
 

Biophysically characterizing viral particles 

 

Dissertation 

with the aim of achieving a doctoral degree at the Faculty of 

Mathematics, Informatics and Natural Sciences 

 

 

 

Department of Chemistry  

Universität Hamburg 

 

 

submitted by 

Ronja Pogan 

born in Heilbronn 

 

Hamburg 2023 

 



 

 

Reviewers 

Prof. Dr. Charlotte Uetrecht 

Leibniz Institute of Virology, Hamburg, Germany; Centre for Structural Systems Biology, 

Hamburg, Germany; University of Siegen, Siegen, Germany; Deutsches Elektronen-

Synchrotron, Hamburg, Germany. 

 

Prof. Dr. Hartmut Schlüter 

Institute of Clinical Chemistry and Laboratory Medicine, Section Mass Spectrometry and 

Proteomics, University Medical Center Hamburg-Eppendorf, Hamburg, Germany. 

 

 

Examination board 

Prof. Dr. Kay Grünewald 

Leibniz Institute of Virology, Hamburg, Germany; Centre for Structural Systems Biology, 

Hamburg, Germany; Institute of Biochemistry and Molecular Biology, University of 

Hamburg, Hamburg, Germany. 

 

Prof. Dr. Hartmut Schlüter 

Institute of Clinical Chemistry and Laboratory Medicine, Section Mass Spectrometry and 

Proteomics, University Medical Center Hamburg-Eppendorf, Hamburg, Germany. 

 

Dr. Pietro Scaturro 

Leibniz Institute of Virology, Hamburg, Germany. 

 

 

Date of thesis submission: 13.02.2023 

Date of disputation and print release: 17.03.2023 

 

 



 

 

  

This thesis was prepared from April 2017 to February 2023 under the supervision of Prof. Dr. 

Charlotte Uetrecht at the Leibniz Institute of Virology in the working group ‘Dynamics of Viral 

Structures’. Second supervisor was Prof. Dr. Kay Grünewald, Centre for Structural Systems 

Biology (CSSB) and Leibniz Institute of Virology, associated to the Department of Chemistry 

of the University of Hamburg





   

I 

 

Table of Contents 

Table of Contents ........................................................................................................................ I 

List of Publications ................................................................................................................... III 

Abbreviations ........................................................................................................................... IV 

Abstract .................................................................................................................................... VI 

Zusammenfassung ................................................................................................................. VIII 

1. Introduction ..................................................................................................................... 1 

1.1. Structural mass spectrometry ....................................................................................... 1 

1.1.1. Characterization of molecular complexes ............................................................ 1 

1.1.2. Native mass spectrometry .................................................................................... 2 

1.1.3. Charge-detection based instruments ..................................................................... 8 

1.1.4. Gas phase electrophoretic mobility analysis ...................................................... 10 

1.2. Norovirus Assembly and Stability ............................................................................. 12 

1.2.1. Virus assembly ................................................................................................... 12 

1.2.2. Human norovirus ................................................................................................ 12 

1.3. Aim of the work ......................................................................................................... 21 

2. Cumulative Part of the Dissertation .............................................................................. 23 

2.1. Virus-like particle size and molecular weight/mass determination applying gas-phase 

electrophoresis (native nES GEMMA) ................................................................................. 23 

2.2. Norovirus-like VP1 particles exhibit isolate dependent stability profiles. ................ 36 

2.3. N-terminal VP1 Truncations Favor T = 1 Norovirus-Like Particles ......................... 45 

2.4. Synopsis ..................................................................................................................... 63 

3. Discussion ..................................................................................................................... 67 

4. Bibliography .................................................................................................................. 73 

5. Appendix ....................................................................................................................... 92 



Table of Contents   

II 

 

5.1. Hazardous substances according to the Globally Harmonized System (GHS) ......... 92 

5.2. Supporting information .............................................................................................. 97 

5.2.1. Virus-like particle size and molecular weight/mass determination applying gas-

phase electrophoresis (native nES GEMMA) .................................................................... 97 

5.2.2. Norovirus-like VP1 particles exhibit isolate-dependent stability profiles ....... 100 

5.2.3. N-terminal VP1 truncations favor T = 1 norovirus-like particles .................... 112 

6. Declaration on Oath/ Eidesstattliche Versicherung ..................................................... 128 

 



 

III 

 

List of Publications 

 

Pogan R, Schneider C, Reimer R, Hansman G, Uetrecht C. Norovirus-like VP1 particles exhibit 

isolate dependent stability profiles. J Phys Condens Matter. 2018;30(6):064006. 

 

*Weiss VU, *Pogan R, Zoratto S, Bond KM, Boulanger P, Jarrold MF, Lyktey N, Pahl D, 

Puffler N, Schelhaas M, Selivanovitch, Uetrecht C and Allmeier G. Virus-like particle size and 

molecular weight/mass determination applying gas-phase electrophoresis (native nES 

GEMMA). Anal Bioanal Chem. 2019;411(23):5951-62. 

*authors contributed equally 

 

Pogan R, Weiss VU, Bond K, Dülfer J, Krisp C, Lyktey N, Müller-Guhl J, Zoratto S, Allmeier 

G, Jarrold MF, Muñoz-Fontela C, Schlüter H, Uetrecht C. N-terminal VP1 Truncations Favor 

T = 1 Norovirus-Like Particles. Vaccines Basel. 2021;9(1):8. 

 

Additional: 

Review 

Pogan R, Dulfer J, Uetrecht C. Norovirus assembly and stability. Curr Opin Virol. 2018;31:59-

65. 

 

 

 

 

https://pubmed.ncbi.nlm.nih.gov/?term=Mu%C3%B1oz-Fontela+C&cauthor_id=33374273


 

IV 

 

Abbreviations 

 

aa Amino acid 

AAV Adeno associated viruses  

AFM Atomic force microscopy 

CC BY Creative Commons Attribution License 

CD  Circular dichroism  

CDMS Charge detection mass spectrometry 

CID Collision-induced dissociation 

CRM Charge residue model  

DMA Differential mobility analyzer  

ELIT Electrostatic linear ion trap 

EM Electron microscopy 

EMD Electrophoretic mobility diameter 

FCV Feline calicivirus 

FFT Fast Fourier transform  

FHV Flockhouse virus  

FT ICR Fourier-transform ion cyclotron resonance  

FWHM Full width half-maximum  

GEMMA Gas phase electrophoretic mobility analysis 

HBGA Human blood group antigens  

HDX Hydrogen deuterium exchange  

HIE Human intestinal enteroid 

hNoV Human norovirus 



  Abbreviations 

V 

 

HPV16 Human papilloma virus type 16  

IEM Ion evaporation model 

IM Ion mobility 

MALDI Matrix-assisted laser desorption  

MD Molecular dynamics 

MNV Murine norovirus 

MS Mass spectrometry 

nES, nano ESI Nano electrospray 

NMR Nuclear magnetic resonance 

ORF Open reading frame 

P domain  Protruding domain, norovirus 

PTM Posttranslational modification 

QToF Quadrupole time-of-flight 

RF Radiofrequency 

RNA  Ribonucleic acid 

S domain Shell domain, norovirus 

SAXS Small-angle X-ray scattering  

STD Saturation-transfer difference  

T  Triangulation number 

ToF Time-of-flight  

VLP Virus-like particle 

 

 

 



 

VI 

 

Abstract 

Viruses are ubiquitous entities with various structures, that can be summarized into helical, 

icosahedral or more complex, with or without a viral membrane. Basic component of both 

enveloped and non-enveloped viruses is a protein shell built from structural subunits called 

capsomers surrounding the genome. Self-assembly of (nucleo-)capsids is a fundamental cellular 

process that still lacks full understanding. Helpful systems in unraveling these processes are 

recombinantly produced virus-like particles (VLPs). In non-enveloped viruses, icosahedral 

capsids are common. The characterization of capsid self-assembly behavior is of particular 

interest as icosahedral structures hold innate opportunities for bionanotechnological approaches 

like bionanocarriers. 

The first part of this thesis targets the establishment of biophysical characterization techniques, 

that help to unravel capsid self-assembly and associated variability of capsomer 

stoichiometries. I combined different native mass spectrometry approaches and gas phase 

electrophoretic mobility analysis (GEMMA). This work provides a VLP mass-electrophoretic 

mobility diameter correlation, which closes the gap between existing correlations and enables 

mass estimation of spherical, empty assemblies using GEMMA. Furthermore, I applied this 

correlation to a low-yield example of high medical relevance, Human Papillomavirus 16, where 

no complementary native MS data could be obtained. 

There is growing interest in native MS to aim for measurements of larger and larger species. 

VLPs and viruses are commonly used in instrumentation development to beat mass records or 

for characterization of pharmaceutically relevant, well-established systems like adeno-

associated virus. The real beauty in the combination of tools as described above however are 

the niche insights they can give into difficult processes like virus assembly, where dynamic, 

low-yield assembly intermediates are usually missed with other techniques. 

I was able to unravel self-assembly processes of a particularly difficult to work with, yet 

clinically relevant system. Human norovirus (hNoV), the main cause for viral gastroenteritis 

outbreaks worldwide, is lacking a robust, easy cell culture system. Norovirus-like particles 

however, are especially interesting, as the recombinant expression of the major structural 

protein VP1 is sufficient for self-assembly and norovirus classification into genogroups and 

genotypes is based on VP1. I established distinctive stability patterns of two different NoV 

variants using native MS and imaging with electron microscopy with T = 3, or VP1 180mers 
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being the prevalent species. Several different intermediate assembly states or disassembly 

products were identified, with T = 1, or 60-mers being the most abundant species in both 

variants. In combination with a recent study, differences on the genotype level were revealed 

pinpointing to the N-terminus has importance for self-assembly. 

Indeed, in a second MS study on noroviruses, I identified a N-terminal truncation in VLP 

preparations of several hNoV variants of different genotypes. The most prominent species 

detected was T = 1 or VP1 60mers, in contrast to the previously described T = 3 particles. This 

effect was genotype-independent and measurements in varying solution conditions showed 

stability even in alkaline pH. Although several other intermediate sized assemblies were present 

in our dataset, T = 3 formations could not be recovered through changing solution conditions. 

In summary, this work provides an enormous contribution to the understanding of norovirus 

assembly as well as a novel tool for characterization of VLPs. The VP1 N-terminus was 

identified as particularly important for assembly. More precisely, a major N-teminal truncation 

in VP1 is leading to the formation of smaller particles. Therefore, this work is paving the way 

for future studies holding importance especially for norovirus vaccine development and capsid 

engineering. 
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Zusammenfassung 

Viren sind ubiquitäre Infektionserreger mit helikalen, ikosaedrischen oder komplexeren 

Strukturen, mit oder ohne Virusmembran. Grundbestandteil sowohl umhüllter als auch nicht 

umhüllter Viren ist eine Proteinhülle, die aus strukturellen Untereinheiten, so genannten 

Kapsomeren, aufgebaut ist und das Genom umgibt. Das eigenständige Assemblieren von 

(Nukleo-)Kapsiden ist ein grundlegender zellulärer Prozess, der noch nicht vollständig 

verstanden ist. Hilfreiche Systeme, um diese Prozesse zu entschlüsseln, sind rekombinant 

hergestellte virusähnliche Partikel (VLPs). Bei unbehüllten Viren sind ikosaedrische Kapside 

am häufigsten. Die Charakterisierung des Selbstassemblierungsverhaltens von Kapsiden ist von 

besonderem Interesse, da ikosaedrische Strukturen Möglichkeiten für bionanotechnologische 

Ansätze wie Bionanocarrier bieten. 

Der erste Teil dieser Arbeit zielt auf die Etablierung biophysikalischer 

Charakterisierungstechniken ab, die dazu beitragen, die Selbstorganisation von Kapsiden und 

die damit verbundene Variabilität von Kapsomerstöchiometrien zu entschlüsseln. Es werden 

verschiedene Ansätze der nativen Massenspektrometrie mit der Analyse der 

elektrophoretischen Gasphasenmobilität (GEMMA) kombiniert. Das Ergebnis ist eine VLP-

Masse-Elektrophorese-Mobilität-Durchmesser-Korrelation, die die Lücke zwischen den 

bestehenden Korrelationen schließt und die Massenschätzung von sphärischen, leeren 

Molekularkomplexen mit GEMMA ermöglicht. Darüber hinaus habe ich diese Korrelation auf 

ein Beispiel mit geringer Aufreinigungsausbeute und hoher medizinischer Relevanz, das 

humane Papillomavirus 16, angewandt, für das keine ergänzenden nativen MS-Daten 

gewonnen werden konnten. 

Es besteht ein wachsendes Interesse an nativer MS, im speziellen zur Messung größerer 

Spezies. VLPs und Viren werden häufig bei der Entwicklung von Instrumenten verwendet. Sie 

dienen dem Brechen von Massenrekorden oder es handelt sich um pharmazeutisch relevante, 

gut etablierte Systeme wie Adeno-assoziierte Viren. Die beschriebenen Techniken ermöglichen 

Einblicke in schwierige Prozesse wie die Virusassemblierung, da hier 

Assemblierungsintermediate mit anderen Techniken oft übersehen werden. 

Ich war in der Lage, die Selbstorganisationsprozesse eines besonders schwierig zu 

bearbeitenden, aber klinisch relevanten Systems zu entschlüsseln. Für das humane Norovirus, 

die Hauptursache für Ausbrüche viraler Gastroenteritis weltweit, gibt es kein robustes, 
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einfaches Zellkultursystem. Norovirus-ähnliche Partikel sind jedoch besonders interessant, da 

die rekombinante Expression des Hauptstrukturproteins VP1 für die Selbstassemblierung 

ausreicht und die Klassifizierung von Noroviren in Genogruppen und Genotypen auf VP1 

basiert. 

Wir haben mit Hilfe von nativer MS und elektronenmikroskopischer Bildgebung 

unterschiedliche Stabilitätsmuster von zwei verschiedenen NoV-Varianten ermittelt, wobei 

T = 3 oder 180-mere die häufigste Spezies sind. Interessanterweise waren die Muster unter 

verschiedenen Lösungsbedingungen sowohl auf der Ebene der Genogruppe als auch des 

Genotyps sehr unterschiedlich. Darüber hinaus konnte ich verschiedene 

Assemblierungintermediate identifizieren. Es wurden mehrere verschiedene 

Assemblierungsintermediate identifiziert, wobei T = 1 bzw. 60-mere in beiden Varianten am 

häufigsten vorkamen. In Kombination mit einer kürzlich durchgeführten Studie wurden 

Unterschiede auf der Ebene des Genotyps aufgedeckt, die darauf hindeuten, dass der N-

Terminus für die Selbstassemblierung von Bedeutung ist. 

In einer zweiten MS-Studie über Noroviren identifizierte ich in VLP-Präparaten mehrerer 

hNoV-Varianten verschiedener Genotypen eine N-terminale Trunkierung. Die auffälligste 

nachgewiesene Spezies war T = 1 oder VP1 60-mere, im Gegensatz zu den zuvor beschriebenen 

T = 3 Partikeln. Das Vorhandensein dieser Spezies war genotypunabhängig und Messungen 

unter verschiedenen Lösungsbedingungen zeigten eine hohe Stabilität der Partikel selbst bei 

alkalischem pH-Wert. Obwohl in unserem Datensatz mehrere andere Assemblierungen von 

mittlerer Größe vorhanden waren, konnten größere Partikel durch Änderung der 

Lösungsbedingungen nicht reassembliert werden. 

Zusammenfassend lässt sich festhalten, dass diese Arbeit einen enormen Beitrag zum 

Verständnis der Norovirus-Assemblierung sowie ein neuartiges Werkzeug zur 

Charakterisierung von VLPs darstellt. Des Weiteren wurden biophysikalische Eigenschaften 

verschiedener Norovirusvarianten untersucht und es wurden Einblicke in das 

Deassemblierungsverhalten und Stabilitätsmuster gewonnen. Der VP1 N-Terminus wurde als 

besonders wichtig für die Assemblierung identifiziert. Eine größere N-teminale Trunkierung in 

VP1 führt zur Bildung kleinerer Partikel. Daher ebnet diese Arbeit den Weg für künftige 

Studien, die insbesondere für die Entwicklung von Norovirus-Impfstoffen und die Entwicklung 

von Kapsiden von Bedeutung sind. 





 

1 

 

1. Introduction 

1.1. Structural mass spectrometry 

1.1.1. Characterization of molecular complexes 

Bionanotechnological applications require extensive knowledge of the targeted biological 

system. This includes the ability to follow three-dimensional structures of respective molecular 

assemblies and their non-covalent interactions during protein-protein and protein-ligand 

interactions. Non-covalent interactions and conformational changes contribute to structural 

dynamics, which ultimately define a protein’s function in its native environment. X-ray 

crystallography and cryo-electron microscopy (cryo-EM) represent the state of the art in 

structural biology studies (Adrian et al., 1984; Dubochet et al., 1988). X-ray crystallography 

provides information up to the atomic level, but proteins need to be crystallized before exposure 

to diffraction (Eckert, 2012; Perutz et al., 1960). Scattering techniques like small-angle X-ray 

scattering (SAXS) overcome the need for crystals as samples can be handled in solution or soft 

matter. Due to high sensitivity, structural difference on the nanoscopic scale can be followed 

(Khaykelson and Raviv, 2020; Li et al., 2016). For cryo-EM, samples are rapidly frozen and 

are then either imaged directly, or sequentially tilting the stage (cryo-electron tomography) 

(Adrian et al., 1984; Dubochet et al., 1988; Koster et al., 1997; Lučić et al., 2005). The 

individual selection of particles according to similar shape and size tolerates more sample 

heterogeneity. This includes more complex and flexible structures like (enveloped) viral 

particles, or particles bound to antibodies or receptor molecules. Therefore, following structural 

dynamics is generally possible. Nuclear magnetic resonance (NMR) spectroscopy allows 

measurements in solution or in solid state and provides great sensitivity. Saturation-transfer 

difference (STD) NMR can give great input on protein-ligand interaction (Mallagaray et al., 

2015; Blaum et al., 2018; Creutznacher et al., 2021). Furthermore, previously generated 

structural models of megadalton complexes were validated using solid state NMR in 

combination with in vitro and in silico data, implicating the general need for structural biology 

methods to target larger and larger complexes (Gauto et al., 2019; Kaplan et al., 2015; Lecoq 

et al., 2020). Taken together, the mentioned techniques hold great potential but come with their 

own limitations. Therefore, structural studies usually include integrative approaches by 

combining high-resolution data with lower resolution techniques like mass spectrometry (MS) 

(Liko et al., 2016; Dülfer et al., 2019). Structural MS includes amongst other techniques 
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hydrogen deuterium exchange (HDX), covalent cross-linking MS or native MS. Native MS, 

where non-covalent interactions are kept intact, is especially suited to complement structural 

methods in combination with fragmentation and dissociation, cross-linking or ion mobility (IM) 

applications. Furthermore, it has been proven beneficial for sample selection prior to cryo-EM 

imaging (Olinares et al., 2021). The soft electrospray mechanism has further been adopted for 

sample delivery for imaging techniques (Rauschenbach et al., 2016; Bielecki et al., 2019; Kadek 

et al., 2021; Esser et al., 2022; Westphall et al., 2022). In the following, I will focus on basic 

principles of structural mass spectrometry and their applications in characterizing high-mass 

molecular assemblies in detail. 

1.1.2. Native mass spectrometry 

1.1.2.1. Sample preparation and requirements 

Ideally, biophysical characterization of molecular assemblies is performed in native-like 

conditions. A physiological system is usually governed by pH, inorganic ions, and the presence 

of ligands, lipids and regulatory proteins. For structural biology in cellular context, e.g., the 

cytoplasm, further factors like metabolites, genomic material, and membrane proteins have to 

be considered (Theillet, 2022). However, these demands clash tremendously with sample 

requirements in structural biology where highly purified material is needed. As a further 

complication, standard MS studies generally use denaturing components like organic solvents 

and acids for optimized resolution. Regarding structural studies however, protein quaternary 

structure, intra- and intermolecular interactions need be kept intact during sample preparation, 

ionization and detection. Additionally, the analyte is ideally free from solvent and adducts, 

which interfere with proper mass resolution in native MS. A proper volatile surrogate to imitate 

a native-like setting is ammonium acetate (Kebarle and Verkerk, 2009). Although not a buffer 

per definition, it can be employed in most common physiologically relevant pH values and the 

ionic strength can be adjusted over a broad range (Konermann, 2017). For analyte integrity, low 

millimolar amounts of salt might be added. Further putative additives are supercharging agents 

like m-nitrobenzyl alcohol, sulfolane and propylene carbonate (Iavarone and Williams, 2003; 

Lomeli et al., 2009; Teo and Donald, 2014). For desalting, various exchange devices like size-

exclusion membranes and dialysis systems can be used. Notably, different systems can yield 

different protein yields and sample purity (Wu et al., 2018; Zhang et al., 2018). 
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1.1.2.2. Electrospray ionization of high-mass molecules 

Generally, a mass spectrometer consists of three parts, namely ionization of an analyte, a mass 

analyzer, where ions are separated according to mass to charge, and finally detection of the 

analyte. Electrospray ionization (ESI) describes the electrochemically driven transfer of an 

analyte like proteins or macromolecules into the gas phase to facilitate mass analysis after 

entering the ultra-high vacuum of a mass spectrometer. Through application of high voltage, 

either in positive or negative polarity, an aerosol is created as the analyte solution disperses 

(Van Berkel and Kertesz, 2007). Ionization of proteins is usually performed in positive ion 

mode where multiple protons are transferred (Van Berkel and Kertesz, 2007; Kebarle and 

Verkerk, 2009). Conventional ESI approaches use stainless steel capillaries with 100 µm inner 

capillary diameter resulting in flow rates ranging from 1-10 µL/min (Wilm and Mann, 1996). 

For native MS, the solution is transferred to nano ESI capillaries with inner diameters of a few 

µm, reducing the flow rate to < 20 nL/min (Karas et al., 2000). Conductivity is provided 

through gold-coating or by inserting a platinum wire. Capillaries can be pulled manually or 

manufactured and used in automated systems. Generally, smaller sized emitters provide smaller 

initial droplets (Wilm and Mann, 1996). This is favorable as less analyte molecules in a droplet 

reduce nonspecific clustering, improve desolvation, and provide greater salt tolerance and 

higher ion yield (Benesch et al., 2007; Konermann et al., 2019; Panczyk et al., 2020). 

Optimization includes the use of smaller tip sizes even below 1 µm, which however are 

accompanied by extensive clogging (Gibson et al., 2009; Susa et al., 2017; Kostelic et al., 

2022a; Jordan et al., 2022). 

Through application of high voltage, a Taylor cone is formed at the emitter tip and charged 

droplets are emitted (Wilm and Mann, 1994). Starting with approximately 200 nm droplets 

emanating from the Taylor cone, nanodroplets with increased charge densities are produced 

through evaporation (Juraschek et al., 1999). On a spherical droplet, the net number of charges 

zD is limited to the so-called Rayleigh limit zR defined as 

Equation 1 

𝑧R =
8𝜋 

𝑒
∙  (𝜀0γ𝑟3)1/2 

with elementary charge ε, vacuum permittivity ε0, and surface tension γ, and the droplet radius 

r (Rayleigh, 1882). With increased charge density on the droplet the Rayleigh limit is 



Introduction   

4 

 

approached (zD/zR = 1). The droplet becomes electrochemically stressed and unstable until jet 

fission events are triggered as Coulombic repulsion dominates. Ultimately, analyte ions are 

released into the gas phase (Gomez and Tang, 1994; Cech and Enke, 2001; Kebarle and 

Verkerk, 2009; Wu et al., 2012; Konermann et al., 2013). 

The release of gaseous proteins from a droplet has been subject to investigation for decades. It 

has benefitted immensely from molecular dynamics (MD) (McAllister et al., 2015; Metwally 

et al., 2018; Konermann et al., 2019; Aliyari and Konermann, 2020, 2022). Three models 

describe this process. For globular proteins, the charge residue model (CRM) is proposed (Dole 

et al., 1968). Here, the folded protein remains in the droplet interior, while water evaporates 

gradually as the droplet radius is reduced. Finally, the droplet is dried out completely through 

repeated evaporation events. Occasionally, low molecular weight ions are ejected from the 

droplet surface, keeping it at the Rayleigh limit. This process is described in the ion evaporation 

model (IEM) (Iribarne, 1976; Hogan et al., 2009; Allen et al., 2013). The model can further be 

applied to peptides and recent MD simulations indicate IEM clustering events during ionization 

of proteins (Nguyen and Fenn, 2007; Aliyari and Konermann, 2020, 2021). According to the 

chain ejection model (CEM), unfolded proteins are migrated to the droplet surface through 

exposed hydrophobic residues, where electrostatic repulsion then drives ejection out of the 

droplet (Konermann et al., 2013; Metwally et al., 2018). Compared to native ESI, protonation 

of the extended tail leads to higher charge states. Generally, ESI produces multiply charged 

ions in contrast to other ionization techniques like Matrix-assisted laser desorption (MALDI). 

Here, ionization usually yields singly charged, small ions and hence mass and m/z are identical.  

Following native ESI, the charge envelope of an analyte results characteristic peak series with 

adjacent, integer charge states. Assuming that all charges are due to protonation, the charge and 

subsequently the molecular mass M can be assigned from this series with m/z and m/z+1 (Covey 

et al., 1988; Mann et al., 1989). 

1.1.2.3. Ion selection, dissociation and fragmentation 

In many setups, a quadrupole is used to direct ions through the mass spectrometer. On a set of 

four parallel rods, a static voltage is applied to one opposing set of rods and a radiofrequency 

(RF) voltage is applied to the other pair, respectively. The ions are directed along a helical 

trajectory by continual oscillation of the RF voltages. Only ions with the proper m/z range can 

sustain this trajectory and pass through the quadrupole (Paul, 1990; Chernushevich et al., 2001). 

Radiofrequency and static voltage magnitudes are varied in transmission mode and ions with 



  Introduction 

5 

 

various m/z can pass successively. To allow mass filtering, the voltages are not varied. This 

allows selection of the precursor ion, which can be further dissociated or fragmented using 

different fragmentation techniques.  

In collision induced dissociation (CID), the kinetic energy of an ion is partially converted to 

vibrational energy upon collision with an inert gas (Benesch, 2009). The acceleration voltage 

and the number of charges of the ion determine the velocity of the ion and hence the energy of 

the collisions. Small or exposed proteins are dissociated first from the multiprotein complex, 

whereas large protein complexes disintegrate into sub-complexes. While the overall charge 

remains the same, small dissociated complexes take a disproportionally high proportion of the 

protons along (Jurchen and Williams, 2003; Benesch, 2009). Additionally, extra buffer or 

detergent molecules may be removed during this process (Smith et al., 1990). Furthermore, ion 

fragmentation can result from fragmentation of the protein backbone. The resultant fragments 

in peptide bond fragmentation are typically b- and y-ions (Roepstorff and Fohlman, 1984).  

1.1.2.4. High-mass QToF modifications 

Quadrupoles are often used in combination with time-of-flight analyzers (ToF, QToF). In a ToF 

analyzer, ions are accelerated and further pulsed by the pusher. The m/z of an ion determines 

the travel time through the analyzer tube and is identified by the detector. In order to study high 

mass protein complexes, several modifications were introduced to QToF instruments in 2006 

(van den Heuvel et al., 2006). A metal cylinder was introduced around the first half of the 

hexapole ion lens. This allowed increased pressure resulting in collisional cooling 

(Chernushevich and Thomson, 2004). To transmit ions of higher m/z than standard quadrupoles, 

the radio frequency generator was set to lower frequencies (Sobott et al., 2002). In addition, 

collisional cooling and focusing of ions was further improved by increasing the pressure in the 

second vacuum chamber. Later, xenon was implemented as collision gas and higher pressure 

in the collision chamber were introduced (Lorenzen et al., 2007). Further multicomponent ion 

lenses before the ToF were modified. Despite lowering sensitivity, a decrease of the ToF 

repetition rate was introduced to allow measurements of high mass m/z (van den Heuvel et al., 

2006) 
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1.1.2.5. High-masses and high resolution 

Limitations regarding resolution in native mass spectrometry have been subject for discussion 

in the past. There have been remarkable instrumentation developments in the recent years. It is 

worthwhile to take a look at basic principles and definitions, especially regarding native high 

mass measurements. The International Union of Pure and Applied Chemistry (IUPAC) defines 

mass resolution as m/Δm (McNaught et al., 1997). In line with IUPAC, m is often the mass to 

charge ratio of a singly charged ion and Δm can be determined as the peak width at 50% of its 

height or full width half-maximum (FWHM) (Guilhaus et al., 2000; Makarov et al., 2006). 

Generally, FWHM is used in mass spectrometry to describe Δm (Murray et al., 2013). The term 

resolving power describes the capability to distinguish between two peaks and is defined as the 

peak width, Δm (Murray et al., 2013). In native MS, FWHM can be applied to both terms, in 

line with IUPAC terminology recommendations for mass spectrometrists, with mass resolving 

power specifically referring to mass analyzer performance (Murray et al., 2013; Tamara et al., 

2022). Other means to describe instrument performance are mass accuracy, detection 

sensitivity, capability to perform tandem MS and upper mass limits. Mass accuracy is the mass 

error or fraction of the theoretical mass and given in parts per million (Gross, 1994). Isotopic 

resolution can be achieved for small molecules at so-called ultrahigh resolution above 10e6 at 

m/z = m/z Th e.g., with Fourier-transform ion cyclotron resonance (FT ICR) and Orbitrap MS. 

Hence, masses resolved to sub-ppm or ppb accuracy give detailed information on exact 

chemical formulas or posttranslational modifications (PTMs). The ionization process can affect 

the mass accuracy of the measurement tremendously, especially for high-mass particles. Major 

limiting factor for ionization is the instrument capability to completely desolvate the analyte 

(Lössl et al., 2014; Joost Snijder et al., 2013). Next to H+, particularly salt cations like Na+ or 

K+ attach and contribute to signal broadening. With increased mass, incomplete desolvation 

leads to an overlap of various species as simulations of a 150 kDa protein demonstrate. The 

isotopically resolved spectra overlap and superimpose as shown in Figure 1, resulting in a non-

gaussian shaped peak (Lössl et al., 2014). Simulated peak widths at different mass resolutions 

are generally narrower compared to experimental peak widths (Lössl et al., 2014). With 

increased analyte mass, small mass differences like PTMs are generally hard to follow as the 

peak width of the isotopic distribution gets narrower. For protein measurements, it is therefore 

beneficial to rather record average mass of a distribution. Increased microhetereogeneity, for 

example through processing of protein building blocks of subcomplexes, can further prevent 

charge state resolution. In this case, experimental masses can be estimated using the Rayleigh 
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limit (Equation 1) to define the theoretically maximum charge (Rayleigh, 1882; Loo, 2000; 

Felitsyn et al., 2002). Following the assumption that the ion is spherical and has the same 

density as water, the charge limit, or theoretical charge is defined as 

Equation 2 

𝑧R = 0.0778 ∙ √𝑀 

with protein mass M in Dalton. The validation of this equation has been subject to several 

studies covering a broad mass range up to 4 MDa, (Heck and van den Heuvel, 2004; Lorenzen 

et al., 2008; Shoemaker et al., 2010). 

 

 

Figure 1 Limiting factors in high-mass native MS. A. Shown are isotope distributions at assumed 

baseline resolution (R = 500,000) of a bare (green), and ammonium-(orange), sodium- (red) bound 

150 kDa protein for the most abundant charge state 26+, respectively. Simulated distributions are shown 

individually colored and summed up as the final mass spectrum (black). B. Experimental peak width 

exceeds simulated peaks of globular protein complexes. Mass spectra of GroEL 71+ ions are shown 

measured on an Orbitrap Exactive Plus (blue) and a QToF (cyan) instrument at instrument resolution of 

5000. Simulated peaks at  mass resolutions 5000 (red), 10000 (orange), 40000 (green) are shown as well 

as the natural isotope envelope of GroEL (black). Apparent mass resolutions Rnat are given in 

parentheses, respectively. All simulations were performed with MassLynx ver. 4.1. Reprinted and 

adapted with permission from (Lössl et al., 2014). Copyright 2014 American Chemical Society 
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1.1.3. Charge-detection based instruments 

The beforementioned methods demand deconvolution of m/z to charge state and subsequently 

mass from a coherent series of charge states. Generally, mass assignment for proteins and 

protein complexes becomes more challenging with increased mass in standard native MS as 

outlined above. While resolution in QToF instruments is comparably low and therefore large 

assemblies are often assigned mathematically through correlation (see section High-masses and 

high resolution), a broad overview of size populations can be given as a broad m/z range is 

covered. Orbitrap-based instruments have also been optimized for transmission of large 

assemblies and allowed the measurement of an intact virus (van de Waterbeemd et al., 2016). 

Resolution however even on high-mass orbitraps is limited by analyte desolvation (Figure 1) 

(Lössl et al., 2014). To overcome the need for deconvolution, m/z and charge state are measured 

for the same ion in techniques generally summarized under the term charge-detection MS. For 

Orbitrap instruments this is has been demonstrated recently based on the linear scaling of charge 

and peak intensity (Kafader et al., 2020; Makarov, 2000; Wörner et al., 2020). However, this 

requires instrument as well as software modifications, which have been commercialized just 

recently. 

1.1.3.1. Charge detection mass spectrometry 

Originally developed for mass and velocity assignment of micron-sized metal particles, CDMS 

was later combined with electrospray, soon allowing measurements of intact viral particles 

(Fuerstenau and Benner, 1995; Fuerstenau et al., 2001). Following ionization, ions enter the 

differentially pumped region with a RF hexapole, a RF quadrupole and finally a dual 

hemispherical deflection energy analyzer. Here, only ions with a narrow band of ion kinetic 

energies are focused into the following detection cylinder, where an entering ion induces a 

charge (Benner, 1997). If the energy is known and the cylinder is long enough, the charge can 

be determined through a charge-sensitive amplifier. Furthermore, the flight-time of the ion 

through the cylinder gives information on the m/z ratio (Shockley, 1938; Weinheimer, 1988). 

Initially, CDMS was restricted to highly charged ions. Starting from a detection limit of a 

minimum 425 e, constant improvements now allow measurements for even singly charged ions 

(Todd et al., 2020). Electrical noise is the limiting factor for the accuracy of the charge 

measurement and therefore mass accuracy. Partial cryogenically cooling of the charge 

amplifier, using dynamic energy calculations to compensate for collision-induced effects, and 

signal-averaging can help to diminish electrical noise (Contino et al., 2013; Harper et al., 2018). 
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Instead of single pass charge detection, ions can be passed through a series of detectors on a 

linear array, or the detection tube can be implemented into an electrostatic linear ion trap 

(ELIT). Generally, measurement time increases drastically from single pass, linear array to ion-

trap based approaches (Jarrold, 2022). In ion trap CDMS, two end-caps of the ELIT allow 

transmission or trapping through changing the end-cap potential (Schmidt et al., 2001; Contino 

and Jarrold, 2013). Through oscillation of the ion back and forth through the tube, charge 

accuracy is improved proportionally with prolonged trapping time (Benner, 1997; Contino and 

Jarrold, 2013; Keifer et al., 2015; Pierson et al., 2015). The charge sensitive amplifier detects 

the periodic signal of trapped ions and the time-domain signals are analyzed in real time using 

Fourier transforms. While the fast Fourier transform (FFT) magnitude provides information of 

the charge, the oscillation frequency can be used to determine the m/z ratio (Contino and Jarrold, 

2013). In the prototype CDMS instrument as it was used in this work two trapping modii were 

possible. In triggered trapping, switching of the end-caps to trapping is induced by an ion 

entering the detection cylinder at a certain noise threshold. In comparison to continuous 

trapping, where the trap might be closed without entering of an ion, triggered trapping allows 

for high sensitivity. However, the limit of detection is rather high with approx. 250 e. Therefore, 

recent developments focus on optimizing the continuous trapping mode through accumulation 

of ions before entering the trap and modifications of the charge sensitive amplifier. This allows 

the detection of single, singly charged ions and highly heterogeneous samples (Todd et al., 

2020; Todd and Jarrold, 2020). To further reduce electrical noise, a recent study implemented 

dynamic calibration using a 129 kHz reference signal superimposed on the ion signal (Todd 

and Jarrold, 2020). Other improvements include optimizing of the ELIT design by using 

multielectrode end-caps, which reduces trapping time (Hogan and Jarrold, 2018). Furthermore, 

the implementation of ion funnel-ion carpet hybrid or FUNPET in the first vacuum stage of the 

instrument enhances desolvation through thermalization of high mass ions (Draper et al., 2018). 

Approaches to optimize triggered trapping were done by Williams and coworkers, focusing on 

trapping multiple ions, which bypasses the omnipresent challenging duration of measurement 

time (Harper et al., 2019; Harper and Williams, 2019). In a further instrumentation setup by 

Antoine and coworkers, trapping singular ions in an ELIT is combined with irradiation with a 

CO2 laser (Antoine, 2020; Doussineau et al., 2011). 
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1.1.4. Gas phase electrophoretic mobility analysis 

Ion mobility spectrometry (IMS) adds the shape of molecular complexes as an additional 

parameter on which an analyte can be characterized. Ions are separated based on their charge 

and mobility in an air- or gas-filled electric field. Nowadays, IMS is combined with mass 

spectrometry, putting the ion mobility tube in front of the detector, so ions are separated 

according to their shape prior to charge (Uetrecht et al., 2010). 

Furthermore, this principle can also be used for mass approximation in a basic setup termed gas 

phase electrophoretic mobility analysis (GEMMA) shown in Figure 2, by correlating protein 

mass and shape or gas phase electrophoretic mobility diameter (EMD). Generally, GEMMA 

results low mass resolution and can be applied to micrometer-sized analytes. The combination 

of the differential mobility analyzer (DMA) with electrospray to characterize globular proteins 

was first described by Kaufmann and colleagues (Knutson and Whitby, 1975; Kaufman et al., 

1998). In contrast to standard MS approaches, electrospray ionization is followed by charge 

reduction, which results mainly neutral ions and a small subpopulation of singly (1%) and 

multiply charged ions (Fuchs, 1963; Reischl et al., 1996). Furthermore, measurements are 

performed at atmospheric pressure. Charge reduction can be achieved through controlled 

contact or thermal collision with ions of positive and negative polarity (Fuchs, 1963; Adachi et 

al., 1983; Wiedensohler and Fissan, 1988). A radioactive source like 241Am or 210P, a soft X-

ray charger or recently also an alternating current corona discharge unit can be used to generate 

the bipolar atmosphere (Adachi et al., 1983; Shimada et al., 2002; Qi and Kulkarni, 2013; 

Kallinger and Szymanski, 2015; Weiss et al., 2020b). Using a sheath flow of compressed air 

and CO2, nanodroplets are dried and carried through different parts of the instrument. In the 

next unit, the analyte is separated in a tunable electrical field orthogonal to the laminar air flow. 

Through variation of the electric field, the analytes are deviated from their trajectory and can 

finally be separated by passing a focused laser beam or ultrafine condensation particle counter. 

Subsequently, the directly measured electric mobility in air is converted to particle diameter, or 

electrophoretic mobility diameter using solutions of the Millikan equation (Annis et al., 1972; 

Tammet, 1995). For consecutive mass estimation, different mass-EMD correlation equations 

can be used depending on the analyte class. Extensive work using GEMMA has been done on 

analytes of a wide-spanned size ranging from organic and inorganic compounds, to proteins, 

liposomes, lipid-based nanoparticles, and intact viruses (Bacher et al., 2001; Bereszczak et al., 
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2014; Bianco et al., 2022; Weiss et al., 2020a, 

2015a). Mw/EMD correlations however, have 

only been established for three analyte classes, 

namely proteins, polysaccharides and intact 

viruses (Bacher et al., 2001; Weiss et al., 2015b, 

2018, 2020b). Recent instrumentation 

modifications aim to improve the charge 

equilibration setup, or the DMA 

instrumentation for example by tuning 

resolving power (Fernández-García et al., 2019; 

Weiss et al., 2020b). Another notable 

application of the GEMMA setup is size-

selection to allow consecutive further analysis. 

Here, an electrostatic nanoparticle sampler 

replaces the particle counter. Subsequent 

applications include the combination with 

electron-microscopy or atomic force 

microscopy by landing particles directly on 

respective substrates. Furthermore, 

spectroscopic techniques and antibody-based 

immunological assays were applied (Havlik et 

al., 2015; Engel et al., 2017). The GEMMA 

setup was also aligned with size-exclusion 

chromatography in order to separate analytes 

prior to ionization (Weiss et al., 2021). 

Additionally, the differential mobility cell has 

been applied for analyte-separation prior to 

Figure 2: Instrumentation setup of a 

GEMMA system. A. Nano ESI spray and 

charge-reducing chamber, B. nano DMA, C. 

condensation particle counter Reprinted from 

(Bacher et al., 2001), Copyright © 2001 with 

permission from John Wiley & Sons, Ltd 
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proteomic analysis (Wernisch and Pennathur, 2019). 

1.2. Norovirus Assembly and Stability 

Parts of the Norovirus Assembly and Stability introduction have been published in the 

following review:  

Pogan, R., Dülfer, J., & Uetrecht, C. (2018). Norovirus assembly and stability. Current opinion 

in virology, 31, 59-65. Reprinted (Pogan et al., 2018a) under CC BY 4.0 license. 

https://creativecommons.org/licenses/by/4.0/ 

To access the publication, see: 

DOI: 10.1016/j.coviro.2018.05.003  

 

1.2.1. Virus assembly 

Virus assembly generally is thought to follow the principle of genetic economy, which 

ultimately defines how capsids are designed limited through geometric constraints (Crick and 

Watson 1956, Twarock and Luque 2018). The capsid forms a shell around the genome and can 

be covered by a lipid membrane originated from the host cells. In non-enveloped viruses, 

icosahedral capsids are most common. According to Caspar and Klug, multiples of 60 proteins 

define icosahedral symmetry (Caspar and Klug, 1962). The individual proteins adopt slightly 

different, or quasi-equivalent, conformations and form morphological units, typically 

pentamers or hexamers. Exactly 12 pentamers are needed for icosahedral symmetry. Therefore, 

60T subunits form a complete capsid, where T is the triangulation number, or the number of 

different subunit conformations. Within geometrical reasoning, the allowed T values are limited 

to T = h2 +hk + k2, where h and k are positive integers (Caspar and Klug, 1962). 

1.2.2. Human norovirus 

Approximately one-fifth of all acute gastroenteritis outbreaks are caused by human noroviruses 

(hNoV) (Ahmed et al., 2014). Acute gastroenteritis involves fever, vomiting, cramping and 

diarrhea (Kapikian et al., 1972). This illness usually persists for several days only but can take 

longer in children, the elderly and immunocompromised (Lindsay et al., 2015). The prototypical 

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.coviro.2018.05.003
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Norwalk virus was discovered over four decades ago (Kapikian et al., 1972). So far, no vaccines 

are available and several candidates failed clinical trials (Cates et al., 2020). 

Outbreak causing noroviruses emerge frequently and are seasonal especially in temperate 

regions (Ahmed et al., 2013). The dynamics of this diversity are poorly understood. 

Contributing factors like population immunity, virus evolution and transmission are mainly 

followed by epidemiological observations as a robust infection model is still missing. Since the 

virus is mostly foodborne and has to persist on surfaces and in the environment, particle stability 

is of interest.  

1.2.2.1. Genetic diversity 

The genus Norovirus belongs to the Caliciviridae family, which can be divided into ten genera, 

depicted in Figure 3 (Chhabra et al., 2019). Noroviruses infecting humans can be found in 

genogroup I, II, IV, VIII and IX, while murine noroviruses (MNV) are GV and bovine GIII 

noroviruses (Vinjé, 2015; Chhabra et al., 2019). Genogroups are subdivided into genotypes 

based on VP1 sequence, differing by at least 43% (Zheng et al., 2006). However, recombination 

and mutations in both the viral polymerase and the capsid protein VP1 happen frequently. To 

include both genome regions as nomenclature parameters, P indicates polymerase genotypes 

(e.g., GII.P4 and GII.4). Thus, recombinant forms can be captured (Hansman et al., 2006; 

Kroneman et al., 2013; de Graaf et al., 2016, 2017). 

Noroviruses of distinct prevalence emerge frequently and surveillance networks like NoroNet 

help to capture trends of respective genogroups and genotypes (Koopmans et al., 2003). While 

GI, which also includes the prototype Norwalk virus, is less frequently found nowadays, GII.4 

isolates have been known as the most common cause of clinical gastroenteritis cases (Eden et 

al., 2013; Parra et al., 2023). Surveillance studies also imply that GII.17 variants increase in 

prevalence (de Graaf et al., 2015). Interestingly, genogroup and transmission route correlate: 

GII.4 strain transmission was often found to be person-to-person dependent; non GII.4 viruses 

like several GI isolates, GII.6 and GII.12 were mostly foodborne; and other GI isolates 

waterborne (de Graaf et al., 2016). These dependencies may be due in part to specific stability 

patterns of particular isolates. 
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Figure 3: Schematic diagram of caliciviridae. The calicivirus family is divided into 11 genera 

according to (Vinjé et al., 2019). The genus norovirus can be divided into ten genogroups (GI-GX) 

(Chhabra et al., 2019). Species found within respective groups are also shown. 

1.2.2.2. Norovirus virions  

Many NoV mediated gastroenteritis outbreaks originate in the consumption of fecal-

contaminated food like mussels, oysters, berries and vegetables (Zainazor et al., 2010). Hence, 

these enteric pathogenic agents have to persist on various surfaces and in harsh environments. 

Studies on intact human noroviruses are hampered as no robust cell culture system has been 

available. hNVoVs are known not to grow in routine cell lines like like Caco-2 or Vero cells 

(Duizer et al., 2004; Pohl et al., 2022). Replication in B cell lines like BJAB and Raji B cells 

was shown to be dependent on human blood group antigens (HBGA) (Jones et al., 2014). 

However, cultivation efforts lack reproducibility (Jones et al., 2015, 2014). Cultivation in 

monolayer enteroids has been established previously (Ettayebi et al., 2016). The three-

dimensional (3D) human intestinal enteroid (HIE) is derived from biopsies and contains several 

intestinal cell types like enterocytes and others (Ettayebi et al., 2016). Replication of hNoVs is 

species-specific and dependent on the addition of bile acid, growth factors and other 
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components (Ettayebi et al., 2016; Costantini et al., 2018; Ettayebi et al., 2021). HIE protocols 

were further modified and optimized in terms of culture media and virus titer of stool samples 

(Ettayebi et al., 2021). However, this could not overcome that enteroid systems are costly, time- 

and labor intensive. Recent efforts therefore aim to adapt these protocols by omitting the 

differentiation of 3D to 2D monolayers (Mirabelli et al., 2022). Although even more advanced, 

hNoV were shown to grown in several animal models, amongst others the recently developed 

zebrafish larvae model (Van Dycke et al., 2021). However, next to their physiological distance 

to human intestines, they do further not overcome common negative aspects to all approaches, 

mainly insufficient replication levels, especially to gain decent amounts of viral stock for 

structural studies. All cell types mentioned derive from the assumption that hNoVs solely 

replicate in the intestine. Salivary glands have been identified as a further transmission route 

for enteric viruses. Indeed, hNoVs were shown to replicate in salivary cell lines in comparable 

numbers to enteroid systems (Ghosh et al., 2022). However, for infectivity assays on virions 

reliable cultivation systems are inevitable and thus studies focus on norovirus surrogates. 

Proposed norovirus surrogates are amongst others feline calicivirus (FCV), which belongs to 

the genus Vesivirus, and the Lagovirus Rabbit haemorragic disease virus (Conley and Bhella, 

2019; Katpally et al., 2010). 

Due to its transmission by the respiratory route and its general pH instability, FCV is considered 

less suitable (Cannon et al., 2006; Fallahi and Mattison, 2011). MNV is often used as a surrogate 

because it shares many genetic and biochemical features with human norovirus and can infect 

cells in culture as well as replicate in the gastrointestinal tract of its host (Wobus et al., 2004). 

However, human and murine noroviruses have different cell specificities (Wobus et al., 2006). 

MNV is more stable than FCV regarding thermal resistance and acid tolerance (Bozkurt et al., 

2013; Cannon et al., 2006). Nevertheless, these norovirus surrogates are considered suboptimal 

due to structural variations within human noroviruses (Donaldson et al., 2010). 

1.2.2.3. Studying norovirus stability using virus-like particles 

To overcome the limitations of a lacking cultivation system, hNoV studies focus on virus-like 

particles (VLPs). The Calicivirus capsid is icosahedral and comprises 180 copies of the capsid 

protein VP1. Expression of VP1 in insect cells leads to self-assembly of VLPs of approximately 

36-42 nm in diameter that are morphologically and antigenically comparable to native virions 

(Jiang et al., 1992). X-ray crystallography of GI.1 Norwalk T = 3 VLPs revealed the division 
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of the capsid protein into a protruding (P) domain and a shell (S) domain (Figure 4) (Prasad et 

al., 1994, 1999). 

 The P domain is further divided into P1 and P2 subdomains. Subdomain P2 is highly variable 

and, as it is exposed to the surface, involved in determination of antigenicity and cell attachment 

(Prasad et al., 1994, 1999). 

 

Figure 4: Genomic organization and structure of human noroviruses. A. Noroviruses are non-

enveloped RNA viruses with a positive sense single-stranded genome with three open reading frames 

(ORFs). A polyprotein, which includes the nonstructural proteins such as the ribonucleic acid (RNA) 

dependent polymerase, is encoded by ORF1. Two structural proteins, the major and minor capsid protein 

(VP1 and VP2), are encoded by ORF2 and ORF3, respectively (Jiang et al., 1992, 1990). The VP1 

protein is divided into shell (S) and protruding (P) domains. B. 90 dimers of the major capsid protein 

VP1 assemble into icosahedral T = 3 norovirus VLPs. The S domain of the VP1 monomers builds a shell 

that surrounds the viral RNA in form of a scaffold. The more flexible P-domain is subdivided into P1 

and P2 and connected to S via a hinge (Baclayon et al., 2011; Mallagaray et al., 2015; Prasad et al., 

1994, 1999). The domains are highlighted in the VP1 dimer structure (left) and the three quasi-

equivalent subunits (A/B/C) forming the capsids are shown in the VLP structure (right). PDB accession 

number 1IHM (Prasad 1999). Reprinted from (Pogan et al., 2018a) under CC BY 4.0 license. 

 

The capsid protein adopts three quasi-equivalent structures, namely A, B and C. The S domain 

of A/B and C/C dimers is arranged bent and flat, respectively. Switching between A/B and C/C 

dimers of the S domain is necessary to facilitate curvature whereas P domains build the capsid 

protrusions. Icosahedral contacts between VP1 dimers are modulated by the S domain, while 
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intra-dimer contacts are modulated by the P domain (Prasad et al., 1999). The deletion of amino 

acids in the P domain that are thought to be involved in these contacts leads to heterogeneous 

particles with increased size (Bertolotti-Ciarlet et al., 2002). Moreover, particles can be formed 

by assembly of the S domain only showing that the S domain interactions are sufficient for 

capsid formation (Bertolotti-Ciarlet et al., 2003, 2002). Deletion of the P domain results in 

smaller, smooth particles (T = 3, 29 nm) with reduced stiffness compared to wildtype particles 

indicating that the P domain stabilizes the viral particles (Baclayon et al., 2011). The GI.1 T = 3 

conformation for VLPs and native virions was confirmed both using X-ray crystallography and 

cryo-EM on several other variants including GI.7, GII.2, GII.3, GII.10, and GII.17 (Hansman 

et al., 2012; Jung et al., 2019). Cryo-EM data on GII.4 variants, namely CHDC-1974, NSW-

2012 Sydney, GII.4c and Minerva, first revealed assemblies of 240 VP1 with T = 4 icosahedral 

conformation. Negative stain micrographs of GII.4 virions however could not confirm this 

organization in stool samples as particles with comparable sizes to T = 3 formation (40 nm) 

were purified (Devant et al., 2019). For VLPs, observed particle sizes were independent of the 

expression system and the co-expression of VP2 (Devant and Hansman, 2021; Jung et al., 

2019). Notably, both in GII.2 Snow Mountain virus and the vaccine candidate GII.4c several 

size populations were observed. While the GII.2 variant showed both T = 3 and T = 1 particles, 

GII.4 NSW-2012 showed T = 4 and T = 3, and GII.4c T = 4, T = 3 and T = 1 particles. In 

contrast to those findings, a recent study on GII.4 Houston 2002 identified solely T = 3 

assemblies, noticeably without imposing icosahedral symmetry (Hu et al., 2022). In T = 4 GII.4 

VLPs, the P domain was lifted from the shell domain, a conformation which is generally 

referred to as ‘rising’ conformation and previously identified in GV MNV. In contrast to that, 

the P domain was ‘resting’ on the shell domain for some T = 3 particles observed in other 

studies (Hansman et al., 2012; Devant et al., 2019). Hu and colleagues confirmed both VP1 

states in GII.4 T = 3 particles (Hu et al., 2022). A conformational change in the hinge induces 

the switch from resting to rising state of VP1. The capsid diameter increases after removing the 

bound metal ion by chelation (Hu et al., 2022). Switching between those two states was first 

identified in GV MNV particles and can be induced by addition of bile acids and pH changes. 

However, further factors putatively are involved, as another study found VLPs in the resting 

state independent of presence of bile (Snowden et al., 2020). The resting state allows proper 

binding to the protein receptor CD300lf in MNV and simultaneously is thought to promote 

immune evasion through decreased recognition of antibodies. Limited access of antibodies to 

the resting conformation could also be confirmed for GII.4 T = 3 particles (Hu et al., 2022). 
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Notably, both the HBGA binding site is accessible in both conformations in GII.4 T = 3 

particles (Hu et al., 2022). 

1.2.2.4. Limitations of VP1 VLP studies 

Recombinant norovirus particles are assembled in absence of genome and therefore lack 

putative RNA-capsid interactions, which could alter capsid stability. These interactions have 

been shown to play important roles in assembly and stability of other RNA viruses (Dykeman 

et al., 2013; J. Snijder et al., 2013). Another factor likely contributing to capsid stability and 

assembly behavior is the presence of the minor capsid protein VP2 (Glass et al., 2000). 

Although the function of VP2 could not be deciphered completely, comparison of a GII NoV 

VP1 only and VP1/VP2 particles indicate a slight stabilizing influence under alkaline conditions  

(Lin et al., 2014). Additionally, VP1/VP2 particles showed decreased protease degradation 

(Bertolotti-Ciarlet et al., 2003). The amount of incorporated VP2 molecules is still unknown. 

The protein putatively interacts with the VP1 S-domain and is located in the capsid interior 

(Vongpunsawad et al., 2013). In FCV, VP2 was shown to be essential for virus entry. Here, 

VP2 twelve copies form a portal to putatively release genome upon binding of the receptor, the 

junctional adhesion molecule JAM-A (Conley et al., 2019). Notably, in the P2 domain of VP1 

electron densities indicating the presence of metal ions, most likely potassium, were identified 

and putatively are essential to allow entry (Lu et al., 2018; Conley et al., 2019). 

1.2.2.5. Norwalk stability and capsid assembly 

Several studies focus on the effect of pH, temperature and solution additives on capsid stability 

using various biophysical techniques. GI.1 Norwalk capsids were stable at neutral and acidic 

pH, whereas disassembly was observed above pH 8 (Ausar et al., 2006; da Silva et al., 2011). 

Particles remain intact up to 55°C. Above this temperature VLPs start to form aggregates or 

disintegrate into soluble VP1 oligomers in a pH dependent manner (Ausar et al., 2006). Notably, 

Norwalk VLP stability was monitored in buffer containing citrate, which can alter capsid 

morphology as shown for a GII.10 variant (Koromyslova et al., 2015). It would be of interest 

to disentangle the structural and pH effects of citrate in more detail. Aggregation was prevented 

by adding various common vaccine-excipients (Kissmann et al., 2008). Nanobodies targeting 

the P domain have also been shown to influence particle stability and promote disassembly 

(Koromyslova and Hansman, 2015). 
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Norwalk capsid disassembly was also followed in detail using native mass spectrometry (MS) 

(Shoemaker et al., 2010; Uetrecht et al., 2011). In line with other studies, complete T = 3 capsids 

(VP1 180mer) were present at physiological pH (Ausar et al., 2006). At alkaline pH disassembly 

into different intermediates could be observed with VP1 60mer and VP1 80mer being the most 

abundant species at high ionic strength (Figure 5). 

 

Figure 5: Effect of ionic strength on assembly of VP1 oligomers at pH 8. Assembly was monitored 

by native MS at pH 8 and a range of ammonium acetate concentrations (50–500 mM). This figure was 

adapted from the originally published in Molecular & Cellular Proteomics (Shoemaker et al., 2010) © 

the American Society for Biochemistry and Molecular Biology or © the Author(s) distributed under the 

terms of the Creative Commons CC-BY license. 

 

Atomic force microscopy (AFM) images confirmed the presence and spherical morphology of 

the T = 1 VP1 60mer  (Shoemaker et al., 2010). The VP1 60mer was already observed at neutral 

pH. Smaller particles of T = 1 formation were also found in Norwalk VLP preparations, 

although in low abundance (White et al., 1997). Further studies on GII variants, also forming 

these smaller particles, proposed VP1 truncation and variable purification conditions as putative 

reasons (Huo et al., 2015; Someya et al., 2011). Furthermore, the morphology of the VP1 80mer 

was probed using native ion mobility MS (IMMS). As the determined collisional cross sections 

of the VP1 180mer, 80mer and the 60mer increased linearly with mass, a spherical shape was 

also proposed for the VP1 80mer. The observed oligomers could also be reassembled into the 

T = 3 native capsids. Further IMMS studies in alkaline, assembly and non-assembly conditions 

revealed a sheet-like structure of smaller oligomers (Uetrecht et al., 2011). The hexamer 

structure was in line with a partial pentameric vertex. Hence, an assembly pathway starting with 

a decameric nucleus as predicted previously comprising a fivefold symmetry axis and 

proceeding via dimer addition was proposed (Prasad et al., 1999; Uetrecht et al., 2011). An in 

http://creativecommons.org/licenses/by/4.0/
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silico AFM study confirmed this finding, as it could be shown that the interface building a 

quasi-sixfold symmetry axis (B/C of S domains) is the most instable one (Boyd et al., 2015). 

Another study on bovine GIII norovirus reported a similar disassembly but distinct assembly 

mechanism, which indicates that capsid assembly and stability could be genotype specific 

(Tresset et al., 2013a, 2013b). Stability differences of NoVs from different genogroups were 

tested with other biophysical techniques. For example, human NoV variants of GI.1 and GII.4, 

and FCV were compared using circular dichroism (CD) and intrinsic UV fluorescence. Less 

temperature and pH induced structural changes were observed for GII.4 than for the other 

particles (Samandoulgou et al., 2015). When solution chemistry properties of GI.1 Norwalk and 

GII.4 Houston VLPs were compared, Norwalk VLPs aggregated at pH 9 with increasing 

hydrodynamic radii. The GII.4 variant was stable up to pH 8, however pH 9 was not examined. 

Furthermore, the two variants showed different attachment efficiencies (da Silva et al., 2011). 

Sensitivity to alkaline treatment was also observed for a GII.7 isolate via AFM nanoindentation. 

From pH 8.5 to pH 10, the observed spring constant dropped indicating decreased capsid 

stability. Notably, capsids of increased size could still be detected at pH 10 (Cuellar et al., 

2010). Comparing these findings to AFM on Norwalk VLPs would be of interest. 

Norovirus VLPs have been used to study core features of capsid assembly and stability. 

Biophysical methods like CD spectroscopy are extremely helpful to characterize VLPs. 

However, they often fail to describe structural changes thoroughly as smaller oligomers are 

poorly resolved. In AFM nanoindentation, biophysical properties of capsids like size and 

stiffness can be probed and techniques like IM and native MS are a great tool to monitor stability 

and decipher smaller capsid assembly states. Insights to capsid disassembly mechanisms could 

improve the design of capsids for nanotechnological applications and therefore would also be 

beneficial for norovirus vaccine development. Especially, the latter is extremely hindered by 

the frequent emergence of outbreak causing variants. Lately, some worldwide outbreaks were 

caused by an emerging recombinant polymerase genotype showing mutations in the RNA 

polymerase gene as well as the VP1 (Fu et al., 2017). This indicates that polymerase genotypes 

can also play a role in emergence, but are usually accompanied by mutations in the capsid 

protein (Bull et al., 2005). 
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1.3. Aim of the work 

Disease prevention and treatment are main drivers for viral structural studies. The ability to 

follow physical properties and dynamics is a great asset in finding new antivirals or vaccines. 

Additionally, recent developments more and more target the development of protein nanocages. 

Based on viral self-assembly mechanisms, protein nanocontainers can be used for various 

applications like diagnostic tools, delivery vehicles for gene therapy, platforms for antigen 

presentation, among others (Brune et al., 2016; Holzinger et al., 2014; Wang et al., 2021).Viral 

proteins, especially derived from viruses with icosahedral symmetry, can be both building 

blocks or templates to these approaches. Their assemblies differ in various parameters like 

stability, assembly and disassembly behavior, cargo and presentation capability, and size, to 

only mention a few. This implies the possibility to actively use these parameters for 

customization of particles (Glasgow and Tullman-Ercek, 2014). (All-atom) molecular 

dynamics simulation of whole capsids are driving forces in applying mechanisms of viral self-

assembly and disassembly to these nanotechnological approaches (Zhao et al., 2021; 

Mohajerani et al., 2022). However, they are based on experimental findings. Recent 

developments in standard structural techniques like cryo-EM putatively allow to capture 

temporally-limited assembly intermediates (Chmielewski et al., 2022). Additionally, native MS 

approaches are greatly suited for structural studies (Dülfer et al., 2019; Liko et al., 2016). 

However, they become more complex with increased size of the studied assemblies. 

Self-assembly of empty virus-like particles is vastly different from particle assembly 

accompanied by genome integration (Bruinsma et al., 2021). However, understanding VLP 

assembly and disassembly of complex systems like human noroviruses holds innate 

opportunities in finding antiviral drugs and understanding particle stability for vaccine 

development, and their utilization as bionanocarriers. 

Therefore, this thesis aims to pinpoint important mediators in hNoV assembly and further size-

determinants. In order to do so, this work firstly targets to ease characterization of high-mass 

complexes like VLPs by mass spectrometry and accompanied techniques. Gas phase 

electrophoretic mobility analysis is a complementary technique to standard and customized 

native MS. However, in order use this technique for size determination, electrophoretic mobility 

diameter and mass of respective particles need to be correlated. A correlation which closes the 



Introduction   

22 

 

size-gap of established ones has the potential to allow easy and fast size determination of low-

yield particles. 

A great advancement of native MS and allied techniques is the ability to simultaneously portray 

coexisting particle sizes and low-mass multimers. Norovirus assembly has been addressed 

before but mainly targeted the prototypical Norwalk virus (Shoemaker et al., 2010; Uetrecht et 

al., 2011). Since its advent, noroviruses classification into genogroups advanced greatly and 

several genotypes showed increased outbreak-potential. This work therefore addresses strain-

dependent differences by applying native MS protocols to other norovirus variants. Main target 

here is the relationship between capsid size and stability in different pH and ionic strength. 

In total, this work addresses the development of novel biophysical characterization techniques 

as well as their application to noroviruses. Findings on particle stability, particle size, as well 

as assembly and disassembly behavior are amenable for nanotechnological applications. They 

further hold potential to decipher other aspects of the norovirus lifecycle, like impact of ligand 

binding in viral entry. 
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2.4. Synopsis 

This thesis aims to characterize biophysical properties of viruses focusing on norovirus-like 

particles with especially targeting capsid assembly and disassembly. 

In 2.1, we address the process of characterization and how current routine techniques can be 

applied and combined in order to facilitate mass measurements of viral capsids or capsid-like 

structures. In a collaborative study together with colleagues from the Technical University of 

Vienna and several other institutions, we established a mass and electrophoretic mobility 

diameter (EMD) correlation of virus-like particles (VLPs) covering a mass range from 3 to 

27 MDa using gas phase electrophoretic mobility molecular analysis (GEMMA) and native 

mass spectrometry (nMS). This work focused on high-mass, spherical and empty capsid 

particles compared to previous work by our collaborators on proteins and virions. 

Measurements were performed on VLPs of cowpea mosaic virus (CPMV), human norovirus 

(hNoV) and bacteriophages T5 and P22. Additionally, previous work by our collaborator was 

incorporated in our study. Here, hepatitis B virus-like particles (HBV) and subviral particles of 

human rhinovirus serotype A2 were studied. Generally, particles were produced by expressing 

either the major or both the major and minor capsid protein in a suitable expression system 

followed by extensive purification of self-assembled particles. In all methods used, VLPs were 

ionized using nanoelectrospray (nano ESI). Technical details of ionization instrumentation 

varied between methods differing in capillary inner diameter, capillary material and static, 

manually operated and automated spray mechanism. In GEMMA, analytes are transferred to 

the gas phase using nanoelectrospray following charge reduction to singly charged, surface-dry 

ions. At ambient pressure, singly charged particles are separated according to their size or EMD. 

Subsequently, the aerosol is introduced to an ultrafine condensation counter for quantification 

of respective signals. For mass measurements, samples were measured on a quadrupole time-

of-light (QToF) as well as a charge detection mass spectrometry (CDMS) instrument when 

charge state resolution was not given or literature values were not available. Notably, hNoV 

and HBV, showed two different particle formations with icosahedral symmetry. More 

precisely, these formations are assemblies of 60 and 180 (T = 1 and T = 3 capsids) and 180 and 

240 (T = 3 and T = 4 capsids) structural proteins for hNoV and HBV-like particles, respectively  

In order to check transferability of the established correlation, a set of measurements on two 

instrumentation setups was performed including measurements on proteins, polysaccharides 
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and VLPs. This study implicates that a calibration of instrument is needed per sample type. 

Furthermore, the established correlation was tested on human papilloma virus type 16 (HPV16) 

VLPs. HPV particle production generally generates small protein yields and were not sufficient 

for ESI MS in this study. However, GEMMA data combined with our correlation provided a 

mass measurement deviating approximately 1.5% to the theoretical mass based on theoretical 

structural protein mass. 

Finally, this work provides a contrasting juxtaposition of GEMMA, QToF and CDMS for 

measurement of high-mass particles. Consequently, all three techniques can be considered 

complementary with regards to differences in instrument sensitivity, commercial availability 

and cost, as well as duration of measurement. 

Next, I focus on the investigation of human norovirus-like particles with the three techniques 

described. The following will target NoV assembly and disassembly. Furthermore, I set out to 

examine relations between norovirus strain and particle stability. 

In 2.2, we study two norovirus variants, namely GI.1 West Chester and GII.17 Kawasaki, with 

native QToF MS and negative stain electron microscopy (EM). Generally, noroviruses can be 

classified into genogroups and genotypes based on the major structural protein VP1. VLPs were 

investigated with EM and native MS in a set of solution conditions varying in ionic strength 

and pH. Compared to the previously studied prototype GI.1 Norwalk, the West Chester variant 

was generally more susceptible to alkaline treatment maintaining T = 3 particles only up to 

pH 7, but not at pH 8. Disassembly was further indicated by detection of VP1 low mass 

multimers, namely tetramers, hexamers, putative 18mers and 80mers. VP1 dimers were 

detected in all tested solution conditions with increased intensities at high pH and low ionic 

strength. Furthermore, West Chester showed smaller T = 1 particles already at pH 6 whereas 

Norwalk formed T = 1 assemblies at pH 8 at the respective ionic strength. Both T = 1 and T = 3 

assemblies could be reassembled following complete disassembly to VP1 dimers. Interestingly, 

VP1 sequences differed in 13 amino acids (aa) with 6 dissimilar residues out of which four were 

located in the N-terminal scaffolding domain.  

GII.17 Kawasaki on the other hand did not show disassembly induced by solution condition 

changes. Native T = 3 particles were formed at all conditions tested. Surprisingly, a further 

species assigned to T = 1 particles was also observed for this variant at all tested conditions. At 

pH 10 in 50 mM and 250 mM ammonium acetate, VP1 dimers indicated starting disassembly 

of particles. Compared to GI.1 West Chester, Genogroup II variants are generally known as 
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newly emerging, prevalent strains with GII.17 Kawasaki being an outbreak-causing strain 

isolated in Asia starting 2014. Next to variation of solution pH, samples were measured in 

different ionic strength, namely 50 mM and 250 mM ammonium acetate. For GII.17 Kawasaki, 

spectra showed similar species patterns in both molarities, while high ionic strength showed 

increased impact on GI.1 West Chester. Here, T = 3 particles disassembled at lower pH at 

250 mM than at 50 mM ammonium acetate. 

In this work, we studied NoV disassembly and reassembly behavior. Several VP1 multimers 

were identified as putative intermediates. We identified norovirus-like particle stability patterns 

in different solution conditions with differences on the genogroup and genotype level, which 

are attributable to VP1 sequence. 

Subsequently, further genotypes were included in our next approach studying NVLPs with mass 

spectrometry as shown in chapter 2.3. Namely, I worked with GI.1 West Chester (2 batch 

preparations), GII.4 Saga, GII.10 Vietnam and GII.17 Saitama. Samples were characterized 

using GEMMA, QToF MS, CDMS and trypsin- and pepsin-based proteomics. Measurements 

on further variants showed VP1 60mers particles but were lacking signal for T = 3 formations 

at neutral pH in several tested VLP preparations. MSMS studies on VP1 60mer ion distributions 

showed that dissociating VP1 monomers were truncated. More precisely, detected VP1 was 

lacking 40 aa in GI.1 West Chester and 45 aa GII:4 Saga and GII.10 Vietnam. In GII.17 

Saitama, MSMS could not be performed on VP1 60mer ions successfully. However, CDMS 

data suggested a truncation of at least 17 aa or 31 aa corrected for adducts. Proteomics 

following pepsin digestion suggested the presence of at least subspecies with near-intact N-

terminus lacking three residues due to methionine processing. Subspecies with minor 

truncations (2-27 aa) were also indicated for all variants based on both trypsin and pepsin-based 

proteomics. Generally, C-terminal coverage was considered complete as the sequence was 

covered up to several arginine residues resulting in small proteins that are considered 

undetectable. Notably, T = 1 peak distributions of GI.1 West Chester and GII.10 Vietnam 

showed tailing indicating further species. In GII.17 Saitama, further high-mass ion distributions 

partially overlapping with the respective T = 3 m/z range were detected. 

Having set up the mass-EMD correlation for VLPs in chapter 2.1, I now employed it for 

rigorous characterization of all variants. As particle formation has been shown to be solution 

condition dependent before, this should be excluded as a reason for preparations lacking T = 3 

formations. Measurements were performed at 40 mM ranging from pH 5 to pH 9. Reassembly 
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of T = 3 particles was not observed. Next to VP1 60mers observed throughout the data set, 

except for GII.4 Saga at pH 9, several other species were detected in very low counts hampering 

mass assignment. Additionally, CDMS helped to elucidate sample heterogeneity. Notable 

species were putative VP1 80mers detected with CDMS in GI.1 West Chester batch 1 and 

GII.10 Vietnam, and putative VP1 120mers detected in GII.10 Vietnam and GII.17 Saitama. 

Furthermore, CDMS measurements of GII.17 Saitama showed VP1 71-, 91-, 100- and 108-

mers, or assemblies of 70/72, 90/92, 100 and 108/110 subunits corrected for integers, 

respectively. 

In conclusion, we identified a major N-terminal truncation leading to T = 1 assemblies 

independent of genogroup and genotype. Generating mutants lacking the respective aa likely 

results in homogenous VP1 60mer assemblies. Therefore, our findings provide important 

benefit to vaccine development and other biological application of bionanoparticles as 

homogeneous particle preparations are generally favored in both approaches.  
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3. Discussion 

Generally, viruses and their recombinant assemblies are excellent systems for mass 

spectrometry due to their size and the remarkable feature to self-assemble even from a single 

protein. In terms of mass measurable with standard native MS approaches, they close the gap 

between proteins up to approx. 2 MDa, and an extended mass range of GDa complexes like 

bacteria. Therefore, some viral systems like P22, Flockhouse virus (FHV) and Adeno associated 

viruses (AAV) are often used as mass standards. So far, they demonstrated great advancements 

in instrumentation like Orbitraps or CDMS by breaking mass records on said systems (Keifer 

et al., 2014; Snijder et al., 2014; van de Waterbeemd et al., 2017; Wörner et al., 2020). On the 

other hand, it is of great importance to understand virus assembly and stability. Assembly states, 

in particular sizes of fully-assembled particles and their intermediates, need to be followed. 

Especially the latter are approachable by MS, but less with non-dynamic imaging techniques 

like cryo EM. A notable example how native MS was aiding to understand these processes is 

AAV. Using native MS, the proposed assembly pattern of 1:1:10 of the capsid proteins VP1, 

VP2, and VP3 was confirmed for recombinant particles although electron densities of low-

amount VP1 and VP2 were not resolved with imaging techniques. Furthermore, stoichiometric 

differences were identified in other particle expression systems, and recent instrumentation 

advancements even elucidated incorporation quantities of genomic material (Snijder et al., 

2014; Wörner et al., 2022, 2021; Barnes et al., 2021, 2022). Taken together, these findings and 

instrumentation developments have potential not only to optimize AAV gene therapy but 

furthermore hold capabilities for novel MS-based quality control (Kostelic et al., 2022b). This 

demonstrates how mass spectrometry can aid to optimize nanobiotechnological approaches and 

also how beneficial the proper characterization of particles for such applications can be. 

Fundamental characterization parameters are biophysical properties like particle size and 

morphology of intact and misshaped particles or artefacts, as well as sample preparation purity, 

and particle stability. VLP-based approaches demand the ability to monitor particle stability for 

example over the time-span of storage in the cold-chain as vaccines have been shown to 

disintegrate over time (Kumru et al., 2014). Therefore, the characterization technique must be 

fast and inexpensive. The instrumentation techniques discussed so far however are expensive, 

require further instrument modifications, software extensions, or are home-built instruments. 

Hence, they are not applicable to a broad audience. A technique that can overcome this burden 
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is GEMMA. This work provides a novel opportunity to characterize low-concentrated, high-

mass globular particles. The MW-EMD correlation established in this work targets the mass-

range generally covered by VLPs, extending the previously covered mass rage focusing on 

protein complexes (Bacher et al., 2001). In contrast to a further correlation targeting globular, 

filled particles or intact virions (Weiss et al., 2015b). Recently, our correlation was applied to 

characterize AAV particle stability using GEMMA (Zoratto et al., 2021). 

To follow and understand viral assembly ultimately enables the use of VLPs as protein carriers 

or vehicle, capsules, platforms for antigen display, and other bionanotechological applications. 

A notable viral system that was investigated in great detail using structural studies is HBV. 

Studies using MS, CDMS, AFM, and SAXS, amongst others, identified intermediates next to 

the generally known T = 3 and T = 4 particles (Asor et al., 2020; Buzón et al., 2021; Chevreuil 

et al., 2020; Lutomski et al., 2018, 2017; Pierson et al., 2014; Uetrecht et al., 2011). Next to 

immense insights to self-assembly, this facilitated particle assembly with distinct stopping 

points with great potential for capsid engineering (Zhao et al., 2021). 

Another viral system with great potential for technological applications is human norovirus, the 

main target of my work. In a study using native MS and EM, I established stability patterns of 

hNoV VP1-only particles of two variants in different ammonium acetate solutions differing in 

ionic strength and pH. The tested variants GI.1 West Chester and GII.17 Kawasaki were further 

compared to previously investigated prototypical GI.1 Norwalk particles (Shoemaker et al., 

2010). The different VP1 oligomer-patterns were clearly distinguishable on the genogroup level 

(GI and GII). Furthermore, several VP1-oligomerisation states also differed on the genotype-

level (GI.1 Norwalk and GI.1 West Chester). In all three tested variants, the predominant and 

largest particle population was of T = 3 symmetry, in line with the common understanding of 

hNoV virion size (Prasad et al., 1994). Several smaller intermediate sizes were identified. 

Oligomers smaller than the proposed nucleation complex, a pentamer of a dimer, namely VP1 

dimers, tetramers, hexamers were observed for Norwalk and West Chester. In the tested 

conditions and with the exceeded resolution, VP1 8mers were not observed in our study on 

West Chester, although observed for Norwalk. Larger oligomeric states were VP1 18- and 

40mers for Norwalk only, as well as 60- and 80mers for (full-length) Norwalk and West 

Chester. Despite these minor differences regarding smaller-sized assemblies, the main 

discrepancy was the presence of T = 1 particles in neutral conditions for the West Chester, but 

not the Norwalk variant. First, this was contributed to 13 aa substitutions, out of which 6 were 

dissimilar, of the West Chester VP1 sequence compared to Norwalk. A substitution at residue 
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11 putatively enabled a switch from A/B to C/C dimers. Notably, T = 1 particles were also 

observed in all conditions tested of the Kawasaki variant and substitutions flanking the 

respective residue 11 were also noted in this variant. The assembly states discussed so far were 

composed of full length VP1. In contrast to my following study on several other hNoV variants. 

Here, an N-terminal truncation of approx. 40-45 aa was observed as the putative cause for the 

assembly of merely T = 1 particles. Additionally, several other VP1 oligomers were observed, 

namely assemblies of 71 (70/72), 91 (90/92), 80, 100, 109 (108/110) and 120 VP1. As 

proteomics data suggested, some VP1 assemblies putatively originate from subspecies of full-

length or less truncated VP1. Furthermore, I reviewed the strain-stability correlation as a clear 

dependency was indicated (Pogan et al., 2018a). Studies on virions, surrogates and VLPs were 

reviewed regarding particle size, stoichiometry and stability. In this review, the lack of 

following variant or even strain-specifics throughout the literature became apparent. In contrast 

to that, later structural hNoVLP studies included information on the variant and larger 

assemblies, T = 4 particles or 240mers were identified by different labs (Devant and Hansman, 

2021, 2021; Jung et al., 2019). The array of particle sizes and intermediates is evident. However, 

the question arises which assembly states hold intrinsic function in the norovirus virion, are 

kinetically trapped states, or assembly artefacts due to missing components in VLPs compared 

to virions. I have demonstrated so far, that most complexes are repetitive in various norovirus 

variants and experimental conditions. Dimeric, tetrameric and hexametric assemblies of full-

length VP1 are rather expected sizes in line with nucleation theory assuming the putative 

assembly nucleus of a pentamer of a dimer (Uetrecht et al., 2011). The occurrence of 80mers 

can be correlated to full length VP1 as they coexist T = 3 particles. Other multimers however, 

including 120mers hint to an alternative assembly route starting from pentamers following 

octahedral symmetry (Salunke et al., 1989). Therefore, the next step must be to determine the 

symmetry of this complex. As evident from our data however, this needs to involve advanced 

techniques that are able to detect low intense assemblies like a combination of mass 

spectrometry and X-ray free electron lasers (Kadek et al., 2021).  

In other viruses like brome mosaic virus (BMV) and Bluetongue virus, pseudo T = 2 particles 

have been described (Krol et al., 1999). In BMV, pseudo T = 2 and T = 3 formation is reversible 

following RNA-protein interaction. T = 1 particles are formed after N-terminal cleavage of 63 

or 35 aa of the capsid protein after endogenous enzyme or trypsin digestion, respectively (Bol 

et al., 1974; Cuillel et al., 1981; Lucas et al., 2001). Furthermore, encapsulation of RNA of 
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different length was identified as a switch from T = 1 to pseudo T = 2 capsids (Choi 2002). In 

the dsRNA virus phage phi6, major and minor capsid proteins form an inner capsid of pseudo 

T = 2 formation (Nemecek et al., 2013). Twarock and Luque have introduced alternative models 

to CP theory, based on kite, rhomb and triangle tiling, which consider geometries of different 

sized proteins and several protein domains (Twarock and Luque, 2019). According to this 

theory, phage phi6 pseudo T = 2 particles follow a gyrated layout with trihexagonal lattice 

architecture (Twarock and Luque, 2019). 

These studies pinpoint to general particle polymorphism in small viruses and their recombinant 

VLP systems. Furthermore, N-terminal modifications are an underlying principle allowing the 

formation of different assemblies as it was also observed in this work. Cowpea chlorotic mottle 

virus (CCMV) capsid proteins were N-terminally linked to an elastin-like polypeptide (ELP). 

Due to the hydrophobicity of the ELP, capsid assembly from T = 3 to T = 1 is reversible 

following pH change from pH 5 to pH 7.5. Notably, the conversion from T = 3 to T = 1 is 10 

times faster than reverse (Timmermans et al., 2022). In several hNoV studies with T = 1 

formations where no truncation or mutation of the N-terminal region was reported, electron 

densities of this region were missing. This was the case for example for T = 1 particles of a 

ssRNA virus satellite tobacco necrosis virus, but also in the above mentioned hNoV studies 

(Bunka et al., 2011; Jung et al., 2019).  

Furthermore, post translational modification of VP1 or subunits thereof putatively impact viral 

dynamics and thereby likely the accessibility of proteases to capsids. For example, deamidation 

of P-dimers were found to modulate glycan binding in certain hNoV variants (Dülfer et al., 

2021; Mallagaray et al., 2019). Although noroviruses in line with other small, non-enveloped 

viruses are generally known not to carry glycosylation, several VP1 modifications were found 

in GII.4 Sydney VLPs recently (Hanisch, 2022). Glycosylation is generally hard to follow due 

to their low abundance and further studies on hNoVLPs might require enrichment of 

glycosylated peptides. Next to their putative impact on capsid dynamics and size 

polymorphism, post-translational modifications might play a role in the lacking efficiency of 

current norovirus vaccine candidates (Hanisch, 2022). 

Generally, bigger particles can accommodate more cargo and have greater resources for antigen 

presentation on their surface. On the other hand, smaller assemblies can be associated with 

increased stability as the integrity of truncated VP1 forming T = 1 particles in alkaline 

conditions observed in this work suggests. Furthermore, the studies discussed so far indicate a 

trend to natural formation of smaller particles than bigger ones. Recently identified bigger 
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assemblies in noroviruses on the other hand appear to be species-dependent and the role of 

sample solution conditions needs to be investigated in detail (Devant et al., 2019; Devant and 

Hansman, 2021; Jung et al., 2019). 

Next to particle size polymorphism, structural dynamics of the capsid protrusions were detected 

for several noroviruses (Hu et al., 2022; Sherman et al., 2021). The flexibility of the P-domain, 

which is either resting or floating on top of the shell domain, has vast impact on receptor and 

antibody binding in murine norovirus (MNV). In the extended, open state, the P domain is 

accessible to antibody binding, but receptor binding in MNV was shown to be reduced. The 

closed conformation on the other hand enables CD300lf binding to MNV (Nelson et al., 2018). 

In enveloped viruses, conformational dynamics of the fusionglycoprotein are critical for 

vaccine development. Here, the fusionprotein undergoes conformational changes from a 

metastable closed to an open postfusion form upon cell entry. However, only the closed unstable 

form allows recognition by antibodies and therefore a stabilized, closed conformation is 

required for vaccine development (Munro et al., 2014; Rey and Lok, 2018). This overall 

suggests, that the observed VP1 dynamics in noroviruses are important mediators in norovirus 

entry. Studies on the entry mechanism and identification of a putative hNoV receptor therefore 

likely lack particles in the right conformation and would benefit from a stabilized closed form. 

A process, which is well suited to be followed by structural MS techniques. 

Understanding the dynamics of the protruding domain in hNoV has great potential for norovirus 

vaccine development and the outcome of cell culture propagation approaches. Ultimately, 

norovirus vaccine development would further benefit immensely from a system based on the 

presentation of multivalent antigens. In this work, the potential to build size controlled hNoV 

T = 1 particles was identified. Next, chimeric particles presenting antigens need to follow. 

Chimeric particles can be prepared using the spytag-spycatcher system as used for example for 

MS2 chimeras presenting SARS-CoV-2 antigens for diagnostics (Brune et al., 2016; Wang et 

al., 2021).  

The traditional approach in vaccine development is based on fundamental principles of 

immunology. Usually, tedious steps are necessary regardless if the vaccine is produced in 

animals, eggs, or in cell-based systems. This work however contributes to emerging, integrative 

approaches that are based on structural studies like particle engineering, where insights to self-

assembly mechanisms are crucial (Olshefsky et al., 2022). 
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This work presents an ideal base to transform such approaches to norovirus disease prevention. 

The truncations identified in this work and their effect on capsid assembly and capsid size need 

to be unraveled in detail and are fundamental for subsequent mutational studies. Once, the 

interplay between N-terminal length and capsid size are defined, putative T = 1 particles can be 

used for approaches like antigen presentation. Furthermore, the impact of different capsid 

protein length can be tested for stability with the applications and workflows established in this 

work or additionally with other techniques like AFM. 
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5. Appendix 

 

5.1. Hazardous substances according to the Globally Harmonized 

System (GHS) 

 

Table 1: Hazard (H) and precautionary statements of hazardous substances used in this work. 

SUBSTANCE PICTOGRAM HAZARD (H) 

STATEMENTS 

PRECAUTIONARY (P) 

STATEMENTS 

2-

MERCAPTOETHANOL 

 

H301, H302, 

H310, H311, 

H314, H315, 

H317, H318, 

H331, H332, 

H361, H373, 

H400, H410, 

H411 

P203, P260, P261, P262, P264, 

P264+P265, P270, P271, P272, P273, 

P280, P301+P316, P301+P317, 

P301+P330+P331, P302+P352, 

P302+P361+P354, P304+P340, 

P305+P354+P338, P316, P317, P318, 

P319, P321, P330, P332+P317, 

P333+P313, P361+P364, P362+P364, 

P363, P391, P403+P233, P405, P501 

ACETIC ACID 

 

H226, H314 P210, P233, P240, P241, P242, P243, 

P260, P264, P280, P301+P330+P331, 

P302+P361+P354, P303+P361+P353, 

P304+P340, P305+P354+P338, P316, 

P321, P363, P370+P378, P403+P235, 

P405, P501 

ACETONE 

 

H225, H319, 

H336 

P210, P233, P240, P241, P242, P243, 

P261, P264+P265, P271, P280, 

P303+P361+P353, P304+P340, 

P305+P351+P338, P319, P337+P317, 

P370+P378, P403+P233, P403+P235, 

P405, P501 
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ACETONITRILE 

 

H225, H302, 

H312, H319, 

H332  

P210, P280, P301, P312, P302 + 

P352, P304 + P340, P305 + P351 + 

P338 

ACRYLAMIDE  

 

H301 H312 + 

H332 H315 

H319 H317 

H372, H350, 

H340, H361 

P301 + P310, P302 + P352, P304 + 

P340, P305 + P351 + P338, P333 + 

P313, P260, P202 

AMMONIUM 

BICARBONATE 

 

H302 P264, P270, P301+P317, P330, P501 

AMMONIUM 

HYDROXIDE 

 

H314, H400 P260, P264, P273, P280, 

P301+P330+P331, 

P302+P361+P354, P304+P340, 

P305+P354+P338, P316, P321, 

P363, P391, P405, P501 

AMMONIUM 

PERSULFATE 

(APS) 

 

H272 H302 - 

H315 H317 

H319 H334 

H335  

P210 P220, P261, P264 P280 P301 + 

P312 P302 + P352 P304 + P340 P305 

+ P351 + P338 P333 + P313 P403 + 

P233 P501 -  

ARGON 

 

H280, H281 P403+P410 
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CESIUM CHLORIDE 

 

H302 
(22.38%), 
H341 
(10.49%), 
H361 
(86.71%), 
H373 (44.06%) 

P203, P260, P264, P270, P280, P281, 

P301+P317, P318, P319, P330, P405, 

P501 

CESIUM IODIDE (CSI) 

 

H302, H315, 

H317, H319, 

H335, H361, 

H400 

P203, P261, P264, P264+P265, P270, 

P271, P272, P273, P280, P301+P317, 

P302+P352, P304+P340, 

P305+P351+P338, P318, P319, P321, 

P330, P332+P317, P333+P313, 

P337+P317, P362+P364, P391, 

P403+P233, P405, P501 

FORMIC ACID 

 

H226, H290, 

H302, H314, 

H331  

P210 P280 P303+P361+P353 
P304+P340, P305+P351+P338, P310  

GLUTARALDEHYDE 

 

H301, H314, 
H317, H330, 
H334, H335, 
H400, H411 

P260, P261, P264, P270, P271, P272, 
P273, P280, P284, P301+P316, 
P301+P330+P331, P302+P352, 
P302+P361+P354, P304+P340, 
P305+P354+P338, P316, P319, P320, 
P321, P330, P333+P313, P342+P316, 
P362+P364, P363, P391, P403+P233, 
P405, and P501 
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METHANOL 

 

H225, H301, 

H311, H331, 

H370 

P210, P233, P240, P241, P242, P243, 

P260, P261, P264, P270, P271, P280, 

P301+P316, P302+P352, 

P303+P361+P353, P304+P340, 

P308+P316, P316, P321, P330, 

P361+P364, P370+P378, P403+P233, 

P403+P235, P405, P501 

NITROGEN  

 

H280, H281 P282, P336+P317, P403, P410+P403 

SODIUM DODECYL 

SULFATE (SDS) 

 

H228, H302, 

H315, H318, 

H319, H332, 

H335, H412 

P210, P240, P241, P261, P264, 

P264+P265, P270, P271, P273, P280, 

P301+P317, P302+P352, P304+P340, 

P305+P351+P338, P305+P354+P338, 

P317, P319, P321, P330, P332+P317, 

P337+P317, P362+P364, P370+P378, 

P403+P233, P405, P501 

SODIUM HYDROXIDE 

(NAOH) 

 

H314 P260, P264, P280, P301+P330+P331, 

P302+P361+P354, P304+P340, 

P305+P354+P338, P316, P321, P363, 

P405, P501 

N,N,N',N'-

TETRAMETHYL 

ETHYLENEDIAMINE 

(TEMED) 

 

H225, H301, 

H314, H318, 

H331 

P210, P280, P301 + P310, P303 + 

P361 + P353 P304 + P340, P403 + 

P235, P501 

TRIS 

HYDROCHLORIDE 

(TRIS HCL)  

H315, H319, 

H335 

P261, P264, P264+P265, P271, P280, 

P302+P352, P304+P340, 

P305+P351+P338, P319, P321, 
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P332+P317, P337+P317, P362+P364, 

P403+P233, P405, P501 

URANYL ACETATE 

 

H300+H330, 

H300, H330, 

H373, H411 

P260, P264, P270, P271, P273, P284, 

P301+P316, P304+P340, P316, P319, 

P320, P321, P330, P391, P403+P233, 

P405, P501 

XENON 

 

H280 
(73.72%), 
H281 
(26.28%):  

P282, P336+P317, P403, P410+P403 
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5.2. Supporting information 

5.2.1. Virus-like particle size and molecular weight/mass determination applying 

gas-phase electrophoresis (native nES GEMMA) 
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Virus-like particle size and molecular weight/mass 

determination applying gas-phase electrophoresis (native 

nES GEMMA) 

Victor U. Weiss1*, Ronja Pogan2,3*, Samuele Zoratto1, Kevin Bond4, Pascale 

Boulanger5, Martin F. Jarrold4, Nicholas Lyktey4, Dominik Pahl6, Nicole Puffler1, 

Mario Schelhaas6, Ekaterina Selivanovitch4, Charlotte Uetrecht2,3, Günter 

Allmaier1, 
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5 Institute for Integrative Biology of the Cell, CEA, CNRS, Université Paris-Sud, Université Paris-Saclay, Gif- 

sur-Yvette, France 

6 Institute of Cellular Virology, WWU Münster, Münster, Germany 
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Electronic supplement material ESM Figure S1: CDMS spectrum of norovirus West Chester 

VLPs measured in 50 mM ammonium acetate, pH 6 (top) and 250 mM ammonium acetate, pH 

6 (bottom) with peak fitting. 20 kDa bin size were used. Note the overall lower count in the top 

spectrum indicative of suboptimal spray, which could cause the altered ratios of T1 to T3. 

Moreover, it is well known that norovirus assembly is sensitive to ionic strength [1, 2]. 

 

1. Pogan R, Schneider C, Reimer R, Hansman G, Uetrecht C. Norovirus-like VP1 particles 

exhibit isolate dependent stability profiles. J Phys Condens Matter. 2018;30(6):064006. 

2. Shoemaker GK, van Duijn E, Crawford SE, Uetrecht C, Baclayon M, Roos WH, Wuite GJ, 

Estes MK, Prasad BV, Heck AJ. Norwalk virus assembly and stability monitored by mass 

spectrometry. Mol Cell Proteomics. 2010;9(8):1742-51. 
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5.2.2. Norovirus-like VP1 particles exhibit isolate-dependent stability profiles 

Supplement 

Norovirus-like VP1 particles exhibit isolate-dependent stability profiles 

Ronja Pogan1, Carola Schneider1, Rudolph Reimer1, Grant Hansman2,3 and Charlotte 

Uetrecht1,4 

1Heinrich Pette Institute, Leibniz Institute for Experimental Virology, Hamburg, Germany 
2Department of Infectious Diseases, Virology, Heidelberg University, Heidelberg, Germany 
3Schaller Research Group at the University of Heidelberg and the DKFZ, Heidelberg 
4European XFEL, Schenefeld, Germany 

E-mail: charlotte.uetrecht@xfel.eu  

 

Supplementary Figures S1-S6 

Supplementary Tables S1-S3 
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Figure S1: Zoom-in to VP1 dimer charge state distributions. Norovirus GII.17 Kawasaki 

(A) and GI.1 West Chester virus (B) analyzed at 10 µM VP1 in 250 mM ammonium acetate, 

pH 10. Peaks are marked with arrowheads and charge states. (A) Kawasaki virus shows dimer 

peaks with three species of mass 109700 ± 100 Da (light grey), 110540 ± 40 Da (grey), and 

111530 ± 20 Da (black). (B) The West Chester virus shows VP1 dimer peaks with three species 

of mass 111717 ± 10 (light grey), 111960 ± 7 Da (grey), and 112257 ± 3 Da (black). In 

Kawasaki free dimer was only observed at pH 10, therefore the observed masses could stem 

from a truncated subpopulation dissociating earlier. This would be in line with the noisy spectra 

likely containing more than three species. The West Chester triplet is in line with two distinct 

versions of the protein differing ~270 Da in line with the loss of two N-terminal methionines.  
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Figure S2: Reassembly of GI.1 West Chester VLPs. Representative mass spectra of West 

Chester VP1 solutions in ammonium acetate. (A) Reassembly of T = 3 particles. A stock 

solution (120 µM VP1) in 250 mM ammonium acetate, pH 9 was diluted 1:10 in 250 mM 

ammonium acetate, pH 9 (top), 50 mM ammonium acetate, pH 9 (bottom left) and 250 mM 

ammonium acetate, pH 6 (bottom right). The spectra demonstrate that disassembled T = 3 

particles are able to reassemble, indicated by the blue bar. Notably, some VP1 60mers remain 

upon dilution to lower ionic strength. VP1 60mers were not detected in 50 mM pH 9 after buffer 

exchange from PBS (Figure 3). However, upon dilution the real ionic strength will be higher 

(70 mM ammonium acetate), which could stabilize the 60mer. (B) Disassembled capsid 
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oligomers are able to reassemble also into T = 1 particles. A solution of 10 µM VP1 in 50 mM 

ammonium acetate pH 10 (bottom) was exchanged to a 250 mM ammonium acetate pH 7 

solution, resulting in a final VP1 concentration of 6 µM. Next to VP1 60mers, VP1 80mers 

were formed at high ionic strength and low pH. At this condition after solution exchange from 

PBS, T = 3 particles were detected (Figure S3). Note that both the concentration used for 

solution exchange and for the measurement were lower, indicating that T = 3 assembly is VP1 

concentration dependent. This is in line with observations by Shoemaker et al. (2010), who 

could show that the VP1 concentration is affecting the ratio of VP1 oligomers. Nevertheless, it 

cannot be excluded that pH 10 introduces structural alterations precluding formation of T = 3. 
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Figure S3: Comparison of norovirus VLP stability monitored by native MS in 250 mM 

ammonium acetate solution. Representative mass spectra of norovirus VLPs (10 µM VP1) at 

pH values indicated (from top to bottom pH 6-10) (A) mass spectra obtained for the GII.17 

Kawasaki virus and (B) for the GI.1 West Chester virus. Data are normalized to the highest 

peak. Colored inlets indicate the respective m/z range, where intensities were summed for the 

respective VP1 oligomers. Due to overlapping distributions, the VP1 80mer falls into the same 

m/z range as VP1 180mers, the descriptor therefore changes at pH 8 in (D). The intensity 

fractions of oligomers are shown for GII.17 Kawasaki (C) and for GI.1 West Chester (D) 

viruses. Note that in panel (B) the same spectrum as in figure 1 is shown. 
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Figure S4: SDS-PAGE of GI.1 West Chester (30 µg) and GII.17 Kawasaki (110 µg) 

preparations. Protein samples in SDS buffer were subjected to electrophoresis under non-

reducing (-) and reducing (+) conditions through a 4-10 % SDS-PAGE gel. The gel was stained 

with Coomassie blue R250. Molecular mass markers (M) are indicated in kDa. 

 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on crude (PBS 

buffer) VLP solutions were performed following the reported method (Laemmli, 1970). A ten 

percent polyacrylamide separating gel (25 % acrylamide:bis-acrylamide = 37.5:1, 1% SDS, 

0.1% TEMED, 1% APS and 37.5 % Tris–HCl, pH 8.8) and a 4 % stacking gel (15 % 

acrylamide:bis-acrylamide = 37.5:1, 1% SDS, 0.1% TEMED, 1% APS and 12.5 % Tris–HCl, 

pH 6.8) were used. Reducing conditions were introduced by adding 2-mercaptoethanol to the 

loading dye. The gels were stained with a solution containing 0.5% Coomassie brilliant blue 

R250, 50% ethanol and 7% acetic acid.
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Figure S5: Comparison of absolute intensities for norovirus GII.17 Kawasaki (A, C) and 

GI.1 West Chester (B, D) VLPs in 250 mM (A, B) and 50 mM (C, D) ammonium acetate. 

Average intensities summed over 100 s at the respective m/z range are shown in black for T = 

3, in dark grey for T = 1 and light grey for a combined low m/z region corresponding to smaller 

oligomers. 
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Norwalk     1 MMMASKDATSSVDGASGAGQLVPEVNASDPLAMDPVAGSSTAVATAGQVNPIDPWIINNF 

West Ch.    1 MMMASKDATSNVDGASGAGQLVPEANTSDPLAMDPVAGSSTAVATAGQVNPIDPWIINNF 

Kawasaki    1 MKMASNDAAPSNDGAAG---LVPEGNN-ETLPLEPVAGAAIAAPVTGQNNIIDPWIRTNF 

 

Norwalk    61 VQAPQGEFTISPNNTPGDVLFDLSLGPHLNPFLLHLSQMYNGWVGNMRVRIMLAGNAFTA 

West Ch.   61 VQAPQGEFTISPNNTPGDVLFDLSLGPHLNPFLLHLSQMYNGWVGNMRVRIMLAGNAFTA 

Kawasaki   57 VQAPNGEFTVSPRNSPGEILLNLELGPDLNPYLAHLSRMYNGYAGGVEVQVLLAGNAFTA 

 

Norwalk   121 GKIIVSCIPPGFGSHNLTIAQATLFPHVIADVRTLDPIEVPLEDVRNVLFHNNDRNQQTM 

West Ch.  121 GKIIVSCIPPGFGSHNLTIAQSTLFPHVIADVRTLDPIEVPLEDVRNVLFHNNDRNQQTM 

Kawasaki  117 GKILFAAVPPNFPVEFLSPAQITMLPHLIVDVRTLEPIMIPLPDVRNTFFHYSNQPNSRM 

 

Norwalk   181 RLVCMLYTPLRTGGGTGDSFVVAGRVMTCPSPDFNFLFLVPPTVEQKTRPFTLPNLPLSS 

West Ch.  181 RLVCMLYTPLRTGGGTGDSFVVAGRVMTCPSPDFNFLFLVPPTVEQKTRPFTLPNLPLSS 

Kawasaki  177 RLVAMLYTPLRSNGSGDDVFTVSCRVLTRPTPDFEFTYLVPPSVESKTKPFSLPILTLSE 

 

Norwalk   241 LSNSRAPLPISSMGISPDNVQSVQFQNGRCTLDGRLVGTTPVSLSHVAKIRGTSNG---- 

West Ch.  241 LSNSRAPLPISSMGISPDNVQSVQFQNGRCTLDGRLVGTTPVSLSQVAKIRGTSNG---- 

Kawasaki  237 LTNSRFPVPIDSLFTAQNNVLQVQCQNGRCTLDGELQGTTQLLPTGICAFRGRVTAQINQ 

 

Norwalk   297 ---TVINLTELDGTPFHPFE-GPAPIGFPDLGGCDWH------INMTQFGHSSQTQYDVD 

West Ch.  297 ---TVINLTELDGTPFHPFE-GPAPIGFPDLGGCDWH------VNMTQFGHSSQTQFDVD 

Kawasaki  297 RDRWHMQLQNLNGTTYDPTDDVPAPLGTPDFKGVVFGMVSQRNVGNDAPGSTRAQQAWVS 

 

Norwalk   347 TTPDTFVPHLGSIQANGIGSGNYVGVLSWISPP---SHPSGSQVDLWKIPNYGSSITEAT 

West Ch.  347 TTPETFVPHLGSIQANGVGSGNYIGVLSWISPP---SHPSGSQVDLWKIPNYGSSITEAT 

Kawasaki  357 TYSPQFVPKLGSVNLRISDNDDFQFQPTKFTPVGVNDDDDGHPFRQWELPNYSGELTLNM 

 

Norwalk   404 HLAPSVYPPGFGEVLVFFMSKMPGPGAYN---LPCLLPQEYISHLASEQAPTVGEAALLH 

West Ch.  404 HLAPSVFPPGFGEVLVFFMSKIPGPGAYN---LPCLLPQEYISHFASEQAPTVGEAALLH 

Kawasaki  417 NLAPPVAPNFPGEQLLFFRSFVPCSGGYNQGIIDCLIPQEWIQHFYQESAPSQSDVALIR 

 

Norwalk   461 YVDPDTGRNLGEFKAYPDGFLTCVPNGASSGPQQLPINGVFVFVSWVSRFYQLKPVGTAS 

West Ch.  461 YVDPDTGRNLGEFKAYPDGFLTCVPNGASSGPQQLPINGVFVFVSWVSRFYQLKPVGTAS 

Kawasaki  477 YVNPDTGRTLFEAKLHRSGYITVAHSG--DYPLVVPANGHFRFDSWVNQFYSLAPMGTGN 

 

Norwalk   521 SARGRLGLRR 

West Ch.  521 SARGRLGLRR 

Kawasaki  535 GRRRAQ---- 

 

 

Figure S6: Sequence alignment GI.1 Norwalk, GI.1 West Chester and GII.17 Kawasaki. 

S domain covers amino acids 1-225. The alignment was performed using the T-Coffee 

alignment package (Notredame et al., 2000). 

  

identical - similar - different  
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Table S1: Masses from VP1 oligomers for GI.1 West Chester and GII.17 Kawaski VLPs 

were determined from three MS measurements and listed with standard deviations and the 

average full width half maximum (FWHM) value. FWHM are given for the whole peak area as 

the individual species were not fully resolved (see Figure S1). All values in Da. 

GI.1 West Chester 

Species Theor. mass 
Exp. mass  

n = 3 
St. dev Avg. FWHM 

VP12 113218 112257 3 588 

VP12*1 112956 111960 7 588 

VP12*2 112694 111717 10 588 

GII.17 Kawasaki 

 
Theor. mass 

Exp. mass  

n = 3 
St. dev 

Avg. FWHM 

VP12 118768 111530 20 1950 

VP12 118768 110540 40 1950 

VP12 118768 109700 100 1950 

*1+2Putative N-terminal processing of two and four methionine residues of one and two 

monomers, respectively (VP12*
1 calculated Th. VP12 – 2x 131 Da and VP12*2 calculated Th. 

VP12 – 4 x 131 Da). 
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Table S2: Relative intensities for select m/z ranges from native MS in 50 mM ammonium 

acetate in pH 6 – 10 for GI.1 West Chester and GII.17 Kawasaki, corresponding to the intensity 

plots in figure 4. Signals were summed over 100 s in the respective m/z range and averaged. 

Values are given in %. N = 3 

GI.1 West Chester 

 VP1180 

30000 – 50000 m/z 

VP160 

17500 - 30000 m/z 

VP16 

8200 - 9600 m/z 

VP14 

6500 - 8200 m/z 

VP12 

4800 - 6500 m/z 

pH 6 0.60 ± 0.03 0.35 ± 0.01 
    

0.05 ± 0.01 

pH 7 0.28 ± 0.13 0.35 ± 0.03 0.05 ± 0.01 0.09 ± 0.02 0.24 ± 0.12 

pH 8 
  

0.19 ± 0.06 0.05 ± 0.02 0.15 ± 0.06 0.61 ± 0.14 

pH 9 
    

0.11 ± 0.02 0.31 ± 0.02 0.58 ± 0.04 

pH 10 
    

0.19 ± 0.04 0.38 ± 0.04 0.43 ± 0.08 

GII.17 Kawasaki308 

 VP1180 

30000 – 50000 m/z 

VP160 

17500 - 30000 m/z 

VP16 

8200 - 9600 m/z 

VP14 

6500 - 8200 m/z 

VP12 

4800 - 6500 m/z 

pH 6 0.69 ± 0.00 0.31 ± 0.00       

pH 7 0.69 ± 0.01 0.31 ± 0.01       

pH 8 0.68 ± 0.00 0.32 ± 0.00       

pH 9 0.69 ± 0.01 0.31 ± 0.01       

pH 10 0.67 ± 0.01 0.30 ± 0.00     0.01 ± 0.01 
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Table S3: Relative intensities for select m/z ranges from native MS in 250 mM ammonium 

acetate in pH 6 – 10 for GI.1 West Chester and GII.17 Kawasaki, corresponding to the intensity 

plots in figure S3. Signals were summed over 100 s in the respective m/z range and averaged. 

Values are given in %. N = 3 

GI.1 West Chester 

 VP1180 

30000 – 50000 m/z 

VP160 

17500 - 30000 m/z 

VP118 

12000 - 17500 m/z 

VP16 

8200 - 9600 m/z 

VP14 

6500 - 8200 m/z 

VP12 

4800 - 6500 m/z 

pH 6 0.48 ± 0.04 0.39 ± 0.04 0.07 ± 0.01 
  

0.05 ± 0.01 

pH 7 0.43 ± 0.05 0.29 ± 0.03 0.06 ± 0.00 
  

0.22 ± 0.07 

pH 8 0.30 ± 0.03 0.30 ± 0.00 0.08 ± 0.00 0.02 ± 0.00 0.06 ± 0.02 0.24 ± 0.01 

pH 9 
 

0.18 ± 0.02 
 

0.08 ± 0.03 0.15 ± 0.05 0.59 ± 0.09 

pH 10 
   

0.18 ± 0.01 0.25 ± 0.02 0.58 ± 0.01 

GII.17 Kawasaki308 

 VP1180 

30000 – 50000 m/z 

VP160 

17500 - 30000 m/z 

VP118 

12000 - 17500 m/z 

VP16 

8200_9600 m/z 

VP14 

6500_8200 m/z 

VP12 

4800_6500 m/z 

pH 6 0.69 ± 0.00 0.31 ± 0.00 
    

pH 7 0.63 ± 0.09 0.37 ± 0.09 
    

pH 8 0.70 ± 0.00 0.30 ± 0.00     

pH 9 0.70 ± 0.01 0.30 ± 0.01     

pH 10 0.66 ± 0.02 0.28 ± 0.01    0.06 ± 0.03 
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Figure S1. Native MS of a GII.10 Vietnam VLPs. Dissociation pathway without selection in the quadrupole shown 

for GII.10 Vietnam in 250 mM ammonium acetate pH 7 at 10 µM VP1. From bottom to top, illustrative mass spectra 

are shown for 100 V, 200 V, and a zoom in to low m/z (monomer) and high m/z (VP1 60-, 59-, 58-mer) at 275 V 

acceleration into the collision cell. As lower mass ions at approximately 15,000 m/z are annotated as metastable ions 

(meta), monomer lacking at least 45 aa most likely dissociate from T=1 species. 
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Figure S2. GEMMA spectra of different hNoVLPs in 40 mM ammonium acetate at pH 7, 3 different tested dilutions 

exemplarily shown for (a) West Chester batch 1 (b) West Chester batch 2 (c) GII.4 Saga (d) GII.10 Vietnam and (e) 

GII.17 Saitama. In GI.1 West Chester batch 2 and GII.4 Saga, additional species at approximately 38 nm were 

assigned to aggregation due to their appearance only at higher concentrations. 
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Figure S3. Native mass spectrum of GII.4 Saga VLPs at 50 mM ammonium pH 9 at 10 µM VP1. In contrast to 

GEMMA measurements (Figure 5), T=1 particles are detected.  

 

 

 

Figure S4. Charge detection mass spectra of GI.1 West Chester batch 1 VLPs in 250 mM ammonium acetate at (a) 

pH 7 and (b) pH 8. Next to T=1 particles, a species at approximately 4.37 MDa at pH 7 and 4.40 MDa at pH 8 is 

detected. Given the VP1 60-er mass 4.4 MDa species equal VP1 80-mers. At pH 7, further ions at 10.27 MDa or T=3 

particles are observed. 
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Figure S5. Electron micrographs of different hNoVLPs in PBS. (a) GI.1 West Chester (b) GII.4 Saga (c) GII.10 

Vietnam and (d) GII.17 Saitama. The bar represents 50 nm. All images are taken at the same magnification. In some 

cases, particles of similar size to T=3 are observed but the low number precludes detection by other means, 

moreover our CDMS results suggest that these could also belong to intermediate assemblies in line with the broad 

GEMMA and native MS distributions. 
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Figure S6. VP1 mapping overview of hNoVLP GI.1 West Chester batch 1 after pepsin digestion. In total 524 of 530 

aa are covered (coverage 99 %). The first N-terminal residue covered is Ala4, while C-terminally the triplet Leu528-

Arg529-Arg530 is missing. 
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Figure S7. VP1 mapping overview of hNoVLP GI.1 West Chester batch 2 after pepsin digestion. In total 521 of 

530 aa are covered (coverage 98 %). The first N-terminal residue covered is Met3 and the C-terminus is covered up 

to residue Arg523. 
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Figure S8. VP1 mapping overview of hNoVLP GII.4 Saga after pepsin digestion. In total 487 of 540 aa are covered 

(coverage 90 %). The first N-terminal residue covered is Ala28, while C-terminally the triplet Arg538-Ala539-

Leu540 is not covered. 

Figure S9. VP1 mapping overview of hNoVLP GII.10 Vietnam after pepsin digestion. In total 514 of 548 aa are 

covered (coverage 94 %). The first N-terminal residue covered is Ala28, while full-coverage is given for the C-

terminus. 
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Figure S10. VP1 mapping overview of hNoVLP GII.17 Saitama after pepsin digestion. In total 537 of 540 aa are 
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covered (coverage 99 %). The first N-terminal residue covered is Ala4, while full-coverage is given for the C-

terminus. 

 

Figure S11. VP1 mapping overview of hNoVLP GI.1 West Chester batch 1 after trypsin digestion (coverage 72 %). 

The first N-terminal residue covered is Asp7 and C-terminally six residues are not covered. 

  

Figure S12. VP1 mapping overview of hNoVLP GI.1 West Chester batch 2 after trypsin digestion (coverage 80 %). 

The first N-terminal residue covered is Asp7 and C-terminally six residues are not covered. 

 

 

 

 

 

 



  Appendix 

123 

 

Figure S13. VP1 mapping overview of hNoVLP GII.4 Saga after trypsin digestion (coverage 95 %). Semi-tryptic 

peptide search identifies Val26 as the first N-terminal residue covered, while C-terminally the triplet Arg538-

Ala539-Leu540 is not covered. 

Figure S14. VP1 mapping overview of hNoVLP GII.10 Vietnam after trypsin digestion (coverage 95 %). Semi-

tryptic peptide search identifies Ala28 as the first N-terminal residue covered, while C-terminally the triplet 

Arg546-Met547-Gln548 is not covered. Note that the sequence covered starts indeed with a semi-tryptic peptide. 
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Figure S15. VP1 mapping overview of hNoVLP GII.17 Saitama after trypsin digestion (coverage 91 %). Semi-tryptic 

peptide search identifies Ala33 as the first N-terminal residue covered, while C-terminally the triplet Arg538-

Val539-Gln540 is not covered. Note that the sequence covered starts indeed with a semi-tryptic peptide. 
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Table S1. Data mass table for charge detection mass spectrometry measurements. 

Abbreviations Th. theoretical, Exp. experimental, Calc. calculated. VP1 Calc. based on VP1 

60-mer mass. For VP1 Th. and VP1 Calc. the total aa-amount and aa truncation according to 

experimental mass are given, respectively. N VP1 given for larger assemblies respective to VP1 

Calc. *indicate masses are approximations due to low particle counts. 

Variant VP1 Th. Complex Exp. VP1 Calc.  
N VP1 

Complex 

GII.4 Saga 
59005 Da 

540 aa 
3.35 MDa 

55800 Da, 

-31 aa 

60 

GII.10 

Vietnam 

59901 Da 

548 aa 

3.41 MDa 
56800 Da, 

-31 aa 

60 

~ 4.5 MDa*  79 

~ 6.9 MDa*  121 

GII.17 

Saitama  

58957 Da 

540 aa 

3.44 MDa  
57300 Da, 

-17 aa 

60 

4.07 MDa  71 

5.20 MDa  91 

5.72 MDa  100 

6.20 MDa  108 

6.87 MDa  120 

 

Table S2. Data mass table for conventional QToF measurements. Abbreviations Th. theoretical, 

Exp. experimental, Calc. calculated. For all tested variants, collision induced dissociation 

experiments resulted in dissociated VP1 monomer with a main species (VP1 Exp. main) and 

one or two neighboring species with lower intensity (VP1 Exp. following). VP1 60-mer 

experimental mass (Complex VP160 Exp.) assigned where charge state resolution was obtained 

and given as approximations for GI.1 West Chester due to low desolvation and associated low 

charge state resolution. *approximation. 

 

 

Variant VP1 Th. VP1 Exp. main 
VP1 Exp. 

following  

Complex VP160 

Exp. 

GI.1 West Chester 
56609 Da, 

530 aa 

52760 ± 10 Da, 

-40 aa 

52540 ± 10 Da,  

-4 aa- 
~3.4 MDa* 

GII.4 Saga 
59005 Da 

540 aa 

54600 ± 20 Da,  

-45 aa  

54270 ± 20 Da, 

 -48 aa 
3.27 ± 0.02 MDa 

GII.10 Vietnam 
59901 Da 

548 aa 

55560 ± 10, 

-45 aa 

55220 ± 20,  

-48 aa 

56290 ± 10,  

-37aa 

3.33 ± 0.02 MDa 
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Table S3 GEMMA Data mass table for gas phase electrophoretic molecular mobility analysis. 

Abbreviations, Exp. experimental, Calc. calculated. VP1 oligomers given as experimental EMD 

values and respective molecular weight calculations for low EMD range (1 Bacher et al 2001) 

and high EMD range (2 Weiss et al. 2019) *approximation due to low particle counts. 

Variant pH  
VP1 dimer 

Exp. (nm) 

VP1 60-mer 

Exp. (nm) 

VP1 80-

mer Exp. 

(nm) 

VP1 120-

mer Exp. 

(nm) 

VP1 140-

mer Exp. 

(nm) 

VP1 180-

mer Exp. 

(nm) 

  
Calc.1 

(kDa) 

Calc.2 

(MDa) 

Calc.2 

(MDa) 

Calc.2 

(MDa) 

Calc.2 

(MDa) 

Calc.2 

(MDa) 

GI.1 

West 

Chester 

batch 1 

6  24.29 ± 0.09    34.54 ± 0.05 

  3.37 ± 0.03    8.50 ± 0.03 

7 8.10 ± 0.05 24.09 ± 0.27    34.37 ± 0.13 

 112 +2 3.30 ± 0.10    8.40 ±0.09 

9 8.03 ± 0.01      

  109 ±1      

GI.1 

West 

Chester 

batch 2 

6  24.48 ± 0.02  30.73 ± 

0.05 

  

  3.44±0.01  6.25±0.03   

7 8.00 ± 0.07 24.50 ± 0.12  30.71 ± 

0.17 

  

 108 ± 3 3.45±0.04  6.24±0.09   

9 7.89 ± 0.01 24.18 ± 0.06     

 104 ± 1 3.33 ± 0.02     

GII.4 

Saga 

5  25.27 ± 0.01     

  3.74 ± 0.01     

6  25.18 ± 0.01     

  3.70±0.01     

7  25.38 ± 0.07   33.30 ± 

0.08 

 

  3.8±0.03   7.72 ± 0.05  

8 8.03 ± 0.02 25.44 ±0.03     

 109 ± 1 3.80 ± 0.01     

9 7.88 ± 0.01      

  104 ± 1      

GII.10 

Vietnam 

5  ~ 25*     

6  25.11 ± 0.01     

  3.68±0.02     

7  25.32 ± 0.02   33.41 ± 

0.09 

 

  3.75 ± 0.01   7.79 ± 0.06  

8 7.90 ± 0.02 25.10 ± 0.02   33.31 ± 0.05  

 104 ± 1 3.67 ± 0.01   7.73 ± 0.03  

9 7.93 ± 0.02 25.06 ± 0.02     

 105 ± 1 3.66 ± 0.01     
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GII.17 

Saitama  

5 
 25.47 ± 0.09 28.67 ± 

0.54 

   

  3.81 ± 0.04 5.21 ±. 0.26    

6  25.20 ± 0.06     

  3.71 ± 0.03     

7  25.36 ± 0.06 28.48 ± 

0.17 

 32.62 ± 

0.22 

 

  3.77 ± 0.03 5.1 2± 0.08  7.31 ± 0.13  

8 7.99 ± 0.08 25.14 ± 0.05 28.13 ± 

0.10 

 32.33 ±  

0.08 

 

 108 ± 3 3.69 ± 0.02 4.9 6± 0.05  7.15 ± 0.05  

9 8.08 ± 0.05 25.22 ± 0.17     

  111 ± 2 3.72 ± 0.07     

 

1 Bacher G, Szymanski WW, Kaufman SL, Zollner P, Blaas D, Allmaier G. Charge-reduced 

nano electrospray ionization combined with differential mobility analysis of peptides, proteins, 

glycoproteins, noncovalent protein complexes and viruses. J Mass Spectrom. 2001;36(9):1038-

52. 

2 Weiss VU, Pogan R, Zoratto S, Bond KM, Boulanger P, Jarrold MF, et al. Virus-like particle 

size and molecular weight/mass determination applying gas-phase electrophoresis (native nES 

GEMMA). Anal Bioanal Chem. 2019;411(23):5951-62 
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