.B.: Structure of a complex between a cap analogue and mRNA 

guanylyl transferase demonstrates the structural chemistry of RNA capping. Proceedings of the 

National Academy of Sciences of the United States of America, 95, 1505–1510 (1998)



174

C h a p t e r  I V

48. Bisaillon, M., Shuman, S.: Structure-Function Analysis of the Active Site Tunnel of Yeast RNA 

Triphosphatase. Journal of Biological Chemistry, 276, 17261–17266 (2001)

49. Doamekpor, S.K., Sanchez, A.M., Schwer, B., Shuman, S., Lima, C.D.: How an mRNA capping 

enzyme reads distinct RNA polymerase II and Spt5 CTD phosphorylation codes. Genes and 

Development, 28, 1323–1336 (2014)

50. Fabrega, C., Shen, V., Shuman, S., Lima, C.D.: Structure of an mRNA capping enzyme bound to 

the phosphorylated carboxy-terminal domain of RNA polymerase II. Molecular Cell, 11, 1549–

1561 (2003)

51. Lima, C.D., Wang, L.K., Shuman, S.: Structure and mechanism of yeast RNA triphosphatase: An 

essential component of the mRNA capping apparatus. Cell, 99, 533–543 (1999)

52. Changela, A., Ho, C.K., Martins, A., Shuman, S., Mondragón, A.: Structure and mechanism of 

the RNA triphosphatase component of mammalian mRNA capping enzyme. EMBO Journal, 20, 

2575–2586 (2001)

53. Chu, C., Das, K., Tyminski, J.R., Bauman, J.D., Guan, R., Qiu, W., Montelione, G.T., Arnold, E., 

Shatkin, A.J.: Structure of the guanylyltransferase domain of human mRNA capping enzyme. 

Proceedings of the National Academy of Sciences of the United States of America, 108, 10104–

10108 (2011)

54. Ghosh, A., Shuman, S., Lima, C.: Structural Insights to How Mammalian Capping Enzyme Reads 

the CTD Code. Molecular Cell, 43, 299–310 (2011)

55. Schroeder, S.C., Schwer, B., Shuman, S., Bentley, D.: Dynamic association of capping enzymes 

with transcribing RNA polymerase II. Genes and Development, 14, 2435–2440 (2000)

56. Buratowski, S.: Progression through the RNA Polymerase II CTD Cycle. Molecular Cell, 36, 541–

546 (2009)

57. Meinhart, A., Kamenski, T., Hoeppner, S., Baumli, S., Cramer, P.: A structural perspective of CTD 

function. Genes and Development, 19, 1401–1415 (2005)

58. Perales, R., Bentley, D.: Cotranscriptionality”: The Transcription Elongation Complex as a Nexus 

for Nuclear Transactions. Molecular Cell, 36, 178–191 (2009)

59. Schuhmacher, M., Eick, D.: Dose-dependent regulation of target gene expression and cell 

proliferation by c-Myc levels. Transcription, 4 (2013)

60. Ho, C.K., Shuman, S.: Distinct roles for CTD Ser-2 and Ser-5 phosphorylation in the recruitment 

and allosteric activation of mammalian mRNA capping enzyme. Molecular Cell, 3, 405–411 

(1999)

61. Cramer, P., Bushnell, D.A., Kornberg, R.D.: Structural basis of transcription: RNA polymerase II at 

2.8 ångstrom resolution. Science, 292, 1863–1876 (2001)

62. Chiu, Y.-L., Ho, C., Saha, N., Schwer, B., Shuman, S., Rana, T.M.: Tat stimulates cotranscriptional 

capping of HIV mRNA. Molecular Cell, 10, 585–597 (2002)

63. Coppola, J.A., Field, A.S., Luse, D.S.: Promoter-proximal pausing by RNA polymerase II in vitro: 

transcripts shorter than 20 nucleotides are not capped. Proceedings of the National Academy 

of Sciences of the United States of America, 80, 1251–1255 (1983)



175

M a s s  s p e c t r o m e t r y  r e a c t i o n  m o n i t o r i n g

IV

64. Hagler, J., Shuman, S.: A freeze-frame view of eukaryotic transcription during elongation and 

capping of nascent mRNA. Science, 255, 983–986 (1992)

65. Jove, R., Manley, J.L.: Transcription initiation by RNA polymerase II is inhibited by 

S-adenosylhomocysteine. Proceedings of the National Academy of Sciences of the United States 

of America, 79, 5842–5846 (1982)

66. Rasmussen, E.B., Lis, J.T.: In vivo transcriptional pausing and cap formation on three Drosophila 

heat shock genes. Proceedings of the National Academy of Sciences of the United States of 

America, 90, 7923–7927 (1993)

67. Mayer, A., Lidschreiber, M., Siebert, M., Leike, K., Söding, J., Cramer, P.: Uniform transitions of 

the general RNA polymerase II transcription complex. Nature Structural and Molecular Biology, 

17, 1272–1278 (2010)

68. Lidschreiber, M., Leike, K., Cramer, P.: Cap completion and C-terminal repeat domain kinase 

recruitment underlie the initiation-elongation transition of RNA polymerase II. Molecular and 

Cellular Biology, 33, 3805–3816 (2013)

69. Moteki, S., Price, D.: Functional coupling of capping and transcription of mRNA. Molecular Cell, 

10, 599–609 (2002)

70. Takase, Y., Takagi, T., Komarnitsky, P.B., Buratowski, S.: The essential interaction between yeast 

mRNA capping enzyme subunits is not required for triphosphatase function in vivo. Molecular 

and Cellular Biology, 20, 9307–9316 (2000)

71. Suh, M.-H., Meyer, P.A., Gu, M., Ye, P., Zhang, M., Kaplan, C.D., Lima, C.D., Fu, J.: A dual interface 

determines the recognition of RNA polymerase II by RNA capping enzyme. Journal of Biological 

Chemistry, 285, 34027–34038 (2010)

72. Andrecka, J., Treutlein, B., Arcusa, M., Muschielok, A., Lewis, R., Cheung, A., Cramer, P., Michaelis, 

J.: Nano positioning system reveals the course of upstream and nontemplate DNA within the 

RNA polymerase ii elongation complex. Nucleic Acids Research, 37, 5803–5809 (2009)

73. Kettenberger, H., Armache, K.-J., Cramer, P.: Complete RNA polymerase II elongation complex 

structure and its interactions with NTP and TFIIS. Molecular Cell, 16, 955–965 (2004)

74. Lehman, K., Schwer, B., Ho, C.K., Rouzankina, I., Shuman, S.: A conserved domain of yeast 

RNA triphosphatase flanking the catalytic core regulates self-association and interaction with 

the guanylyltransferase component of the mRNA capping apparatus. Journal of Biological 

Chemistry, 274, 22668–22678 (1999)

75. Hausmann, S., Pei, Y., Shuman, S.: Homodimeric quaternary structure is required for the in vivo 

function and thermal stability of Saccharomyces cerevisiae and Schizosaccharomyces pombe 

RNA triphosphatases. Journal of Biological Chemistry, 278, 30487–30496 (2003)

76. Lorenzen, K., Vannini, A., Cramer, P., Heck, A.J.R. Structural Biology of RNA Polymerase III: Mass 

Spectrometry Elucidates Subcomplex Architecture. Structure, 15, 1237–1245 (2007)

77. Lehman, K., Ho, C.K., Shuman, S.: Importance of Homodimerization for the in Vivo Function of 

Yeast RNA Triphosphatase. Journal of Biological Chemistry, 276, 14996–15002 (2001)



176

C h a p t e r  I V

78. Sydow, J.F., Brueckner, F., Cheung, A., Damsma, G.E., Dengl, S., Lehmann, E., Vassylyev, D., 

Cramer, P.: Structural Basis of Transcription: Mismatch-Specific Fidelity Mechanisms and 

Paused RNA Polymerase II with Frayed RNA. Molecular Cell, 34, 710–721 (2009)

79. Müller, M., Weigand, J.E., Weichenrieder, O., Suess, B.: Thermodynamic characterization of an 

engineered tetracycline-binding riboswitch. Nucleic Acids Research, 34, 2607–2617 (2006)

80. Ludtke, S.J., Baldwin, P.R., Chiu, W.: EMAN: Semiautomated software for high-resolution single-

particle reconstructions. Journal of Structural Biology, 128, 82–97 (1999)

81. Mindell, J.A., Grigorieff, N.: Accurate determination of local defocus and specimen tilt in 

electron microscopy. Journal of Structural Biology, 142, 334–347 (2003)

82. Scheres, S.: RELION: Implementation of a Bayesian approach to cryo-EM structure 

determination. Journal of Structural Biology, 180, 519–530 (2012)

83. Scheres, S.: A bayesian view on cryo-EM structure determination. Journal of Molecular Biology, 

415, 406–418 (2012)

84. Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M., Meng, E.C., Ferrin, 

T.E.: UCSF Chimera - A visualization system for exploratory research and analysis. Journal of 

Computational Chemistry, 25, 1605–1612 (2004)

85. Shaikh, T.R., Gao, H., Baxter, W.T., Asturias, F.J., Boisset, N., Leith, A., Frank, J.: Spider image 

processing for single-particle reconstruction of biological macromolecules from electron 

micrographs. Nature Protocols, 3, 1941–1974 (2008)

86. Kucukelbir, A., Sigworth, F.J., Tagare, H.D.: Quantifying the local resolution of cryo-EM density 

maps. Nat Methods, 11, 63–65 (2014)

87. Herzog, F., Kahraman, A., Boehringer, D., Mak, R., Bracher, A., Walzthoeni, T., Leitner, A., Beck, M., 

Hartl, F.-U., Ban, N., Malmström, L., Aebersold, R.: Structural probing of a protein phosphatase 

2A network by chemical cross-linking and mass spectrometry. Science, 337, 1348–1352 (2012)

88. Walzthoeni, T., Claassen, M., Leitner, A., Herzog, F., Bohn, S., Förster, F., Beck, M., Aebersold, R.: 

False discovery rate estimation for cross-linked peptides identified by mass spectrometry. Nat 

Methods, 9, 901–903 (2012)



177

M a s s  s p e c t r o m e t r y  r e a c t i o n  m o n i t o r i n g

IV



 



 

 

Future outlook



180

F u t u r e  o u t l o o k

Alight I will start with admitting this section is not really going to be a future outlook. You 
may experience it more like a “behind the scenes” section. Native MS is a technique that 
requires a very hands-on attitude, asking not only patience but also what you may call 
intuition and Fingerspitzengefühl from the user. Every native mass spectrometrist has at 
least once in his or her career spent multiple days behind the instrument trying to tune 
and tinker to get that perfect mass spectrum of that awfully behaving sample, which is 
unstable in ammonium acetate, crashes out of solution at low temperatures and seems 
to only exist in femtogram quantities. It is because of this that I write this short section. 

O n  t h e  c o n c e p t  o f  c h a r g e  r e d u c t i o n  i n  N at i v e  M S

The manipulation of protein charging in the gas phase is not a new concept. Although by 
far not the only application, it is most commonly applied to increase the charge state of 
analytes in top-down mass spectrometry experiments that use charge state dependent 
fragmentation techniques (mainly ETD) [1, 2]. Charge reduction in native MS, either by 
introducing certain chemicals like trietylammonium acetate (TEAA) to the spray solution 
or by gasphase ion manipulation (such as ETnoD), is not very commonly applied [3, 4]. 
This is likely because of a combination of two reasons. Firstly, a result of charge reduction 
is that charge state envelopes move to higher mass to charge ratios. Not every mass 
spectrometer is well equipped to detect the ions efficiently and this may counteract any 
positive effect of the charge reduction. Secondly, the positive effects of charge reduction 

Figure 1. De-alignment of mass spectra through charge reduction. Native mass spectra of a 
cargo filled nano-container (top) appear homogeneous since the mass of the cargo load is an inte-
ger multiple of the m/z position they are located at (27,500). Charge reduction through asymmetric 
charge partitioning (bottom) reveals the distribution in cargo loading states. 
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are not always evident, since they mainly become visible in a specific set of situations. 
Assuming a mass spectrometer with extended mass range is available, I will now discuss a 
number of considerations regarding the method of charge reduction. In order to prevent 
the requirement of specialized mass spectrometers, it is better to refrain from using gas 
phase ion manipulation. Therefore, spray solution additives are preferred, also because 
samples can be prepared in regular ammonium acetate solutions and the charge 
reducing agents can be added just prior to injection in the mass spectrometer. The choice 
of additive depends on how much charge reduction is preferred, but it has to be kept in 
mind that addition of non-volatile compounds like imidazole generally do not have a net 
positive influence on the result. Volatile compounds like triethylammonium acetate are 
more likely to provide the desired result. When set up correctly, charge reduction in native 
MS can have a number of advantages:
1. Charge reduction may reveal previously hidden species. One of the reasons to perform 

tandem MS experiments is that because of the finite resolving power and the fact that 
a mass spectrum is plotted in the m/z and not the mass domain there is a possibility 
that two or more components of a sample are unresolvable. This effect is not caused 
by a small difference in mass but by an unlucky combination of mass and charge. 
In figure 1 we show a typical example of this. The sample here is a mixture of nano-
cages: particles with different amounts of cargo molecules inside. The spectrum is 
centered around 27,500 m/z and appears quite homogeneous. However, activation 
and inspection of the charge reduced product ions reveals the presence of particles 
with 0, 1, 2 and 3 cargo molecules loaded. The reason why this was hidden in the 
intact mass spectrum was that binding of the cargo molecules, which have a mass 
of 27.5 kDa, do not cause a significant shift in the mass to charge ratio of the particle. 
Since the mass of the cargo and the m/z position are basically identical, significant 
charge state overlap will arise between the various cargo loading states. This overlap 
is gone as soon as the particles are detected at a different mass to charge ratio. In this 
case this is achieved through tandem MS but can just as easily be achieved through 
other means of charge reduction.

2. Charge reduction lowers the width of charge state envelopes, reducing the dilution of 
the signal over multiple channels. This is often overlooked by mass spectrometrists 
but the potential doubling of the signal intensity can really assist in situations where 
signal is scarce. Also applies to the use of native vs denaturing conditions for mass 
spectrometry.

3. Charge reduction stretches out the m/z domain. This is mainly interesting in two 
cases. Firstly, for small but highly heterogeneous proteins, such as glycoproteins, 
even under native conditions, peaks with charge state (n)+ may start overlapping 
with peaks with charge state (n-1)+ that are lower in mass. Think about the high 
mass glycoforms overlapping with the non-glycosylated forms of a protein. This will 
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not only hamper identifications of glycoforms but additionally lead to erroneous 
quantification. The second case relates to mixtures of much larger protein complexes. 
Ideally all the charge state envelopes of the complexes are completely separated or 
at least separated to an extent that they can be assigned without much effort. By 
stretching out the m/z domain space can be generated for more of these envelopes 
improving the analysis of these complex mixtures.

Figure 2. The beneficial effects of charge reduction. (a) Prediction of the m/z position of charge 
state envelopes at different masses shows that charge reduction provides around 1.33 fold incre-
ased space in the m/z domain. (b) Charge reduction lowers the negative effect of adduct binding 
by decreasing the space in between 2 adjacent charge states which is occupied by adduct peak 
broadening. The can lead to deeper valleys and therefore better resolving power.
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4. Charge reduction reduces the loss of resolving power by adduct formation. In essence 
this follows the same principle as described above for the heavily glycosylated 
proteins. When we would consider instead of the glycans the different states formed 
by binding of a different number of metal ions it logically follows that the overlap 
between two neighboring charge states is lowered when charge reduction is applied. 
It is however important to keep in mind that this will only work when the charge 
reduction does not significantly increase the number of adducts binding or the loss 
of resolving power in the detector (resulting from the increased mass to charge ratio). 

5. Charge reduction influences fragmentation pathways for numerous types of 
activation methods. For native mass spectrometry, tandem MS experiments are 
still mainly performed using collision induced activation, generally leading to 
asymmetric charge partitioning. Although often criticized by users of more symmetric 
charge partitioning methods like surface induced dissociation, asymmetric charge 
partitioning is a highly useful concept for native mass spectrometrists as it provides a 
means to investigate ejected monomers with high detail while additionally achieving 
charge reduction on the leftover protein complex. When more symmetric charge 
partitioning is desired, for instance for studying stable subcomplexes like ribosomal 
stalks, charge reduction can assist even when not surface induced dissociation but 
more standard collision induced dissociation is used. Lowering the total number of 
charge on a protein complex will reduce the likelihood of protein unfolding upon 
activation in both fragmentation techniques [5].

O n  t h e  c o n c e p t  o f  u p p e r  l i m i t s  i n  n at i v e  M S

Challenging the upper mass limits of native MS measurements is an integral part of the 
work in the Heck lab. Generally, these upper limits are challenged by investigating protein 
nanoparticles such as viruses, bacterial nanocompartments or engineered nanocages. 
Although this research is performed for the sake of studying these systems, both chemically 
(e.g. the design of nanocages for nanotechnology purposes) and biologically (e.g. the 
understanding of how viruses work), there are additional reasons this work is performed. 
By studying systems with these high molecular weights, we acquire the technology, tools 
and skills to study other systems of similar challenging sizes, for instance ribosomes. 
Furthermore, it is a driver for technological and methodological development: when a 
limit is never encountered there will be no stimulus for challenging any limits. 

I will now briefly discuss the current upper mass limits for regular native MS analysis 
and how these limits might be challenged in the coming years. Analysis using charge 
detection mass spectrometers (and for that matter MALDI-ToF), although very impressive, 
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will be excluded due to the low mass resolving power of this approach. More on this highly 
interesting topic can be read in published work by for instance the Jarrold lab [6–8].
The official upper mass limit on a Q-ToF mass spectrometer is the spectrum acquired 
on a bacteriophage HK97 prohead-1 particle with a molecular weight of 17942 kilo-
Dalton (nearly 18 mega-Dalton) [9]. As mentioned in the paper, the main bottleneck 
in preforming native MS of particles this size on Q-ToF instrumentation remains the 

Figure 3. The beneficial effects of charge reduction. (a) Mass spectra under normal and charge 
reducing conditions of a protein nanocage. Charge reduction not only greatly improved the resol-
ving power of the 180mer but also allowed full separation of the 150mer particles. (b) Mass spectra 
under normal and charge reducing conditions of a protein nanocage. Charge reduction in this case 
allowed the identification of 2 additional particles (210mers and 240mers) and higher quality spec-
tra of the 180mers.
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desolvation. Although ions can be detected up to extremely high mass to charge ratios on 
these instruments, the efficiency of the desolvation process will dictate whether charge 
state will be resolved and mass measurement is possible. In the published spectrum the 
valleys in between the charge states reached approximately down to 95% of the base 
peak intensity indicating that although charge state resolution was reached, the 18 mega-
Dalton mass was approaching the upper limits. However, whether this upper mass limit 
on a time-of-flight instrument can be broken likely depends greatly on the analyte. Mass 
spectra of bacteriophage P22 particles (figure 4a) with a slightly higher mass around 18.8 
mega-Dalton had valleys reaching down to 80%. Since the time-of-flight instruments 
have seemingly infinite mass range, choosing the right analyte (i.e. a particle that shows 
little solvent or salt adduction) and potentially the application of charge reduction may 
allow the analysis op particles with significantly higher masses, breaking for instance the 
30 mega-Dalton barrier.

The current upper mass limit for Orbitrap mass analyzers is the 9.3 MDa Flock House 
virus which was measured on the QE-UHMR mass spectrometer developed in 2016 [10]. 
Although this mass is indeed significantly lower than the current record for time-of-flight 
analysis it still represents an important step in the advancement of the upper limits of 
native MS analysis. The main struggle with measuring mega-Dalton assemblies on the 
time-of-flight instruments is the ability to achieve charge state resolution, allowing mass 
measurement. On Orbitrap instruments the transmission of high mass ions towards the 
detector was identified as the main issue. This was partially predicted by Snijder et al. 
through simulation of the ion-focusing capabilities of the Extended Mass Range Orbitrap’s 
(Oribtrap EMR) ion-routing multipoles [11]. Additionally, it could be shown experimentally 
by measuring a 3 mega-Dalton protein nanocages at both regular and charge reducing 
conditions, showing a sharp decline in signal intensity when moving the charge state 
envelope from 21,000 to 28,000 mass to charge ratio through charge reduction. The 
introduction of the QE-UHMR mass spectrometer greatly improved the transmission of 
high mass ions allowing the detection of Flock House Virus particles at 42,000 mass to 
charge ratio. Most importantly, this spectrum could be acquired with baseline resolution 
on the charge states, showing that the resolving power of the QE-UHMR is not a limiting 
factor for going towards the 20 mega-Dalton mass range. Because of this it is likely that 
with current Orbitrap technology it is possible to match the time-of-flight mass limit. 
Testing this theory is important since it will tell us whether further improvements need to 
be made to the ion transmission of the QE-UHMR instrument to actually break the mass 
limit.
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Figure 4. Upper limits in native MS analysis. (a) Mass spectra of bacteriophage P22 derived par-
ticles around 18.8 mega-Dalton on a Q-ToF mass spectrometer. Although not significantly heavier 
than the HK97 prohead-1 particles the resolution has improved from 95% valley depth to around 
80% valley depth. (b) Fragmentation spectra of 180-mer protein nanocontainers on the QE-UHMR 
mass spectrometer show well resolved charge states up to 75,000 mass to charge ratio. An indicati-
on that the transmission of high m/z ions is becoming less of a limiting factor for instruments with 
an Orbitrap mass analyzer. The different charge state distributions are labelled with their respective 
oligomeric state.
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O n  t h e  c o n c e p t  o f  c h a r g e  s tat e  a s s i g n m e n t  i n  N at i v e  M S

The last topic in this chapter will be on the assignment of the charge states of poorly 
desolvated large protein complexes. Generally, charge state assignment is performed by 
finding a charge state distribution that minimizes the standard deviation in the masses 
that are calculated when multiplying the charge states with the m/z positions of the 
peaks in the envelope [12]. In this section, I will describe a caveat to this approach, how 
it arises and how it can be handled. The data that is use is a spectrum of a 180mer homo-
oligomer. 

Figure 5a shows three plots showing potential charge state assignments, the resulting 
masses and the standard deviation and measured oligomeric state. When using the 
minimized standard deviation we find an oligomeric state of 176.4, significantly lower 
than the actual 180. To understand why this charge state assignment is incorrect, we can 
inspect the assignment on the left. With significantly higher standard deviation and even 
lower oligomeric state it is even more incorrect but what is important to note is the trend in 
the plot: with increasing charge states we see an increasing mass. Since these complexes 
are poorly desolvated, we would expect higher charge states to show a lower mass due to 
the fact that they will experience higher collisional activation and improved desolvation. 
Naturally, completely desolvated complexes would show no increase or decrease in mass 
over the envelope, similar to the middle assignment, leading to a low standard deviation. 
But as mentioned, these particles are poorly desolvated and by assigning this “flat” trend 
the mass and thus the oligomeric state will be underestimated. The correct assignment, 
e.g. the assignment which correctly takes the trend over the envelope into account is the 
assignment on the right. With similar standard deviation as the assignment on the left 
but with an oligomeric state of 180.1 (the 0.1 is added due to the incomplete desolvation). 
Now the most important question is: how would we now this? A number of tools are 
available to assist in situations like this to find the correct assignment of charge and thus 
the oligomeric state.

• Improve desolvation. If the desolvation is improved the measured masses for the 
individual charge states will come much closer to the desolvation limited mass 
and therefore will show less decrease over the charge state envelope. Often it is not 
likely that this increased desolvation is possible without inducing fragmentation 
but in a way, this is a reason to perform tandem MS experiments. Both the charge 
reduced product ions and the leftover precursors are often better desolvated than 
the unfragmented native mass spectra (figure 5b).

• Reduce the width of the charge state envelope. Part of the problem arises from 
the fact that there can be a significant difference in the measured mass of charge 
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states below or above the most abundant charge state. Reduction of the width of 
a charge state envelope will simply lower this difference a bit. What this means is 
that spectra acquired under charge reducing conditions may have a lower standard 
deviation over the envelope, have higher resolving power and yet deviate more from 
the desolvation limited mass (figure 5c).

• Perform tandem MS experiments. Tandem MS can also assist in correct assignments 
by pairing the product ions with their precursors. Even when the charge reduced 
product ions do not provide more certainty than the precursor ions there is no 
uncertainty in the ejected monomer mass. Measurement of enough product ion 
pairs will generate a puzzle that will often leave only a single correct assignment of 
the charge state.

Figure 5. Charge state assignment of poorly desolvated large protein complexes. (a) Three po-
tential charge state assignments and their corresponding measured mass vs charge state plots. 
Generally, higher charge states are lower in mass since they are activated more readily than lo-
wer charge states. This may result in underestimation of the charge state at the standard deviation 
minimum. (b) Comparison of the standard deviations of different assignments for the precursor 
envelope and the 8th product ion of the same analyte. Not only does the 8th product ion a more 
defined minimum the standard deviation of the correct assignment is much lower. (c) The effect of 
charge reduction on the charge state assignment. Addition of TEAA (purple) improves the charge 
state assignment (left) compared to pure ammonium acetate buffer (green) but does not improve 
the absolute desolvation (right).
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S u m m a r y

Native mass spectrometry and mass spectrometry in general, are powerful analytical 
tools for studying proteins and protein complexes. Native mass spectrometry may 
provide accurate mass measurements of large macromolecular assemblies enabling the 
investigation of their composition and stoichiometry. This composition can be unraveled 
further by the use of bottom-up and top down MS and several other techniques that use 
mass spectrometry as a readout, for instance to map interactions in protein complexes 
(crosslinking MS), detect conformational changes (ion-mobility MS) and discover ligand 
binding sites (HDX-MS). Several (simple) mass measurements can provide a wealth of 
information making mass spectrometry one of the, if not the, most versatile analytical 
chemical techniques.

This thesis describes both the development and application of the mass spectrometry 
toolbox for studying biomolecular assemblies. Although there is an emphasis on native 
mass spectrometry and in particular its use to study very large protein complexes with 
high resolution, the majority of the findings described here can benefit studies of other 
proteins and protein complexes as well. Therefore, in the first chapter, starting with a small 
historical perspective, several aspects of biomolecular mass spectrometry techniques 
and how they can be applied in biochemistry and molecular- and structural biology are 
described, finishing with an example of a biomolecular system that has been extensively 
studied using mass spectrometry approaches. 

In the second chapter, the development of mass spectrometers capable of performing 
high resolution native mass spectrometry experiments on very large protein complexes 
is described. The work in this chapter is a continuation of the development of Orbitrap 
mass spectrometers for native MS that started in 2012 with the introduction of the 
Orbitrap EMR. Initially, several hardware and software changes to the EMR instrument 
improved the transmission of mega-Dalton ions in the instrument, allowing the first high 
resolution mass measurement of viral and bacterial nano-compartments. However, from 
these initial results it became clear that although the upper mass limit was extended, 
a limit was still clearly present. Therefore, attempts were made to modify an Orbitrap 
mass spectrometer to have a seemingly infinite mass range. This lead to the introduction 
of the QE-UHMR mass spectrometer which essentially doubled the upper mass limits of 
the Orbitrap EMR instruments, while keep its high resolving power. With this instrument, 
detailed mass spectra could be gathered of ribosomal particles and infectious insect 
viruses, but maybe more importantly, it showed the potential to extend these upper mass 
limits even more.
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The third chapter focusses on the investigation of protein nanocontainers, including 
two viral particles and one designed protein nano-cage. Firstly, the plant infecting 
Brome Mosaic Virus and Cowpea Chlorotic Mottle Virus are investigated. These two 
particles posed an interesting challenge for the field of native mass spectrometry as they 
are authentic infectious virions (previously viral particles were generally investigated 
without their genome). Moreover, both viruses are multipartite, which means that they 
are produced as mixtures of three particles with very similar masses, carrying different 
segments of the genome. Secondly, hydrogen deuterium exchange mass spectrometry 
was used to investigate the conformational changes the protein capsid of the Minute 
Virus of Mice undergoes during the infection process. Finally, native mass spectrometry 
was used to determine the oligomeric states of designed protein nanocages capable of 
encapsulating positively charged cargo molecules. Taken altogether, the examples in 
this chapter show how mass spectrometry can be used in the investigation of protein 
nano-containers and how the technological developments described in chapter 2 are 
advancing the field of native mass spectrometry.

In the final chapter of this thesis, a very specific application of mass spectrometry, reaction 
monitoring, is discussed. Whether it is the formation of a protein complex, the post-
translational modification of a protein by an enzyme or the binding of a ligand, reactions 
that induce a shift in mass can theoretically be monitored using mass spectrometry. 
The advantage of using mass spectrometry over other methods is that multiple of these 
reactions can be followed in parallel. We first demonstrate that with a high resolution mass 
spectrometer enzymatic phosphorylation of proteins can be monitored in parallel with 
the formation of stable protein complexes. Subsequently, we apply reaction monitoring 
to the formation of the RNA polymerase II – Capping enzyme complex and follow the 
multistep activity of the complex as it modifies newly transcribed messenger RNA.
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S a m e n vat t i n g

Mijn proefschrift heeft de Nederlandse titel “Inzicht in de Compositie, Opbouw en Activiteit 
van Eiwit Moleculaire Machines met behulp van Natieve Massa Spectrometrie” maar voor 
sommigen die dit lezen heeft dit weinig betekenis. In deze korte samenvatting wil ik 
daarom toch een poging doen mijn werk voor een breed publiek uit te leggen. 

Het onderzoek dat is beschreven in dit proefschrift ligt op het raakvlak van twee 
wetenschappelijke vakgebieden: biochemie en analytische chemie. Biochemie 
onderzoekt het chemische karakter (het moleculaire karakter) van biologische systemen, 
terwijl analytische chemie zich bezig houdt met methoden om chemische systemen te 
onderzoeken. 

Om het chemische of moleculaire karakter van de biologie te begrijpen moeten we 
vooral een vergrootglas gebruiken. Mensen, net als alle andere dieren, zijn multicellulaire 
organismen, wat betekent dat wij bestaan uit een een enorme verzameling aan cellen. 
Huid bestaat uit huidcellen, bloed uit rode bloedcellen en hersenen uit hersencellen. 
Cellen zijn de functionele eenheden van een organisme, en kun je het beste zien als een 
verzameling moleculen in een zakje van vet van ongeveer 1/3 mm in diameter, gevuld 
met water. Cellen worden bestuurd aan de hand van regels die zijn beschreven in het 
genetische materiaal: het DNA. Het moleculaire karakter van cellen komt ook het eerst 
naar voren bij DNA. DNA bestaat uit een keten van kleine moleculen en omdat er van deze 
kleine moleculen 4 verschillende varianten bestaan ontstaat een code, de genetische 
code. De reden dat deze genetische code de cellen bestuurt is omdat de genetische code 
gelezen kan worden en worden omgezet in een ander type keten van kleine moleculen: 
eiwitten. Het zijn de eiwitten die vrijwel alle arbeid verrichten in een cel. Zo wordt zuurstof 
in je bloed vervoerd door een eiwit genaamd hemoglobine en breekt een ander eiwit 
suiker af om spieren energie te geven. Welke functie cellen en de organen waar ze deel 
van uit maken hebben hangt ook af van de eiwitten die ze gebruiken. Een rups en een 
vlinder hebben hetzelfde DNA, maar bevatten net iets andere eiwitten. Deze relatie 
verklaart ook waarom sommige ziekten erfelijk zijn: een fout in het genetische materiaal 
kan er voor zorgen dat de samenstelling van een eiwit net anders is, waardoor het zijn 
functie niet goed kan uitvoeren. Om een medicijn voor een ziekte te ontwikkelen is het 
dus erg belangrijke de moleculaire oorzaak te begrijpen.

De biochemie richt zich dus op het geheel van alle chemische processen die in onze 
cellen plaats vinden, die zorgen dat onze lichamen functioneren. Ook richt het zich op 
wat er out gaat in dit geheel in het geval van een ziekte. Omdat ons genetisch materiaal 
informatie bevat voor de productie van ongeveer 20,000 verschillende eiwitten, is erg veel 
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onderzoek om volledig te begrijpen hoe cellen en organismen werken. Dit onderzoek 
wordt op verschillende niveaus gedaan, maar het onderzoek in dit proefschrift richt 
zich voornamelijk op de compositie van eiwitten en van zogeheten eiwitcomplexen: 
eiwitten die samen een interactie aangaan om hun functie uit te voeren. De methode 
van onderzoek waar het meeste van het werk mee is gedaan is massa spectrometrie: een 
techniek waarmee de massa van moleculen kan worden gemeten. Massa spectrometrie 
is een erg nuttige techniek in de biochemie omdat het kan bepalen uit welke moleculen 
een eiwitketen bestaat, en welke eiwitten deel uit maken van een eiwitcomplex. Hoe 
deze aspecten veranderen in het geval van een ziekte kan ook worden bekeken. Hebben 
alle patiënten die lijden aan dezelfde afwijking een bepaald molecuul in een eiwit dat 
gezonde mensen niet hebben? En zorgt deze verandering ervoor dat het eiwit geen deel 
meer kan maken van een functioneel eiwitcomplex?

De 20,000 verschillende eiwitten hebben verschillende formaten en eigenschapen. Ook 
is er een hele grote variatie in de eiwitcomplexen die ze vormen. Naast biochemisch 
onderzoek bevat dit proefschrift dus ook analytisch chemische methode ontwikkeling, 
zodat massa spectrometrie zicht blijft ontwikkelen en een constante bijdrage kan leveren 
aan het ontrafelen van de moleculaire mechanismen van het leven.
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I decided to study Molecular Life Sciences at the Radboud University in Nijmegen, close 
to the German border. During my Bachelor Studies I did my first internship at the Protein 
Biophysics group of Geerten Vuister, using biophysical techniques to study metal binding 
to the sodium-calcium exchanger. For my second internships, during my Masters, I spend 
some time with Geerten’s new group at the University of Leicester, Great Britain, this time 
study the interaction of isoforms and splice variants of the sodium-calcium exchanger 
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under the supervision of Albert. The results of this work are presented in this thesis.
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Some of you may know that when a colleague or friend is leaving, and cards have to be 
signed, I only write down my name in between all thank you notes. I do this because I’m 
really bad at writing anything else. Maybe with this acknowledgement I can correct for 5 
years of neglect.

Albert, many thanks for letting me into your lab as a PhD student. To be asked to do a PhD 
by your supervisor during a master internship is something very motivating. We shared 
a love for exploring limits and touching boundaries. To see native mass spectrometry 
not only as a technique but also as a hobby. Purely the fun of measuring something 
ridiculously big or complex would motivate me to sit behind the instrument. You provided 
an environment where creativity and experimentation for fun or for the sake scientific 
progress was stimulated. Because of this, I think that wherever people go after a Hecklab 
PhD, they will end up fine. Thank you to all the members of the best subgroup around, 
team Native: Dominique, Saar, Pierre, Andrey, Sara, Nathalie, Barbara and Sibel (yes you 
guys too!), Gan Jin, Tobias and Elmo. Special thanks to Aneika, although you might not like 
it, we all look up to you. I would really love to see you as a successful group leader. Vojta, 
what would glyco-group do without you, the Crimson King. Thank you for being a good 
drinking buddy on Fridays, sports discussion partner and let’s not forget your awesome 
dance moves. Joost, you were my introduction to mass spectrometry of viruses and I 
thank you for teaching me so much. Yang Yang, you started as my partner in crime for virus 
research but decided glycoproteins were more exciting (such lies). However, I think you 
did make a very wise decision to go with your nice husband and beautiful baby to work 
in Switzerland. I think you are a valuable asset to Novartis and they would stupid if they 
would not make use of all your glycoprotein experience. Thanks to the “lazy monkeys” 
Jing and Miao for teaching me vital Chinese words, to the Russian Delagation Oleg, Sem 
and their Croatian “little ray of sunshine” Tomislav and to the only proud inhabitant of 
Duisburg Nadine. Thanks to Matina for being the happiest person I know and colleague 
for almost 5! years, to Donna (sad I could not stay longer but who would know somebody 
from Brabant could get a PhD right?). Thanks to the American KKK (that is Kelly, Kelly and 
Kylie), especially Kylie, you were definitely responsible for a majority of the social activity 
in the lab. Based on our visits there I know you will do great at Thermo. Just remember 
to use your man voice and let nobody take your chair. Thank you Linsey although you 
might want to do something about that music taste. Thanks to all who keep our lab 
running behind the scenes: Geert, Corine, Soenita, Pieter, Harm and Mirjam. I should not 
forget all the past labmembers, including A LOT of Italians: Piero, Eleonora and Fabio, 
but also Renske, Christian, Pepijn, Benjamin, Erik, Anita, Andrey, Andrea, Nathalie, Ana, 
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Alba, Nadine, Nicolas and Lucrece. I should also not forget some long-time colleagues, 
neighbours and fellow metal-heads: Celine, Anna, Liana and Thierry. Thank you Wei, for 
decorating my desk with dinosaurs, Star Wars toys, stickers and other peculiarties and 
cell culturing around with you. Please remember that the first period as a PI will be awful 
but look at the PhD students around you, people like them will be your students soon. I 
would say that’s not so bad after all. Esther, I see you as an unofficial member of Z611, you 
were always welcome to chat (with the boys), share frustrations, joy, anger and sadness, 
and I think you liked to make use of it. I think you are one of the most gifted PhD students 
in our lab because you made metabolomics successful in a lab full of protein scientists. 
Remember to stay proud of what you do and what you have accomplished, even if time 
and setbacks make you think otherwise. Houdoe en bedankt, ciao grazie. Fan, if you are 
reading this that means I sent your chair to Germany with a copy of my thesis. It also means 
you are probably still the best group leader in Berlin. One of the nice things about working 
late in the lab is that you can have dinner while you are having lunch. And of course to see 
your student Philip lose his patience with you. Don’t forget to keep practicing those Mario 
Kart skills so you can play with your students in Berlin!

Oh Arjan, I guess it has been around 5 years now. We both know my first day was probably 
inappropriate, but we blossomed since then. Thank you for being my teacher when I was 
a student and thank you for being the most constant force in Native group. Without you 
some of our instruments would likely be on fire right now. It cannot be said often enough. 
We could count on you to keep Friday beers alive, sometimes we thought this was the 
only day of the week you were allowed to eat meat (although kaspalon maybe doesn’t 
count as meat). I can only end with this wisdom passed on from generation to generation: 
what a story! Anja, your first week was presumably even more inappropriate, but I guess 
we can say that ended up fine. Also you were a constant force, because I could always 
count on you to be there every day, to go to lunch, make fun of Arjan, take pictures of his 
“best character traits”, enjoy Friday borrels and go to Parties. I think you were a perfect 
Alice in between all the rabbits, cards, cats and MadHatters. It was really sad to see you 
leave from the lab but luckily this hardly decreased the frequency we would see you. To 
all my friends from Z611, Philip, Clément, Domenico and Guanbo. I could not wish for 
better office mates to have during a PhD. Our attempts to beautifully decorate our office 
(whilst keeping Philips desk sterile), talking nonsense and science (but mainly nonsense, 
or science, sometimes the line is thin), having beers on the balcony and nice evening 
dinners. You guys were great. Clément, good luck with all of your only weaknesses. I could 
always rely on you when it came to picking food or wine or restaurants or seafood or 
any of your other only weaknesses. It was not hard to enjoy free time with you around. 
Domenico, no matter what was cooking you could always cheer us up. You have more 
vitality in you than all of us combined and we were never bothered that it could drive us 
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mad. Just remember to never have lunch behind your desk, just embrace that kaasbroodje 
love. Guanbo, I truly think you will make an amazing group leader, you could never resist 
a discussion on the topic of science or Chinese society and politics. Philip, you were a 
really good friend over the past 4 and a bit years. I enjoyed working together with you 
on projects and to discuss our own work and the work from everybody else in the lab at 
the same time. We saw a lot of things in the same way, whether it was about publishing, 
science ethics or whether people were not up on their glycobiology. This made it very 
easy and nice to hang out inside and outside of the lab. I really like our trips together, 
whether it was at Lake Tahoe (with a bear sleeping next to our room), Death Valley ( just 
pretend you are Dutch!), watching Bayern play (that cheese smell is lovely), Heidelberg 
(you have to be real decadent to build a research institute on a mountain) or Andermatt 
(its just like a Wham video!). Good luck with Springer Nature, do not worry you will not 
receive any lengthy mass spec manuscripts from me the coming time. Just make sure the 
next time we meet Berlin has not made you a victim of hipsterism.

Geeke, haaaaaaj, jij hebt misschien wel het meest geleden onder mijn PhD. We moesten 
per se verhuizen naar Utrecht en nu weer naar Rosmalen en dat allemaal om te voorkomen 
dat ik me ga vervelen. En dat is nog niet het ergste, mijn bureau op het werk ziet er een 
beetje uit zoals de keuken nadat ik gekookt heb. Ik werk het liefste van 9:30 tot 19:00 maar 
jij moet werken van 07:00 tot 16:00, en als je dan eindelijk kon slapen vertelde ik het liefste 
over mij werk in mijn slaap (in het Engels), afgewisseld met een partijtje fanatiek snurken. 
Als ik thuis kwam ging ik het liefst Family Guy kijken en snoeiharde metal luisteren 
(waarom schreeuwen die mannen zo?) terwijl jij eindelijk Heel Holland Bakt wilde zien. 
Maar tijdens al dat afzien was je er wel. Je vond het leuk om mee te gaan naar dagjes 
uit, feestjes en etentjes van collega’s, ondanks dat je af en toe gevraagd werd je oren 
dicht te doen als er compleet ongepaste (maar vaak hilarische) dingen werden verteld. 
Jij was er bij vreugde en bij tegenslag en dat betekent erg veel voor me, en dat mag best 
weleens gezegd worden. Ook wil ik graag de koude kant, Rien, Sjané, José, Daan en Diede 
bedanken. Ik kon mijn werk het makkelijkst vergeten als ik in Beek was. Lieve Papa en 
Mama, Jeroen, Sander en Joop. Ik denk dat het jullie niet veel kon schelen wat ik daar 
bij de universiteit aan het doen was, als ik er maar blij mee was. Jeroen dacht natuurlijk 
dat ik een ambtenaar was, zou wel leuk zijn geweest om die werktijden en dat salaris te 
hebben. Toch ben ik blij met de steun die ik van jullie heb gehad, uiteindelijk is het de 
omgeving thuis die mij gestimuleerd heeft te gaan voor het maximale en tegelijkertijd wat 
ik het meest leuk vond.
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