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ABSTRACT 

Over the last twenty years, mass spectrometry (MS) has more and more entered 

the field of structural virology aiming to investigate the structure and dynamics 

of viral proteins as close to their native environment as possible. The use of non-

perturbing labels in hydrogen-deuterium exchange (HDX) MS allows for the 

analysis of interactions between viral proteins and host cell factors as well as 

their dynamic responses to the environment. 

Infection with norovirus is the leading cause of acute gastroenteritis worldwide. 

Attachment of human norovirus to histo blood group antigens (HBGAs) is 

essential for infection, but how this binding event promotes the infection of host 

cells is unknown. HBGA binding to the norovirus capsid is mediated by the 

P domain of the viral capsid protein VP1 which bind glycans in a strain-dependet 

manner, with fucose as minimal binding motif. To track strain-specific structural 

changes on norovirus P dimers upon glycan binding that could hypothetically 

prime for cellular uptake, an HDX-MS workflow was established. 

A first set of experiments aimed to investigate the structural impact of a highly 

selective spontaneous transformation of asparagine 373 into an iso-aspartate 

residue, located in a loop adjoining the HBGA binding site. This post-translational 

modification (PTM) proceeds with an estimated half-life of a few days at 

physiological temperatures. N373 deamidation increases protein dynamics in the 

HBGA binding pocket and strongly attenuates HBGA recognition in fully 

deamidated P dimers. Sequence conservation and the surface-exposed position 

of this PTM suggest an important role in infection and immune recognition for 

many norovirus strains, especially those of the pandemic genogroup GII.4. 

In a second set of experiments, HDX-MS was used to investigate glycan-induced 

structural dynamics in P dimers of different norovirus strains, which exhibit high 

structural similarity but different prevalence in humans. While the almost 

identical strains GII.4 Saga and GII.4 MI001 share similar glycan-induced 

dynamics, the dynamics differ in the emerging GII.17 Kawasaki 308 and rare 

GII.10 Vietnam 026 strain. Structural effects of N373 deamidation upon glycan 

binding were also investigated in partially deamidated GII.4 P dimers, which are 

likely present during infection. These mixed species exhibit increased solvent 

exposure in the P2 domain of the P dimer upon glycan binding in contrast to pure 

wild type. Furthermore, deamidated P dimers display increased flexibility and 
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dissociation into monomers. The results indicate that glycan binding induces 

strain-dependent structural dynamics, which are further altered by N373 

deamidation. Therefore, a role of deamidation in modulating cell attachment and 

entry in GII.4 strains can be supposed.  

The standard HDX-MS workflow was also adapted for the investigation of protein-

membrane interactions. Using the membrane protein Mistic as a model protein, 

dynamics in different lipid and detergent environments were investigated. HDX-

MS results show that three regions of the protein have significant deuterium 

uptake differences in lipid vesicles and detergent micelles, with two of these 

regions displaying bimodal peak distributions. The deuteration differences imply 

that Mistic conformation and dynamics are influenced by lipid properties, which 

could have some implications on the biological function. 

The HDX-MS workflow established here enables structural dynamics studies of 

viral proteins in solution as well as in more challenging environments, paving the 

way for further HDX-MS measurements with virus-like particles and infectious 

virions and their interactions with membrane-displayed glycans. 
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ZUSAMMENFASSUNG 

In den letzten zwanzig Jahren hat die Massenspektrometrie (MS) mehr und mehr 

Einzug in den Bereich der Strukturvirologie gehalten mit dem Ziel, die Struktur 

und Dynamik viraler Proteine so nah wie möglich an ihrer nativen Umgebung zu 

untersuchen. Die Verwendung von nicht-störenden Markierungen im 

Wasserstoff-Deuterium-Austausch (HDX) MS ermöglicht die Analyse von 

Wechselwirkungen zwischen viralen Proteinen und Wirtszellfaktoren sowie deren 

dynamische Reaktionen auf die Umgebung. 

Die Infektion mit dem Norovirus ist weltweit die Hauptursache für akute 

Gastroenteritis. Die Anheftung des Norovirus an Histo-Blutgruppenantigene 

(HBGAs) ist für die Infektion im Menschen essentiell, wie jedoch dieses 

Bindungsereignis die Infektion von Wirtszellen fördert, ist unbekannt. Die HBGA-

Bindung an das Norovirus-Kapsid wird durch die P-Domäne des viralen 

Kapsidproteins VP1 vermittelt, die Glykane stammabhängig bindet. Fucose dient 

hierbei als minimales Bindungsmotiv. Um stammspezifische 

Strukturveränderungen an Norovirus-P-Dimeren bei der Glykanbindung zu 

verfolgen, die hypothetisch zur zellulären Aufnahme führen könnten, wurde ein 

HDX-MS-Workflow etabliert. 

Eine erste Reihe von Experimenten zielte darauf ab, die strukturellen 

Auswirkungen einer hochselektiven spontanen Transformation von 

Asparagin 373 in einen Iso-Aspartat-Rest zu untersuchen, welcher sich in einer 

an die HBGA-Bindungsstelle angrenzenden Loop-Struktur befindet. Diese 

posttranslationale Modifikation (PTM) verläuft bei physiologischen Temperaturen 

mit einer geschätzten Halbwertszeit von wenigen Tagen. Die Deamidierung von 

N373 erhöht die Proteindynamik in der HBGA-Bindungstasche und schwächt die 

HBGA-Erkennung in vollständig deamidierten P-Dimeren stark ab. Die 

Sequenzkonservierung und die oberflächenexponierte Position dieser PTM deuten 

auf eine wichtige Rolle bei der Infektion und Immunerkennung für viele 

Norovirusstämme hin, insbesondere für die der pandemischen Genogruppe GII.4. 

In einer zweiten Versuchsreihe wurde HDX-MS zur Untersuchung der 

glykaninduzierten Strukturdynamik in P-Dimeren verschiedener 

Norovirusstämme verwendet, die eine hohe strukturelle Ähnlichkeit, aber eine 

unterschiedliche Prävalenz beim Menschen aufweisen. Während die fast 

identischen Stämme GII.4 Saga und GII.4 MI001 eine ähnliche glykaninduzierte 
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Dynamik aufweisen, unterscheidet sich die Dynamik bei dem neu auftretenden 

Stamm GII.17 Kawasaki 308 und dem seltenen Stamm GII.10 Vietnam 026. Die 

strukturellen Auswirkungen der N373-Deamidierung auf die Glykanbindung 

wurden auch an teilweise deamidierten GII.4 P-Dimeren untersucht, die 

wahrscheinlich während der Infektion vorhanden sind. Diese gemischten Spezies 

zeigen im Gegensatz zum reinen Wildtyp eine erhöhte Lösungsmittelexposition in 

der P2-Dömane des P-Dimers bei der Glykanbindung. Des Weiteren zeigen 

deamidierte P-Dimere eine erhöhte Flexibilität und Dissoziation in Monomere. Die 

Ergebnisse deuten darauf hin, dass die Glykanbindung eine stammabhängige 

Strukturdynamik induziert, die durch die N373-Deamidierung weiter modifiziert 

wird. Daher kann eine Rolle der Deamidierung bei der Modulation der 

Zellanheftung und des Zelleintritts in GII.4-Stämmen vermutet werden. 

Der Standard-HDX-MS-Workflow wurde auch für die Untersuchung von Protein-

Membran-Interaktionen angepasst. Mit dem Membranprotein Mistic als 

Modellprotein wurde die Dynamik in verschiedenen Lipid- und 

Detergensumgebungen untersucht. Die Ergebnisse der HDX-MS zeigen, dass drei 

Regionen des Proteins signifikante Unterschiede in der Deuteriumaufnahme in 

Lipidvesikeln und Detergens-Mizellen aufweisen, wobei zwei dieser Regionen 

durch bimodale Signalverteilungen gekennzeichnet sind. Die 

Deuterierungsunterschiede implizieren, dass die Konformation und Dynamik von 

Mistic durch die Lipideigenschaften beeinflusst werden, was einige Auswirkungen 

auf die biologische Funktion haben könnte. 

Der hier etablierte HDX-MS-Workflow ermöglicht strukturdynamische Studien 

viraler Proteine sowohl in Lösung als auch in anspruchsvolleren Umgebungen 

und ebnet damit den Weg für weitere HDX-MS-Messungen mit virusähnlichen 

Partikeln und infektiösen Virionen und deren Wechselwirkungen mit 

membranständigen Glykanen. 
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1 INTRODUCTION 

 Structural mass spectrometry 

Parts of the mass spectrometry introduction have been published in the following 

book chapter: Dülfer, J., Kadek, A., Kopicki, J. D., Krichel, B., & Uetrecht, C. (2019). 

Structural mass spectrometry goes viral. Advances in Virus Research, 105, 189-

238. Reprinted from Dülfer et al. (2019), Copyright (2019), with permission from 

Elsevier. 

1.1.1 HOW STRUCTURAL MASS SPECTROMETRY CAN SERVE VIROLOGICAL 

QUESTIONS 

The ultimate goal in structural virology is to understand how the structure of a 

virus influences its interactions with a host organism and thus governs its life 

cycle. Therefore, virologists nowadays employ a broad range of structural biology 

methods to uncover the organization of viral particles and to understand their 

function at the molecular level. Macromolecular crystallography techniques as 

well as nuclear magnetic resonance (NMR) spectroscopy routinely provide three 

dimensional structures with resolution down to single atoms, while electron 

microscopy-based (EM) methods are fast approaching this boundary with 

cryogenic sample preparation and recent developments in detector technology 

(Merk et al., 2016). However, all these techniques have their own challenges and 

limitations. These can range from the often frustrating efforts to produce 

sufficiently large, diffracting crystals, through sample size limitations, up to often 

very significant demands on sample amount and homogeneity or limited ability 

to assign subunit positions or identify post-translational modifications (PTM). 

Most importantly, however, there is very rarely a single technique to answer all 

questions at hand. Therefore, structural biology is moving more and more in the 

direction of so-called integrative approaches, where high-resolution structural 

data from different methods are combined with lower resolution information. 

These data then ultimately feed into computational modeling in order to obtain 

the most detailed functional understanding possible of the biological system 

(Marklund and Benesch, 2019, Politis and Schmidt, 2018, Ward et al., 2013). 

One of the experimental techniques, which provide invaluable input for the 

integrative structural efforts, is mass spectrometry (MS). Originally belonging 
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purely to the domains of physics and analytical chemistry, MS has changed 

significantly since the revolutionary developments of electrospray ionization (ESI) 

and matrix-assisted laser desorption-ionization (MALDI) in the late 1980s (Karas 

et al., 1987, Tanaka et al., 1988, Yamashita and Fenn, 1984). These two so-called 

‘soft-ionization techniques’ have enabled the analyses of biomolecules without 

their unwanted fragmentation and allowed MS to expand hugely into the field of 

biochemistry. There, it has ever since been used in proteomics as a method of 

choice for identifying proteins, quantifying them and for analyzing their PTMs 

(Luo and Muesing, 2014, Yates et al., 2009). Moreover, and more importantly 

from the point of view of higher order macromolecular structure, so-called 

structural MS has also established itself especially in the last two decades as a 

powerful method to study proteins. Pioneering works by the groups of Carol 

Robinson, Albert Heck and Joseph Loo have exploited the softness of the ESI 

process to transfer whole non-covalently bound protein assemblies into the gas 

phase inside a mass spectrometer without disrupting their stoichiometry and 

interactions in a process termed native MS (Leney and Heck, 2017, Loo, 1995, 

Rostom and Robinson, 1999, Van Berkel et al., 2000). Additionally, as was shown 

later, the conformations of such protein complex ions often survive largely 

unperturbed, which opened up possibilities for further gas phase structural 

studies and ‘gas-phase structural biology’ (Ruotolo et al., 2005, Seo et al., 2016, 

Uetrecht et al., 2008). Furthermore, many techniques were developed which 

probe protein conformations, interactions and dynamics directly in solution. 

Usually, such methods use some form of chemical labeling – be it through isotopic 

exchange (Katta and Chait, 1991), chemical crosslinking (Rossi et al., 1995) or 

radical chemistry (Maleknia et al., 2001) – and capitalize from the use of MS as a 

detection method. 

Together, all the various structural MS approaches offer a broad portfolio of 

experimental techniques, which can probe a wide range of protein structural 

features, while at the same time retrieving information about protein identity and 

PTMs. Moreover, structural MS nicely complements the three traditional high-

resolution structural biology techniques, albeit with lower overall resolution. 

However, this is often more than balanced by the ability of MS to work with low 

amounts of samples, in low concentrations, and with high throughput. 

Importantly, structural MS can often work within complex mixtures, with several 

pioneering methods probing protein structures directly within cells (Chavez et al., 

2018, Chorev et al., 2018, Espino et al., 2015, Gan et al., 2017, Garcia-Moreno 
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et al., 2019, Nguyen et al., 2018). Additionally, structural MS is in theory 

unlimited regarding molecular weight, offering information on systems ranging 

from small isolated protein domains all the way up to huge multi-megadalton 

assemblies. Perhaps most importantly, structural MS can also provide insight 

into protein conformational dynamics and co-existing transient species in 

solution, which is frequently missing or can be very challenging to access by 

static, averaged high-resolution structures provided by crystallography and EM. 

1.1.2 NATIVE MASS SPECTROMETRY (NATIVE MS) 

The basis of native MS is very soft ESI from volatile buffer surrogates. The main 

challenge is retaining non-covalent interactions of proteins and their 

stoichiometry in complexes upon transfer into the gas phase. However, ESI is soft 

enough that intact viruses have been shown to survive the process and keep their 

infectivity (Hogan et al., 2006, Siuzdak et al., 1996). The ideal protein ion is free 

of all solvent and buffer adducts but populated by multiple charges. In ESI, the 

protein sample is sprayed from an externally charged capillary into the mass 

spectrometer (Figure 1). The physical background regarding desolvation, protein 

charging and structural integrity of gas phase ions was unraveled experimentally 

and in MD simulations described elsewhere (Konermann et al., 2013, McAllister 

et al., 2015). The ESI process for native MS presented herein requires buffer 

exchange into an MS-compatible solution of volatile salt. For that purpose, even 

though not buffering at neutral pH, ammonium acetate is particularly suitable, 

due to its adjustable pH (4.6-10) and ionic strength (0 to several M), mimicking 

the natural environment and providing favorable conditions for the protein until 

its desolvation (Konermann, 2017). Small amounts of non-volatile salts or small 

molecules up to a few mM can be added when required, for example bivalent 

cations or co-factors. Ideally, native MS reveals the charge state distributions of 

all mass species, including any intermediates, present in the sample in solution.  

The mass can be deduced from the m/z values of neighboring peaks in a charge 

state distribution, where charge states of the same species differ in z by 1. For 

similar sized analytes, the signal intensity is proportional to the analytes 

concentration; however, large oligomeric complexes deviate from this direct 

correlation at higher concentrations, which hampers a reliable quantification 

(Root et al., 2017).  
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Figure 1: Exemplary workflow and readout in native MS. (A) A protein complex 
with two subunits (black and green) is sprayed from ammonium acetate solution, 
via an electric potential and enters the mass spectrometer as molecular ions. The 
modules of the mass spectrometer allow for manipulation and analysis in vacuo 
as depicted in schematic spectra. (B) Full ESI-MS spectra reveal a Gaussian 
distribution of the charge states of each mass of the sample proteins. An 
additional charge distribution indicates a trimeric complex. (C) In order to confirm 
subunit stoichiometry of the candidate complex, its molecular ions are filtered for 
in the quadrupole region of the mass spectrometer. (D) Selected ions are 
subsequently collided with a neutral gas in the collision cell. The complex 
dissociates into two subunits of characteristic masses, which confirms 2:1 
stoichiometry. The dissociated subunit unfolds and takes a large number of 
charges with it. It is therefore detected in the lower m/z range of the spectrum, 
whereas the remainder of the complex is detected at higher m/z. (E) Additional 
information about conformation is obtained by ion mobility MS (IM-MS), where 
drift time allows an approximation of the CCS in the gas phase. Here, IM spectra 
of full MS (B) and CID (D) are compared, where the smaller subunit has a 
substantially longer drift time when ejected from the complex, due to its unfolding 
process during dissociation. IM-MS studies become particularly powerful when a 
protein complex already has different subunit conformations in solution. 
Reprinted from Dülfer et al. (2019), Copyright (2019), with permission from 
Elsevier. 
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Nevertheless, semi-quantification and hence characterizing binding affinities is 

possible as has been shown in antibody dimerization (Rose et al., 2011). 

Determining the mass of a species of interest is in itself not always sufficient to 

deduce its stoichiometry so that further degrees of separation or MS/MS 

fragmentation approaches are necessary.  

One approach often coupled with MS to provide a semi-orthogonal separation is 

ion mobility (IM). IM-MS is able to separate ions according to their “retention” 

time in a region with elevated pressure of an inert gas (usually nitrogen or 

helium). The retention or arrival time is proportional to m/z and overall shape, 

which allows distinguishing coexisting protein conformers with same mass but 

different structures, as well as protein complex structure and ligand interactions 

(Eschweiler et al., 2017, Goth and Pagel, 2017). Since the m/z is known from MS, 

the arrival time can be converted into a rotationally averaged collisional cross 

section (CCS) (Uetrecht et al., 2010). The CCS allows drawing conclusions from 

the gas phase structure relating back to the protein structure in solution.  

The charge acquired during the ESI process allows protein manipulation and 

detection in the gas phase, opening the door to the application of methods that 

are incompatible with having the protein in solution. For example, to detect the 

stoichiometry unambiguously, a complex ion can be filtered out or selected in a 

quadrupole and dissociated subsequently (Figure 1C and D). For this purpose, 

collision induced dissociation (CID) is mostly used, in which additional energy is 

imparted to the analyte ions via high-velocity collisions with heavy inert gas 

atoms. This gradually increases the internal energy of the ion until individual 

subunits of a non-covalent complex unfold and are eventually ejected from the 

complex one-by-one (Pagel et al., 2010).  

Mass information obtained by the detection of the ejected subunits and the 

remaining subcomplexes unequivocally proves stoichiometry of the original 

complex. The order of subunit ejection also correlates with peripheral location in 

the complex and thus provides even more insight into complex architectures. 

Notably, this dissociation behavior is usually distinct from what is observed in 

solution, where it is a spontaneous (often reversible) equilibrium reaction rather 

than an irreversible consequence of physical collisions with gas molecules (Boeri 

Erba and Petosa, 2015). The described method is especially informative if a 

specific complex species is singled out according to its m/z in the gas phase before 

CID occurs, so that dissociation products can be traced back to one single 

complex species. In principle, any combination of protein fragmentation with 
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(native) MS analysis of intact proteins is called top down MS. When harsh CID 

conditions are used, backbone fragmentation of the intact protein occurs on top 

of subunit dissociation of the protein complex. Additionally, these backbone 

fragmentations are often induced by other fragmentation techniques such as  

ultraviolet photodissociation (UVPD) and infrared multiphoton dissociation 

(IRMPD) (Brodbelt, 2014), impacts with a surface (SID) (Stiving et al., 2019) or 

electron transfer reactions (ETD) (Lermyte et al., 2018) in the gas phase. Thus, 

information about the primary structure of a protein, its PTMs as well as its 

presence in a complex can be obtained.  

1.1.3 HYDROGEN-DEUTERIUM EXCHANGE MASS SPECTROMETRY (HDX-

MS) 

Hydrogen-deuterium exchange (HDX)-MS is a sensitive technique to localize 

regions of conformational dynamics in proteins and identify amino acids engaged 

in ligand binding under close to native conditions in solution. As opposed to other 

MS experiments, HDX can be performed in practically any buffer condition and 

with additives or co-factors that are required for proper protein folding and 

function – the sole difference is buffer preparation from deuterated water. The 

method exploits the naturally occurring exchange between solvent-accessible 

protein backbone hydrogens and deuterium in solution over time, measured as 

mass increase using MS (Konermann et al., 2011, Trabjerg et al., 2018). 

H/D EXCHANGE  

The rate of exchange is influenced by several factors, including solution 

conditions such as pH and temperature as well as by the peptides’ primary 

structure (Bai et al., 1993). The chemical HDX rate constant (kch) is the sum of 

acid-, base- and water-catalyzed exchange reactions of amide hydrogens with 

deuterated water. The rate of the base catalysis far exceeds that of acid and water 

catalysis, which results in a high pH dependence of log(kch)(Figure 2A and B).  

The pH dependence of the exchange reaction enables measurement of 

incorporated deuterium by MS because the exchange reaction can be quenched 

by reducing pH to 2.5-3.0, where the rates of acid- and base-catalyzed exchange 

are equal and kch is at its minimum. Thus, under quench conditions D/H back 

exchange is sufficiently low to allow time for detection of incorporated deuterium 

by mass spectrometry (Englander, 2006). 
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Figure 2: Effects of pH and temperature on the chemical HDX rate kch. (A) Base-
catalyzed amide HDX reaction. (B) Example of a pH profile of kch of an amide 
hydrogen in a random coil‐like poly‐DL‐alanine peptide at 20°C. (C) The chemical 
exchange rate as a function of temperature for base-catalyzed exchange. Panels 
B and C are reprinted from Smith et al. (1997) and Jensen and Rand (2016) with 
permission from John Wiley and Sons.  

As kch is also exponentially dependent on temperature (Figure 2C), labeling is 

usually done at 25 °C, while temperature is reduced to 0 °C under quench 

conditions (Jensen and Rand, 2016). The main impacts on HDX rates, however, 

come from interactions in native protein structures. The involvement of 

hydrogens in hydrogen bonding within higher order elements of protein structure 

(e.g. in α-helices and β-sheets) or in interactions with ligands slows down the 

exchange rate for respective backbone amide hydrogens. Protection from solvent 

(e.g. in a hydrophobic core of the protein or at a protein-protein interface) also 

typically leads to a decrease in exchange in the affected protein region. On the 

other hand, conformational dynamics and flexibility of protein regions influence 

the exchange rate too, as the exposure to deuterated solvent accelerates HDX. 
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All proteins naturally fluctuate through transient, locally unfolded states in 

solution. In the Linderstrøm-Lang model (Englander et al., 1997), deuterium 

exchange occurs at these moments when a region of protein structure is 

temporarily loosened up and the hydrogen bonds are momentarily interrupted 

(illustrated in Equation 1). 

Equation 1  

 
 

Here, kop and kcl are the rate constants for the opening and closing reaction and 

kch the intrinsic chemical H/D exchange rate. The isotopic exchange rate (kHDX) 

can then be defined as 

Equation 2     kHDX= kop*  kch 
kop+ kcl+ kch

  

Under native conditions, proteins typically refold fast after unfolding (kcl >> kop) 

and Equation 2 can be approximated by 

Equation 3     kHDX= kop*  kch 
kcl + kch

 

If the refolding of such temporarily more exposed regions is slower than the 

chemical exchange rate, the respective population will be more deuterated than 

the folded population, showing as a discreet jump in deuteration (EX1 kinetics or 

correlated exchange). As a result, the isotopic exchange rate is equal to the rate 

of opening (Equation 4).  

 

EX1 kinetics (correlated exchange):  kcl << kch 

Equation 4     kHDX = kop 

EX1 kinetics result in bimodal peak distributions in deuterated peptide spectra 

(Figure 3 B). They are often observed for proteins showing large concerted 

structural transitions in parts of their structure, such as is for example often the 
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case for viral fusion proteins, and can be a powerful tool to study the chronology 

of structural intermediates in a complex refolding process (Benhaim and Lee, 

2020, Benhaim et al., 2020).  

For most proteins, however, the rate of this temporary unfolding and refolding is 

much faster than the deuterium uptake rate, so that the deuteration occurs 

gradually and only a single peak distribution can be detected (EX2 kinetics or 

uncorrelated exchange)(Figure 3 A). In this case, the exchange rate is the product 

of the equilibrium constant of the opening reaction (Kop) and the chemical 

exchange rate (Equation 5). 

 

EX2 kinetics (uncorrelated exchange):  kcl >> kch 

Equation 5     kHDX = kop

kcl
 * kch= Kop * kch 

 

 

Figure 3: MS characteristics and data analysis of EX1 and EX2 kinetics. A 19‐
residue peptide displaying EX2 kinetics (A) and a 18‐residue peptide displaying 
EX1 kinetics (B). EX2 kinetics are characterized by binomial isotope patterns with 
gradual m/z centroid value shifts over deuteration time. On the other hand, EX1 
kinetics cause bimodal isotope patterns, that can be either separated on the m/z 
scale when a large number of residues participate in correlated unfolding, or are 
merged together when the amount of unfolded residues is low. In this case broad 
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bell-shaped peak distributions are visible and binomial fitting is required to 
extract the deuterium uptake of the individual populations. Reprinted from 
Jensen and Rand (2016) with permission from John Wiley and Sons. 

EX1 kinetics can be difficult to characterize if the individual populations are less 

distinct (Weis et al., 2006b). In such cases, there is the possibility that the protein 

undergoes EX1 and EX2 kinetics at the same time (so-called “EXX” or “mixed 

exchange” kinetics (Xiao et al., 2005)). The distance between the individual peak 

envelopes is an indicator of how many amide hydrogens are involved in 

cooperative unfolding. The relative intensity of the peak envelopes is directly 

related to the fraction of the individual populations in solution (Engen and Smith, 

2000). It has to be noted that bimodal peak distributions can also arise from 

different protein populations in solution. Multiple populations of the same protein 

that differ structurally will incorporate different amounts of deuterium and can 

be observed as bimodal distributions in the mass spectra (Marcsisin and Engen, 

2010). Constant relative intensities of the individual peak distributions over time 

can be indicative of two distinct protein populations, while an intensity shift 

towards the higher deuterated species at later time points indicates EX1 kinetics 

(Guttman et al., 2013).  

A detailed overview of EX1/2 kinetics and the factors that govern HDX of proteins 

in solution can be found in a number of reviews and book chapters (Jensen and 

Rand, 2016, Konermann et al., 2011, Weis et al., 2006b). Considering the range 

of monitored changes within proteins, HDX-MS is a versatile tool to gain insights 

into the dynamics and structural responses of protein backbones to perturbed 

solution conditions and ligand or protein binding (Chalmers et al., 2011, Engen, 

2009). Furthermore, conformational dynamics at different pH and temperature 

can also be probed, even though this requires slight adjustments in the 

experimental procedure and data analysis (Bai et al., 1993, Engen, 2009). 

CONVENTIONAL BOTTOM-UP HDX-MS WORKFLOW 

Depending on the research question, several types of experiments can be 

performed to provide information on different aspects of the protein structure and 

dynamics. In most cases, deuterium uptake of a protein incubated under a 

certain condition (e.g. pH, temperature or ligand presence) is compared with 

deuterium uptake of the protein under standard conditions at several time points 

(so-called differential approach with continuous labeling).  
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Figure 4: HDX-MS workflow for a bottom-up continuous labeling experiment. 
After labeling for several time intervals, followed by a quench step, which reduces 
HDX to a minimum, the protein alone or with an interaction partner is 
proteolytically digested. The resulting peptides are separated and analyzed by LC-
MS. From the observed mass shifts, deuterium uptake plots can be generated 
and peptides showing differences under the analyzed conditions can be identified. 
Adapted from Dülfer et al. (2019), Copyright (2019), with permission from 
Elsevier. 

Using this approach, protein regions that undergo changes in dynamics and 

therefore change their hydrogen-bonding pattern and solvent accessibility, can 

be identified. Deuterium uptake differences can provide information about 

various aspects of the proteins’ structural dynamics, such as conformational 

changes induced by ligand binding and location of binding epitopes, folding or 

unfolding depending on solution conditions, protein stability, protein-protein 

interactions and overall flexibility of different parts of the protein (Marcsisin and 

Engen, 2010, Morgan and Engen, 2009). Additionally, HDX can detect effects 
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more distant from the ligand binding site, for example allosteric interactions 

(Konermann et al., 2014). Another approach is so-called pulsed labeling, where 

the protein is first forced to undergo structural changes (e.g. by being exposed to 

abruptly changed pH, temperature or by addition of a perturbant) and is then 

labeled by a short ‘pulse’ of deuterium exposure. This approach is mainly used to 

identify and monitor transient folding intermediates (Konermann et al., 2011, 

Morgan and Engen, 2009). 

The overall workflow of the bottom-up HDX experiment is depicted in Figure 4. 

The studied protein is labeled in a deuterated buffer under native conditions. 

After various time intervals, the labeling reaction is quenched by rapidly reducing 

the pH to 2.5 and the temperature to 0 °C, where the HDX rate and therefore also 

the rate of D/H back exchange, is minimal. Therefore, deuterium incorporation 

can be localized when the protein is split up into smaller peptides prior to MS 

analysis. These peptides can be generated via digestion with an aspartic protease, 

either in bulk solution or more conveniently using protease immobilized onto a 

flow-through column (Wang et al., 2002). As the low pH is required to keep 

deuterium back exchange loss minimal, porcine pepsin is routinely used as the 

protease of choice for HDX-MS applications. However, a number of alternatives 

are used, which can yield different peptides and more precise deuteration 

localization (Cravello et al., 2003, Kadek et al., 2014, Rey et al., 2009, Yang et al., 

2015).  

 

 

Figure 5: Peptide fragment nomenclature. Low energy fragmentation methods 
(such as CID) produce predominantly b and y ions by cleavage of the thermally 
labile peptide bonds. Losses of water or ammonia are also common in these 
fragments. Electron-based fragmentation methods (such as ETD) produce c and 
z ions resulting from cleavage of the N- Cα bonds (Brodbelt, 2016).  
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Following digestion, peptides are separated in a liquid chromatography (LC) 

system and directly electrosprayed into a mass spectrometer. There, peptides are 

first identified by their m/z and tandem MS (MS/MS) fragmentation patterns from 

non-deuterated samples. Based on the fragmentation method, different kinds of 

peptide fragment pairs are generated (Figure 5). Subsequently, deuterium content 

is measured for all peptides and compared between experimental conditions to 

localize any differences. 

Besides the so-called bottom-up approach presented above, where the protein is 

cleaved by a protease, top-down approaches exist as well. There, the intact 

protein is sprayed in the mass spectrometer and fragmented in the gas phase 

(Leurs et al., 2015).  

METHODOLOGICAL ADVANCES TO TACKLE CHALLENGING SYSTEMS 

The advantages of HDX-MS are a low sample consumption (≈ 20- 100 pmol per 

deuteration time point) and accessibility of large protein complexes, which makes 

it possible to measure conformational dynamics and ligand binding of large virus-

like particles (VLPs) or even intact viruses (Bereszczak et al., 2013, Lim et al., 

2017, van de Waterbeemd et al., 2017). The protein digestion step can sometimes 

be a limitation in HDX experiments, as poor proteolytic digestion may result in 

low sequence coverage and therefore loss of information. Obtaining sufficient 

sequence coverage is often hampered by the occurrence of PTMs, such as 

glycosylation or disulfide bridges, adding to the spectral complexity or hindering 

efficient protease cleavage. However, this can in most cases be overcome by 

protocol optimization, e.g. addition of reducing or denaturing agents during the 

quench step or choice of a different protease (Trabjerg et al., 2018). In particular, 

the broad specificity of pepsin can be detrimental on this account as a large 

number of variably glycosylated peptides may be generated. A way to overcome 

this can be the implementation of a deglycosylation step before HDX (Guttman et 

al., 2011, Houde et al., 2009), or even after quenching (Jensen et al., 2016).  

The use of an ultra-high-pressure liquid chromatography (UPLC) rather than a 

high-pressure liquid chromatography (HPLC) system increases chromatographic 

resolution and analysis speed and facilitates the investigation of more complex 

datasets (Engen and Wales, 2015). A conventional HDX-MS experiment usually 

provides resolution on the peptide level, even though more sophisticated 

fragmentation techniques, such as ETD or UVPD, can be used to bring resolution 

down to ultimately the single amino acid level (Mistarz et al., 2018, Rand, 2013).  
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MEMBRANE PROTEINS 

Membrane proteins play an important role in a variety of biological processes, but 

have so far been challenging to study by high-resolution biophysical techniques. 

This is mainly due to their hydrophobic character and strong interactions with 

the lipid bilayer, which usually results in rapid unfolding and aggregation once 

the protein is removed from the lipid environment. To perform membrane protein 

structure and dynamics studies, detergent micelles and phospholipid vesicles 

have been used as membrane mimetics. The high lipid content presents a 

challenge for LC-MS based workflows because lipids deteriorate LC performance 

and produce strong signals in MS. A number of groups have used HDX-MS to 

study the conformation and dynamics of proteins in detergent and lipid 

environments (Duc et al., 2015, Eisinger et al., 2017, Martens et al., 2018, Merkle 

et al., 2018, Moller et al., 2020, Reading et al., 2017).  

To increase digestion and sequence coverage of membrane proteins, alternative 

proteases such as rhizopuspepsin and nepenthesin I and II are often used instead 

of or in addition to porcine pepsin (Moller et al., 2019). Another adjustment in the 

HDX-MS workflow is the implementation of a lipid depletion step with zirconium 

oxide (ZrO2) beads (Hebling et al., 2010), which can also be implemented in 

automated workflows (Anderson et al., 2018). Given the high variety of membrane 

proteins and membrane mimetic systems, digestion conditions as well as LC 

workflows and MS parameters need to be tested and optimized for every protein 

of interest. Parameters for optimization and exemplary protocols for membrane 

protein HDX-MS in lipid and detergent environments can be found in various 

reviews and method papers (Martens and Politis, 2020, Martens et al., 2019, 

O'Brien et al., 2020). 
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 Norovirus and the role of glycans in infection 

Parts of the norovirus 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 from Pogan et al. (2018a) under 

CC BY 4.0 license.  

1.2.1 HUMAN NOROVIRUS 

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

human noroviruses (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 patients (Lindsay et al., 2015). Although the prototypical 

Norwalk virus was discovered over four decades ago, so far no vaccines and 

antiviral treatments are available (Kapikian et al., 1972). 

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 at different 

environmental conditions is of interest. Data on human noroviruses are limited 

and are complemented with findings on murine, feline and bovine noroviruses.  

1.2.2 GENETIC DIVERSITY 

The genus Norovirus belongs to the Caliciviridae family, which is divided into 

seven genogroups (GI-GVII) based on the major capsid protein (VP1) sequence. 

Noroviruses infecting humans can be found in genogroup I, II and IV, while 

murine noroviruses (MNV) are GV (Vinje, 2015)(Figure 6).  

Noroviruses of distinct prevalence emerge frequently and surveillance networks 

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 are known as the most common cause 

of clinical gastroenteritis cases (Eden et al., 2013). Surveillance studies also imply 
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that GII.17 variants increase in prevalence (de Graaf et al., 2015). Interestingly, 

genogroup and transmission routes correlate. While 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 (reviewed in de Graaf et al. (2016)).  

 

 

Figure 6: Norovirus classification by VP1 sequence. Genogroups are further 
subdivided into genotypes, which differ by at least 43 % (Zheng et al., 2006). The 
scale bar reflects the number of nucleotide substitutions per site. Reprinted by 
permission from Springer Nature, Nature Reviews Microbiology, de Graaf et al. 
(2016), Copyright (2016). The figure was originally adapted from Vinje (2015). 

1.2.3 HUMAN NOROVIRUS VIRIONS AND SURROGATES 

Many norovirus mediated gastroenteritis outbreaks originate in the consumption 

of fecal-contaminated food like mussels, oysters, berries and vegetables (Tuan 

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 is available. A 

cultivation in enterocytes has been established (Ettayebi et al., 2016), but still 

remains challenging. However, for infectivity assays on virions reliable cultivation 
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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. 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, such as capsid 

size and shape and genome organization. Furthermore, it can infect cells in 

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

2004, Wobus et al., 2006). However, human and murine noroviruses have 

different cell specificities and MNV infection is usually asymptomatic (Wobus et 

al., 2006). MNV is more stable than FCV regarding thermal resistance and acid 

tolerance (Bozkurt et al., 2013, Cannon et al., 2006). 

1.2.4 NOROVIRUS CAPSID STRUCTURE 

To overcome the limitations of a lacking cultivation system, human norovirus 

studies focus on VLPs. The human norovirus capsid is icosahedral and comprises 

180 copies of the capsid protein VP1 in T = 3 capsid symmetry (virus capsid 

symmetries and the triangulation number T are described in more detail in 

Prasad and Schmid (2012)). 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 (Xi et al., 1992). 

X-ray crystallography of GI.1 Norwalk VLPs revealed the division of the capsid 

protein into a protruding (P) domain and a shell (S) domain (Figure 7). 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 via binding of glycans (Baclayon et al., 2011, 

Choi et al., 2008, Prasad et al., 1999, Prasad et al., 1994). 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. The hinge domain that connects the 

P domain to the S domain provides a certain degree of flexibility to the P domain 

in a strain-dependent manner (reviewed in Smith and Smith (2019)). Icosahedral 

contacts between VP1 dimers are modulated by the S domain, while intra-dimer 

contacts are modulated by the P domain (Prasad et al., 1999). 
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Figure 7: Genomic organization and structure of human noroviruses.  (A) 
Noroviruses are 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 RNA dependent polymerase (RdRp), 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., 1993, 
Xi et al., 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 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 the S domain via a hinge. Subdomain P2 is highly 
variable and, as it is exposed to the surface, involved in determination of 
antigenicity and cell attachment (Baclayon et al., 2011, Choi et al., 2008, 
Mallagaray et al., 2015, Prasad et al., 1999, Prasad et al., 1994). 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 
1IHM) (Prasad et al., 1999). Reprinted from Pogan et al. (2018a) under CC BY 4.0 
license. 
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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, Bertolotti-Ciarlet et al., 2002). Deletion of the P domain results in smaller, 

smooth particles (T = 3, 29 nm) with reduced stiffness compared to wild type 

particles indicating that the P domain stabilizes the viral particles (Baclayon et 

al., 2011). Recombinant VLPs 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, 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 norovirus VP1 only and 

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

(Yao et al., 2014). Additionally, VP1/VP2 particles show decreased protease 

degradation (Bertolotti-Ciarlet et al., 2003). The amount of incorporated VP2 

molecules is still unknown. 

1.2.5 P DIMER STRUCTURE CONSERVATION IN DIFFERENT NOROVIRUS 

STRAINS 

The P domain adopts a characteristic and well-conserved topology. The P2 domain 

is formed by a large insertion of ≈ 126 residues into the P1 domain and folds into 

a compact barrel-like structure of six β-strands. The P1 domain consists of 

several β-strands and one α-helix. In the capsid, the P domain is involved in 

dimeric contacts that are also formed in the P dimer. (Choi et al., 2008, Prasad et 

al., 1999). P domain sequence alignment of the four human norovirus strains 

used in this work (GII.10 Vietnam, GII.17 Kawasaki, GII.4 MI001 and GII.4 Saga) 

resulted in 92 % (GII.4 MI001), 59 % (GII.17 Kawasaki) and 56 % (GII.10 Vietnam) 

sequence identity to the GII.4 Saga P domain as reference (Figure 8A). On the 

structural level, the P dimer structure is well conserved, with biggest differences 

in loop regions of the P2 domain (Figure 8B). Even though most structural 

variations can be found in this region, glycan binding pockets on the top of the 

P2 domain are also highly conserved among all strains. P domains of the murine 

norovirus strains GV MNV07 and CR10 are 34 % and 32 % identical to the 

human norovirus GII.4 Saga P domain, respectively (Figure 8C). Despite the large 

difference on the amino acid level, murine norovirus P domains show tertiary 
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structures similar to those of human norovirus, with two antiparallel β-sheets 

and one α-helix in P1 and a β-barrel of six antiparallel β-strands in P2 (Figure 

8D). The greatest structural variations can be found in the loop regions on the 

outer surface of the P domain (Taube et al., 2010).  

 

 

Figure 8: Comparison of human norovirus P domain sequences (A) and crystal 
structures with HBGA B trisaccharide (black) bound to the P2 domain (B). P dimer 
sequences of three virus strains were aligned to the GII.4 Saga strain as reference. 
For the GII.4 MI001 P dimer, a homology model was created for comparison using 
the GII.4 Farmington Hills P dimer structure with 94% sequence identity to MI001 
as reference. Crystal structures of GII.4 Saga (pdb 4X06, dark blue), GII.10 
Vietnam (pdb 3ONY, yellow), GII.17 Kawasaki (pdb 5F4O, purple) and the 
homology modelled structure of GII.4 MI001 (light blue) were superimposed in 
PyMOL. (C) Comparison of human norovirus GII.4 Saga P domain sequence with 
two murine P domain sequences used in this work. (D) Crystal structures of GII.4 
Saga (pdb 4X06, dark blue) and GV CR10 (pdb 6H6M, light green) P dimer 
structures were aligned in PyMOL. P1 and P2 indicate the respective domains of 
the P dimer.  
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1.2.6 CELL ATTACHMENT AND ENTRY 

Norovirus attachment to glycans is an essential factor in host cell infection. 

Human noroviruses interact with Lewis and ABH Histo blood group antigens 

(HBGAs, Figure 9A) on glycoproteins or glycolipids presented on host cell 

surfaces. Whiles these interactions are an important factor for infection, the exact 

mode how binding to glycans promotes host cell entry is not known. Furthermore, 

presentation of HBGAs on cell surfaces alone is not sufficient for infection (Taube 

et al., 2018). The discovery of an entry receptor for murine norovirus (Haga et al., 

2016, Orchard et al., 2016) as well as the modulating role of bile acids in 

infectivity (Creutznacher et al., 2019, Kilic et al., 2019, Nelson et al., 2018), points 

towards a more complex interplay of human norovirus with host cell factors 

(Figure 9B).  

Even though carbohydrate-protein affinities are usually low, with dissociation 

constants (Kd) in the mM range, noroviruses have high strain-dependent 

specificities to glycans. Human norovirus predominantly interacts with HBGAs, 

but whether glycan binding plays a role in MNV infection is still unclear 

(Creutznacher et al., submitted, Taube et al., 2012, Wegener et al., 2017). 

Structures of Lewis antigens and HBGAs of different types are highly similar and 

all share an L-fucose residue, which has been shown to be the minimal structural 

element responsible for binding to the majority of human noroviruses (Taube et 

al., 2018).  

Evidence of glycan interactions with human noroviruses mainly come from 

biochemical and biophysical techniques on the level of VLPs or P dimers. A 

number of NMR (Mallagaray et al., 2015, Mallagaray et al., 2016, Wegener et al., 

2017) and crystallography studies (Cao et al., 2007, Hansman et al., 2011, 

Koromyslova et al., 2015, Schroten et al., 2016, Shanker et al., 2011, Singh et 

al., 2015b, Weichert et al., 2016) confirm the binding of α-L-fucose and HBGAs 

to VLPs and P dimers of different strains in conserved binding pockets on the top 

of the P2 domain (Figure 9C). In GII.4 Saga P dimers L-fucose interacts via six 

hydrogen bonds to either the backbone (BB) or side chain (SC) of five amino acids: 

Asp374 (2xSC), Arg 375 (2xSC), Thr344 (BB), Gly443 (BB) and Tyr444 

(hydrophobic interaction). In GII.10 Vietnam two additional fucose binding sites 

exist in the P2 β-sheet cleft (Koromyslova et al., 2015)(Figure 9C and D).  
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Figure 9: Human norovirus-glycan interactions.  (A) Structural and symbolic 
representation of human HBGA B trisaccharide. The structure has been modeled 
as minimum energy conformation using the Glycam web server (Woods). (B) 
Model of glycan-mediated norovirus attachment and entry. The norovirus 
attaches to glycans displayed on host cell surfaces which hypothetically results 



1 Introduction 

23 

in structural changes that prime the virus for binding of a (so far unknown) 
receptor. Receptor binding and membrane invaginations then facilitate cell entry. 
(C) P dimer crystal structures of different strains show the two canonical glycan 
binding sites (1, 2) on the top of the P2 domain. Two additional binding sites (3, 
4) have been reported for fucose in the GII.10 Vietnam strain (pdb 4X06, 4Z4R). 
(D) Molecular interactions of fucose via hydrogen bonds (black dashes) and 
hydrophobic interactions (red dashes) with P domain amino acids in 
GII.10 Vietnam. Panel D is reprinted from Koromyslova et al. (2015), Copyright 
(2015), with permission from Elsevier. 

GII.4 norovirus VLPs induce membrane invaginations on giant unilamellar 

vesicles after binding to ABH glycosphingolipids (Rydell et al., 2013). A follow-up 

study showed that the mode of glycan presentation strongly influences their 

recognition (Nasir et al., 2017). This highlights the importance of more complex 

systems for studying human norovirus-glycan interactions on a native-like level. 

As an efficient cell culture system and animal model for human norovirus is still 

lacking, murine norovirus has been broadly used as a model to unravel general 

mechanisms of norovirus infection. These studies enabled the discovery of murine 

CD300If and CD300Id as functional protein receptors for murine norovirus (Haga 

et al., 2016, Orchard et al., 2016), which are required and sufficient for infection. 

Structural studies revealed that the CD300If receptor binds to a site in close 

proximity to the glycan binding site in human noroviruses (Kilic et al., 2018, 

Nelson et al., 2018)(Figure 10A), but while the receptor binding site is conserved 

in murine noroviruses, this region is very variable in human noroviruses which 

points against a genotype-wide receptor binding at this site (Kilic et al., 2018). It 

was also suggested that each virion binds multiple CD300If receptor molecules, 

which points towards an avidity-driven process as suggested for attachment of 

human noroviruses to cell surface clustered HBGAs (Nelson et al., 2018). In FCV, 

receptor binding to the VP1 protein induces large structural changes in the 

capsid, that leads to the formation of a portal-like assembly of VP2 molecules and 

opening of a pore in the capsid shell (Conley et al., 2019)(Figure 10D).  

Recently, it was shown that bile acids can act as co-factors by enhancing cell-

binding and increasing infectivity in MNV (Nelson et al., 2018) and human 

norovirus VLPs and P domains (Kilic et al., 2019). Binding of bile acids to a high-

affinity binding site near the HBGA binding pocket switched critical loop positions 

to turn a human HBGA non-binder strain into a HBGA binder (Kilic et al., 

2019)(Figure 10B). 
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Figure 10: (A) Binding of the CD300If receptor and glycochenodeoxycholic acid 
(GCDCA) to the MNV P dimer (pdb 6E47). (B) GCDCA binds near the HBGA 
binding site in human GII.10 Vietnam P dimer (superposition of pdb 6GW1 and 
3Q38 in PyMOL). (C) Cryo-EM image reconstruction of MNV-1 in absence and 
presence of GCDCA. In the apo structure the P domain “floats” above the shell 
domain, whereas it collapses onto the shell when GCDCA is bound. (D) Cryo-EM 
structure of the FCV capsid bound to feline junctional adhesion molecule A 
(fJAM-A), a fragment of its cellular receptor. One receptor molecule (blue and 
green) binds to each VP1 (pink and purple). Twelve copies of the VP2 protein 
(orange and red) form a portal-like assembly. Panel C is adapted from Sherman 
et al. (2019) with permission from the American Society of Microbiology. Panel D 
is adapted from Springer Nature, Nature, Conley et al. (2019), Copyright 2019. 

In contrast, binding of bile acids to another low-affinity binding site identified by 

NMR did not significantly influence HBGA binding of VLPs and P dimers of 

different human strains (Creutznacher et al., 2019). In MNV, binding of bile acids 

causes a conformational change that contracts the P domain onto the shell 
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surface which optimizes receptor avidity (Sherman et al., 2020, Sherman et al., 

2019)(Figure 10C).  

Taken together, structural biology approaches have contributed to the 

understanding of human norovirus-glycan interactions and infection studies with 

murine noroviruses urged speculations about the possible existence of a human 

norovirus receptor. However, further studies are required to elucidate the 

dynamic structural changes during the attachment and entry process that so far 

cannot be captured by crystallography. In this regard, HDX-MS is a valuable tool 

to investigate norovirus structural dynamics following interaction with different 

entry co-factors and can contribute to the understanding of the attachment and 

entry process from a structural perspective. Undoubtedly, further advancements 

in the implementation of a robust cell culture system for human noroviruses are 

required to link the observed structural features to infectivity in vivo.  

 Mistic – an unconventional membrane protein 

Mistic is a small 13 kDa integral membrane protein from Bacillus subtilis. It 

comprises 110 amino acid residues that are arranged into a bundle of four α-

helices with a central kink in helix 2. Its structure has so far been determined by 

solution phase NMR spectroscopy in the presence of lauryldimethylamine N-oxide 

(LDAO) detergent (Roosild et al., 2005)(Figure 11A). It is thought to fold 

autonomously into the membrane, which appears to be in conflict with its polar 

and uncommonly hydrophilic surface (Figure 11B).  

Despite comprising the α-helical structure of a canonical integral membrane 

protein (Roosild et al., 2005), its intrinsic features render a transmembrane 

orientation unlikely and are thought to be linked to its biological function. Mistic 

has been shown to serve as a chaperone for the high-level native-fold production 

and integration of other membrane proteins into the bacterial lipid bilayer (Kefala 

et al., 2007, Roosild et al., 2005, Roosild et al., 2006), as reflected by the acronym 

“Membrane-integrating sequence for translation of integral membrane protein 

constructs”. Together with the potassium channel YugO located downstream of 

Mistic in the gene sequence of B. subtillis, Mistic plays a role in biofilm formation 

(Lundberg et al., 2013). The exact functional connection of these two proteins still 

remains unclear.  
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Figure 11: Mistic structure. Structure of the lowest energy conformer solved by 
solution phase NMR spectroscopy in LDAO detergent micelles (pdb 1YGM). (B) 
Surface representation of Mistic in the same orientation as in A, with colored 
hydrophobic (yellow), negatively charged (red) and positively charged (blue) amino 
acid side chains (Hagemans et al., 2015). The remaining atoms and the backbone 
are colored in grey. 

So far Mistic biophysical properties and (un-)folding behavior have been studied 

by a variety of biochemical and biophysical techniques, e.g. circular dichroism 

(CD) spectroscopy, isothermal titration calorimetry, dynamic light scattering 

(DLS), NMR and different fluorescence spectroscopy approaches amongst others 

(Broecker et al., 2014, Debnath et al., 2011, Dvir et al., 2009, Frotscher et al., 

2018, Hartmann et al., 2015, Jacso et al., 2013, Roosild et al., 2005, Textor, 

2016). Mistic dynamics and topology have mainly been investigated in molecular 

dynamics (MD) simulations (Psachoulia et al., 2006, Sansom et al., 2008). All 

these studies have in common that they mainly examined Mistic in micelles of 

various detergents, such as LDAO, n-dodecyl phosphocholine (DPC) and n-

dodecyl-β-D-maltoside (DDM), but not in more native-like lipid environments.  

In a recent PhD thesis (Textor, 2016) a quantitative reconstitution protocol for 

Mistic in large unilamellar vesicles (LUVs) was established and the protein 

orientation in the lipid bilayer was investigated by various biophysical techniques, 

suggesting a rather in-plane topology in the membrane. Recent studies using 

single molecule fluorescence resonance energy transfer (smFRET) suggest that 

lipid composition in the bilayer has an effect on Mistic conformation (Krainer et 

al., in preparation). 
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2 AIM AND OBJECTIVE  

Viral infections are initiated through the recognition of specific cell surface 

receptors. These receptors often contain glycan structures, which are attached to 

either proteins or lipids. Different types of highly diverse glycan structures have 

been found to serve as viral attachment factors and/or entry receptors (Ströh and 

Stehle, 2014). For many viruses specific knowledge on interactions between viral 

proteins and cellular protein receptors is available and has enabled detailed 

models of conformational changes during virus-receptor interaction (Chen et al., 

2005, Persson et al., 2007, Stehle and Casasnovas, 2009). 

In contrast, the contributions of protein-glycan interactions in viral attachment 

and entry have so far hardly been clarified, even though attachment to specific 

glycans is a crucial step that determines susceptibility and cell tropism. One 

reason for this is that glycans on cell surfaces form complex heterogeneous 

mixtures and different types of these glycan structures, including sialic acids, 

glycosaminoglycans and histo-blood group antigens, or even combinations of 

them, can act as attachment factors. Furthermore, interactions between glycans 

and viral proteins have a relatively low affinity, which makes it difficult to 

measure these interactions with standard technologies (Kang et al., 2016). For 

noroviruses, X-ray crystallography and NMR have been used to characterize 

binding sites for HBGAs and other glycans on VLPs and P dimers of different 

strains. However, it is important to understand glycan-induced changes in 

protein dynamics to uncover their role in the cell entry process. 

To overcome this limitation the objective of this project was to implement an HDX-

MS workflow to identify glycan binding sites on norovirus P dimers and track 

strain-specific structural changes upon glycan binding. These changes could 

hypothetically prime for cellular uptake, make additional binding sites accessible 

or modify capsid stability. Time resolved HDX-MS data on structural changes was 

combined with crystallography and NMR performed by collaborators to gather a 

more detailed understanding of norovirus-glycan interactions. In addition, native 

MS was used to confirm the dimeric state of P domains of different norovirus 

strains and retrieve information about the monomer-dimer equilibrium in human 

and murine P domains. 

After having implemented an HDX-MS workflow for soluble proteins, the next step 

was to adapt this workflow for the measurement of protein-membrane 

interactions. Apart from the huge variety of membrane proteins that can be 
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targeted with such an adapted workflow, the investigation of norovirus binding to 

membrane-attached glycans will be of special interest in the future. As norovirus 

VLPs have been shown to form membrane invaginations (Parveen et al., 2018, 

Rydell et al., 2013) after attachment to glycolipids, it would be of interest to map 

the occurring structural changes in the virus capsid under these conditions by 

HDX-MS. More detailed information about this approach can be found in the 

Outlook section.  

The protein Mistic has been studied extensively by the group of Prof. Michael 

Schlierf and collaborators over the last years, giving insights about its folding and 

unfolding trajectories in different detergents (Frotscher et al., 2018, Hartmann et 

al., 2015, Krainer et al., 2018). Recently, the focus moved to studies of Mistic 

conformation and dynamics in lipid vesicles which makes it a good model protein 

for the systematic screening and adaptation of HDX-MS conditions for 

membrane-associated proteins. At the same time, HDX-MS can contribute 

valuable information about Mistic protein dynamics in different lipid 

environments, which complements existing data.  

Therefore, a collaboration project was set up for screening of optimal HDX-MS 

conditions as well as measurement of Mistic dynamics in lipid vesicles of different 

compositions and in detergent micelles. This included tests of quench buffer and 

protease digestion conditions and the implementation of a lipid depletion step in 

the HDX-MS workflow. 
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3 RESULTS AND DISCUSSION 

Parts of the following results and discussion chapters have been published or are 

in preparation for publication in: 

Mallagaray, A., Creutznacher, R., Dülfer, J., Mayer, P. H. O., Grimm, L. L., Orduna, 

J. M., Trabjerg, E., Stehle, T., Rand, K. D., Blaum, B. S., Uetrecht, C., Peters, T. 

(2019). A post-translational modification of human Norovirus capsid protein 

attenuates glycan binding. Nature communications, 10(1), 1-14. (Reprinted under 

CC BY 4.0 license.) 

Dülfer, J., Yan, H., Brodmerkel, M., Creutznacher, R., Mallagaray, A., Peters, T., 

Marklund, E., Uetrecht, C.: Glycan-induced structural dynamics in human norovirus 

P domains depend on virus strain and deamidation status. (in preparation) 

Creutznacher, R., Feldmann, C., Dülfer, J., Maass, T., Knickmann, J., Uetrecht, C., 

Peters, T. & Taube, S.: Murine norovirus capsid plasticity probed by NMR - Bile acid 

binding stabilizes and rearranges P domain dimers and triggers immune escape. 

(in preparation) 

 Deamidation influences glycan binding in norovirus GII.4 P dimers 

P dimers of the GII.4 Saga strain were chosen as the first target for the newly 

implemented HDX-MS workflow. Infections with GII.4 strains are highly prevalent 

in humans and therefore information about capsid protein-glycan interactions is 

of great interest to understand the infection process in humans. In parallel, NMR 

and crystallography experiments with the same samples were conducted, so that 

complimentary data is available. The present sub-chapter presents findings from 

HDX-MS, NMR and crystallography, but focuses on MS data that was acquired 

by me. All results discussed in this subchapter are published in Mallagaray et al. 

(2019). 

3.1.1 IDENTIFICATION OF N373 DEAMIDATION  

Before HDX-MS experiments can be conducted, peptides generated by peptic 

cleavage need to be identified, a process also called “peptide mapping”. To do this, 

the unlabeled protein is injected into a LC system for on-column peptide cleavage, 

the resulting peptides are separated on a reverse-phase column and fragmented 
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in the mass spectrometer. Individual fragmentation patterns can then be mapped 

to peptide sequences at specific retention times by computational approaches and 

protein sequence coverage can be visualized in sequence coverage maps. 

Sequence coverage maps with all peptides used in each HDX-MS experiment 

(effective coverage) can be found in the supplement (Figure S 27 - Figure S 33). 

This approach also allows identification of PTMs, such as for instance N-terminal 

acetylation, oxidation, deamidation or disulfide bonds. If a sufficient number of 

peptide fragment ions is generated, the exact amino acid that carries the PTM can 

be mapped with high precision.  

For the GII.4 Saga P dimer, a deamidation of N373 into D373 could be identified 

by MS/MS, after NMR spectra had also shown the conversion of N373 into iso-

aspartate over time. N373 is located directly next to the glycan-interacting D374 

residue; therefore, it was suspected that deamidation could influence glycan 

recognition. The reaction mechanism for the conversion of N373 into isoD373 

(iD373) is depicted in Figure 12.  

 

 

Figure 12: Formation of Asp and isoAsp following Asn deamidation.  Nucleophilic 
attack of the C-terminal backbone NH leads to deamidation of Asn and formation 
of a succinimide as intermediate. Subsequent hydrolyzation of the succinimide 
ring creates a mixture of Asp and isoAsp, with isoAsp being the main species with 
a ratio of about 3:1 (Geiger and Clarke, 1987) and L-isoAsp being the main isomer 
(Riggs et al., 2017). Basic pH as well as increased temperature accelerates 
deamidation (Tyler-Cross and Schirch, 1991). Blue bonds highlight the peptide 
backbone.  
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Even though deamidation of Asn can result in formation of Asp or isoAsp, NMR 

spectra do not indicate the presence of Asp, so that formation of isoAsp seems to 

be significantly preferred. As deamidation results in an additional negative charge 

on the P domain, it was possible to separate fully native (NN), mixed (iDN) and 

fully deamidated (iDiD) P dimers by ion exchange (IEX) chromatography and 

quantify their fractions. Freshly expressed GII.4 Saga P dimers contained the 

isoAsp species in various amounts, which increased further over time (Figure S3). 

The rate of conversion into isoAsp seems to be strongly dependent on 

temperature. At room temperature and sample storage temperature (5°C) the 

half-life of deamidation is in the range of several days to weeks. In contrast, at 

body temperature (37°C), it is much faster with an estimated half-life of 1.6 days 

(Figure S 4).  

The IEX separated native (NN) and deamidated (iDiD) GII.4 Saga P dimers were 

also subjected to peptic cleavage followed by LC separation and peptide 

identification using MS/MS. Peptides containing the potential deamidation site 

showed peaks with clearly distinguishable retention times in the chromatogram 

and could be assigned to either the pure native or deamidated form, which differ 

in mass by +0.98402 Da (Figure 13). Analysis of peptides covering the entire 

protein sequence revealed no other deamidation sites apart from N373, even 

though the protein contains 17 asparagine residues (Table 1). 

Table 1: Identification of deamidation sites GII.4 Saga P dimers. Most likely 
deamidation position (bold) and probability for deamidation at this position were 
calculated in MaxQuant based on peptide fragment spectra. Adapted from 
Mallagaray et al. (2019) under CC BY 4.0 license. 

Peptide sequence (charge) 
Theoretical 

m/z (wt) 

Observed 

m/z 

Probability 

for D373 

deamidated 

fraction (%) 

STDTEN373DFETHQ 

(z=2) 
712.284 712.776 1 100 

STDTEN373DFETHQNTKFPVG 

(z=3) 
756.673 757.001 0.708 96.6 

STDTEN373DFETHQNTKFPVG 

(z=2) 
1134.506 1134.998 0.998 98.1 
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Figure 13: (A) Chromatogram and spectrum of peptide STDTENDFETHQ  (z=2) in 
both the deamidated (red) and wild type (green) protein sample. The theoretical 
monoisotopic mass is indicated below the peptide sequence in the lower panel. 
(B) Fragmentation spectrum of peptide STDTENDFETHQ in the deamidated 
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sample. The fragment y7 (and all upstream y-fragments) shows a characteristic 
mass shift, which clearly indicates the presence of the deamidation at N373. 
Adapted from Mallagaray et al. (2019) under CC BY 4.0 license. 

P dimers of three other norovirus strains, GII.4 MI001 (Taube et al., 2013), GII.10 

Vietnam 026 (Hansman et al., 2011), and GII.17 Kawasaki 308 (Koromyslova et 

al., 2017) were also measured to test whether deamidation of N373 occurs in 

other strains as well. For GII.4 MI001 P dimers no crystal structure is available, 

but the P domain exhibits 92 % sequence identity with GII.4 Saga. Furthermore, 

the GII.4 MI001 loop region (STDTSND374) is almost identical with the 

corresponding sequence in GII.4 Saga (STDTEND374). Therefore it was suggested, 

that N373 deamidation could occur as well. The other two strains have no 

asparagine at the N373 equivalent position, but the overall loop conformations 

are rather similar to the one in GII.4 Saga. The sequences in that loop region are 

STWETQD385 (GII.10 Vietnam 026) and RISDNDD378 (GII.17 Kawasaki 308). For 

GII.10 Vietnam 026 a glutamine precedes D385. Glutamine deamidation has also 

been described but is much slower (Geiger and Clarke, 1987). To test for 

deamidation, samples were incubated at elevated temperatures and IEX 

chromatograms were obtained before and after incubation. As hypothesized, 

deamidation was observed for GII.4 MI001 but not for the GII.17 Kawasaki 308 

or GII.10 Vietnam 026 strains (Figure S 5). In MS/MS, deamidation of N373 was 

detected for GII.4 MI001 along with minor deamidation of another asparagine 

residue (either N446 or N448) after incubation at elevated temperatures. The 

other two strains showed no indication of deamidation in the entire protein 

confirming the results from IEX chromatography (Figure S 6 and Table S 1).  

3.1.2 EFFECT OF DEAMIDATION ON GLYCAN BINDING AND PROTEIN 

DYNAMICS 

Due to the direct neighborhood of N373 to D374, which takes part in direct 

interactions with glycan ligands, a possible influence of deamidation on glycan 

recognition was tested by HDX-MS, NMR and X-ray crystallography with methyl 

α-L-fucopyranoside and blood group B trisaccharide as representative HBGA 

ligand. HDX-MS and NMR were applied to provide information about the 

structural response to ligand binding and changes in protein dynamics, while in 

crystallography binding geometry and contributing amino acids were of interest. 
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In all setups apart from crystallography, IEX separated fully native (NN) P dimers 

were compared to fully deamidated (iDiD) P dimers. 

DEAMIDATION INCREASES DYNAMICS IN THE P2 DOMAIN 

Notably, the deamidated P dimer shows a higher H/D exchange in peptides 

covering large parts of the top P2 subdomain irrespective of the presence of 

glycans. This indicates higher dynamics of respective regions of the P2 subdomain 

in the deamidated protein (Figure 14A). However, this difference was not detected 

in the peptide containing the deamidation site.  

A comparison of NMR spectra of native and deamidated P dimers (Figure S 7) also 

shows a shift of some peaks in the deamidated protein relative to the native 

protein. The largest chemical shift perturbations (CSPs) are found in the vicinity 

of the site of deamidation but there are also notable long-range CSPs. The regions 

with large CSPs are in line with deuterium uptake differences seen in the HDX-

MS data. 

DEAMIDATION ATTENUATES GLYCAN BINDING 

In the presence of 10 mM B trisaccharide the wild type protein is significantly 

protected from H/D exchange in peptide 434-449 along the canonical binding site 

(G443, Y444), indicating occupation of the binding pocket. In contrast, binding is 

highly reduced in the deamidated protein showing essentially no protection 

(Figure 14B). In NMR, CSPs are observed for iDiD P dimers demonstrating 

B trisaccharide binding, but a comparison to CSPs for NN P dimers reveals 

significant differences (Figure S 8). At the same B trisaccharide concentration, 

CSPs are notably larger for NN P dimers than for iDiD P dimers indicating a 

reduced binding affinity for iDiD P dimers. In addition, protection of some 

residues of a β-sheet in the center of the binding cleft (Y286-L303) can be detected 

in HDX-MS. This region contains N298, which displays the largest CSP of all 

assigned backbone NH resonances (Figure S 8A and C), supporting a long-range 

structural effect of glycan binding into this region of the protein. Apart from 

overlapping peptides covering the protein regions presented in Figure 14 no other 

peptides of either the wild type or the deamidated P dimer show significant 

deuteration differences. This indicates that other subtle long-range effects 

observed by CSPs, which are extremely sensitive to changes in the chemical 

environment, are beyond the detection limits of the HDX-MS experiments 

performed here.  
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Figure 14: HDX-MS experiments reveal changes in protein dynamics upon 
deamidation. (A) Deuterium uptake differences of the wild type and deamidated 
GII.4 Saga P dimer mapped to the crystal structure (pdb 4X06). (B) Deuterium 
uptake differences of the wild type and deamidated P dimer in presence and 
absence of 10  mM B trisaccharide. Significant (*p  <  0.01, Student’s t-test) 
protection is detected in peptides covering the canonical binding site (G443, 
Y444), whereas this effect is absent in the deamidated P dimer. The reduction in 
HDX observed in peptide 283–303 can be narrowed down to residues Y299-L303, 
as a peptide covering residues I283-N298 shows no differences in exchange at the 
8 h time point. All measurements were performed in triplicate and error bars 
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indicate the standard deviation. Adapted from Mallagaray et al. (2019) under CC 
BY 4.0 license. 

Binding of 100 mM methyl α-L-fucopyranoside to the wild type P dimer results in 

similar deuteration differences as observed for 10 mM B trisaccharide suggesting 

similar interactions. In contrast, no HDX differences can be detected for the 

negative control, 100 mM D-galactose. Also in NMR, regions with CSPs are similar 

for B trisaccharide and methyl α-L-fucopyranoside binding (Figure S 8 and Figure 

S 9). As hypothesized from the qualitative HDX-MS and NMR data, chemical shift 

titration experiments with NN and iDiD P dimers at varying concentrations of 

methyl α-L-fucopyranoside revealed strong binding attenuation in the iDiD 

P dimer represented by a 10-fold higher dissociation constant Kd. Re-evaluation 

of previous NMR data (Mallagaray et al., 2015) based on the new findings yielded 

a Kd of 5.5 mM for B trisaccharide binding to NN Saga P dimers. A recent study 

confirms these results and supports an approximately 10-fold decrease in binding 

affinity also for B trisaccharide (Creutznacher et al., submitted)(Table 2). 

 

Table 2: Summary of glycan binding affinities of GII.4 P dimers measured by 
NMR.References: 1: Creutznacher et al. (submitted), 2: Mallagaray et al. (2019), 
3: Mallagaray et al. (2015), RE re-evaluation  

Norovirus 

strain 
Composition ligand 

Kd in mM 

[reference] 

GII.4 Saga NN B trisaccharide 
6.7 ± 0.4 [1] 

5.5 [3, 2RE] 

GII.4 Saga iDiD B trisaccharide approx. 60 [2] 

GII.4 Saga NN Methyl α-L-fucopyranoside 
22.3 ± 0.04 [2] 

15.6 ± 1.9 [3, 1RE] 

GII.4 Saga iDiD Methyl α-L-fucopyranoside 219.8 ± 4.5 [2] 

GII.4 MI001 NN B trisaccharide 4.3 ± 0.4 [1] 
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The deamidated GII.4 Saga P dimer was also subjected to crystal structure 

analysis in the presence of methyl α-L-fucopyranoside. Upon incubation of 

deamidated P dimer apo crystals with 600 mM methyl α-L-fucopyranoside a co-

crystal structure at 1.52 Å resolution was obtained, in which the isoD373 

isopeptide bond is clearly visible in one chain of the P dimer (pdb 6H9V). Binding 

of methyl α-L-fucopyranoside to the two canonical HBGA binding sites in the GII.4 

Saga P dimer was also observed. However, no binding to additional sites (sites 

three and four) as observed for GII.10 P dimers (Koromyslova et al., 2015) was 

detectable, even at this drastic ligand concentration. Whereas the overall P dimer 

structure is almost identical to previously published GII.4 Saga P dimer 

structures (Cao et al., 2007) binding of methyl α-L-fucopyranoside to the modified 

binding pocket shows some deviation from the native P dimer. In the native site, 

a bivalent hydrogen bond is formed between the side chain carboxyl group of 

Asp374 and the hydroxyl groups at positions C2 and C3 of methyl α-L-

fucopyranoside. In the deamidated site, the Asp374 side chain carboxyl group 

makes only one hydrogen bond with the C2 hydroxyl group of methyl α-L-

fucopyranoside (Figure S 10). The altered D374 side-chain orientation and the 

loss of one hydrogen bond can be explained by altered conformational dynamics 

and could contribute to the observed loss in binding affinity. 

3.1.3 THE ROLE OF N373 DEAMIDATION IN GLYCAN BINDING 

Since residue 373 is located in a loop critically involved in fucose recognition it is 

maybe not surprising that the transformation of N373 into an isoAsp affects 

HBGA recognition. In fact, loss of binding affinity due to isoAsp formation has 

been described for monoclonal antibodies (Yan et al., 2016). Chemical shift 

titrations show a dramatic loss of affinity of about one order of magnitude upon 

formation of the isopeptide linkage for the case of methyl α-L-fucopyranoside 

binding to GII.4 Saga P dimers. This observation is qualitatively supported by 

HDX-MS experiments showing significantly higher protection from H/D exchange 

for NN P dimers as compared to iDiD P dimers.  

Crystal structure analysis provides an explanation for the observed loss of 

binding affinity. Fucose binds to the modified binding pocket in much the same 

place and orientation as observed for the native protein, but the hydrogen 

bonding to the side chain carboxy group of D374 appears altered. The altered 

D374 side chain orientation and the loss of one hydrogen bond can be explained 
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by altered conformational dynamics in the loop. In addition, HDX MS reveals 

alterations of the whole P2 subdomain dynamics upon formation of the isopeptide 

linkage in both GII.4 strains. Except for the loop carrying the isopeptide bond, 

the overall structure of the P dimer is very similar to the structures published 

before (Singh et al., 2015b). However, numerous long range CSPs and deuterium 

uptake differences measured by HDX MS are observed upon deamidation. This 

implies that effects of deamidation are not confined to the vicinity of the 

deamidation site suggesting differences in overall protein dynamics. 

PARAMETERS DETERMINING THE HIGH REGIOSELECTIVITY OF N373 

DEAMIDATION 

For peptides it is known that the i+1 residue is the main factor controlling the 

deamidation rate. According to these studies, Asn residues followed by a Gly have 

the shortest half-life (Geiger and Clarke, 1987, Robinson et al., 1970). It has been 

recognized early on that for proteins other factors are dominant (Robinson and 

Robinson, 2001a, Robinson and Robinson, 2001c). In particular, the 

conformation of the sequence containing the deamidation site plays a crucial role 

(Plotnikov et al., 2017). One important finding is that the deamidation motif 

requires a defined local conformation of the Asn deamidation site i and the i+1 

residue. This specific conformation positions the backbone NH of the i+1 residue 

at a short distance to the carboxylic acid amide carbon of the side chain of Asn 

to facilitate nucleophilic attack. Analysis of the crystal structures of GII.4 Saga 

P dimers shows that N373 in both monomers matches the required reactive 

conformation. This conformation is also found in known crystal structures of 

other GII.4 P dimers carrying the N373-D374 motif (Figure S 11).  

Superposition of the loops containing the N373-D374 motif in published crystal 

structures shows that the conformation of this loop is highly conserved and, 

therefore, may be critical for the formation of a special local environment 

promoting deamidation. It can be assumed that incorporation of the N373-D374 

motif into this loop is necessary and sufficient to induce site-specific fast 

deamidation. This hypothesis is supported by the observation of deamidation for 

GII.4 MI001 but not for GII.10 Vietnam 026 and GII.17 Kawasaki 308. The latter 

two strains display the proper loop conformation but lack an asparagine in 

position 373. For GII.4 MI001 the critical loop has the sequence STDTSND374, 

which is almost identical to the one found in GII.4 Saga P dimers (STDTEND374). 

Although there is no crystal structure available for GII.4 MI001, this suggests 
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that the conformation of the critical loop is identical to the conformation found 

for GII.4 Saga.  

BIOLOGICAL SIGNIFICANCE OF IRREVERSIBLE ASN DEAMIDATION  

Deamidation and isomerization of asparagine residues as well as isomerization of 

aspartate residues are spontaneous processes generating PTMs associated e.g. 

with protein aging. Therefore, these modifications serve as molecular clocks 

controlling the life time of proteins (Robinson et al., 1970, Robinson and 

Robinson, 2001b). On the other hand, a cellular enzymatic repair system exists, 

reconverting iso-aspartate into aspartate and restoring the conventional protein 

backbone (Geiger and Clarke, 1987, Griffith et al., 2001, McFadden and Clarke, 

1987). Identification and characterization of these PTMs, which are linked to a 

single unit change in molecular mass, is a challenging analytical problem (Chazin 

et al., 1989, Eakin et al., 2014, Grassi et al., 2017, Hao et al., 2017, Noguchi et 

al., 1998). Therefore, the number of studies describing such modifications and 

elucidating their biological function is sparse. Nevertheless, there is growing 

evidence that deamidation of asparagine and isomerization of aspartate are in 

fact critically involved in a variety of biological processes. For instance, such PTMs 

may play a regulatory role in apoptosis (Deverman et al., 2002, Lee et al., 2012) 

and confer thermal stability in enzymes present in hyperthermophilic bacteria 

(Kumar et al., 2016). In general, there are a number of PTMs modifying the protein 

backbone and thus modulating protein functions (Muller, 2017). In the Saga GII.4 

P dimer the site of iso-aspartate formation is in a loop that engages in HBGA 

binding, and sequence analysis shows that in GII.4 strains 66 % of all P domains 

carry an asparagine residue in position 373 (Mallagaray et al., 2019). In fact, 

almost all GII.4 strains, for which crystal structures of P dimers have been 

obtained, carry this motif. Given a half-life of N373 of the order of only one to two 

days this PTM may play an important role during infection and may also modulate 

recognition by monoclonal antibodies binding to this region of the P domain 

(Donaldson et al., 2010, Lindesmith et al., 2014, Lindesmith et al., 2018). 

Therefore, it would be of interest to further characterize the role of this 

deamidation in vivo, to draw conclusions for antiviral therapy and vaccine 

development. 
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 Structural impacts of glycan binding in P dimers of other strains 

Given the high structural similarity of the analyzed P dimers with at the same 

time strain-dependent glycan binding behavior, the next step was to study if 

glycan binding induces different dynamic changes in P dimers of different strains. 

Furthermore, the structural effects of fucose binding to a mixture of wild type and 

deamidated GII.4 MI001 and GII.4 Saga P dimers were examined, to get more 

insights about the dynamic changes induced by N373 deamidation. In this study, 

the differences in structural responses to glycan binding of norovirus P dimers 

belonging to the following strains were addressed: The Asian epidemic strain 

GII.17 Kawasaki 308 (Chan et al., 2017), the rarely detected strain GII.10 Vietnam 

026, which can bind up to four fucose molecules (Koromyslova et al., 2015) and 

the GII.4 MI001 strain, which belongs to the highly pandemic GII.4 genotype and 

has been shown to infect mice as well (Taube et al., 2013). 

3.2.1 P DIMER DEAMIDATION IN OTHER HUMAN STRAINS 

To verify the deamidation status of the P dimer samples, they were subjected to 

peptic cleavage followed by LC-MS for peptide identification (Table 3). No 

deamidated peptides were identified for GII.10 Vietnam and GII.17 Kawasaki after 

2 years and several months of storage at 4°C, respectively. For GII.4 MI001 stored 

several months at pH 7.3 and 4°C, a fraction of approximately 64 % carried a 

deamidation at N373. Based on this identification, the ratio of purely native (NN) 

to half deamidated (iDN) to fully deamidated (iDiD) P dimers would be 13:46:41 %. 

Furthermore, a small fraction (< 10 %) was deamidated at N239 and N448, 

respectively. In GII.4 MI001 P dimers stored at pH 4.9, no deamidation apart from 

a small fraction of deamidated N448 was identified. GII.4 Saga P dimers stored 

for several months at pH 7.3 were also partially deamidated at N373 with a 

deamidated fraction of approximately 88 % (ratio 1.5:21:77.5 % NN:iDN:iDiD) 

(Table 3 and Figure S 14 - Figure S 20) 
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Table 3: Identification of deamidation sites in GII.4 MI001 and GII.4 Saga 
P dimers stored in buffers of different pH. No deamidation sites were identified in 
GII.10 Vietnam and GII.17 Kawasaki P dimers. Deamidation positions with 
highest probability were calculated in MaxQuant based on peptide fragment 
spectra. 

Strain 
(storage 

pH) 
Peptide sequence Deamidated 

position 

Deamidation 
position 

probability 

deamidated 
fraction (%) 

GII.4 
MI001 

(pH 4.9) 
RSTMPGCSGYPNMNL N448 0.99 8 

GII.4 
MI001 

(pH 7.3) 

FRSTMPGCSGYPNMNL N448 0.82 2 

STDTSNDFETGQNTRF N373 1 approx. 64 

NSRFPIPLEKL N239 0.98 7 

GII.4 
Saga 

(pH 7.3) 
STDTENDFETHQ N373 0.96 approx. 88 

 

VERIFICATION OF OLIGOMERIC STATE BY NATIVE MS 

Prior to HDX-MS analysis P dimers were subjected to native MS for quality 

control. Furthermore, ion exchange separated wild type (NN) and fully deamidated 

(iDiD) GII.4 Saga P dimers were measured for comparison. GII.17 Kawasaki, 

GII.10 Vietnam, wild type GII.4 MI001 and wild type GII.4 Saga P domains showed 

dimers with the expected molecular masses, apart from a small fraction of 

unspecific tetramers formed during the ESI process (Figure 15). Interestingly, 

both deamidated GII.4 P domains were also present as monomers. Increased 

monomer fractions correlate with the amount of N373 deamidated species, with 

16 % monomer in 64 % deamidated GII.4 MI001 and 32 % monomer in 100 % 

deamidated GII.4 Saga (Table 4). As deamidation rate in these strains is identical 

(Creutznacher et al., submitted) this suggests that monomers are a result of iDiD 

P dimer dissociation, while iDN species are still primarily dimeric. 
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Figure 15: Native mass spectra of different human norovirus P domains. GII.17 
Kawasaki, GII.10 Vietnam, wild type GII.4 MI001 and wild type GII.4 Saga P 
domains are present as dimers with the expected molecular masses, apart from 
unspecific tetramers formed during the ESI process. Both deamidated GII.4 P 
domains (100 % deamidated GII.4 Saga and 64 % deamidated GII.4 MI001) are 
also present as monomers. No native MS data is available for the partially (88 %) 
deamidated GII.4 Saga P dimer.  
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Table 4: Fractions of P monomers, dimers and tetramers from native MS 

Strain Monomer 

fraction (%) 

Dimer 

fraction (%) 

Tetramer 

fraction (%) 

GII.4 Saga deamidated (100 %) 32 60 8 

GII.4 Saga wild type 0 100 0 

GII.4 MI001 deamidated (64 %) 16 80 4 

GII.4 MI001 wild type 0 91 9 

GII.17 Kawasaki 0 100 0 

GII.10 Vietnam 4 96 0 

 

3.2.2 BIMODALITY INDICATES A SECOND, MORE PROTECTED 

CONFORMATION 

To analyze possible strain specific differences in the structural response to glycan 

binding wild type GII.4, GII.10 and GII.17 P dimers were incubated with 10 mM 

HBGA B trisaccharide and 100 mM fucose at pH 7 and differences between the 

unbound and ligand-bound state were measured using HDX-MS. During 

inspection of the glycan binding data, a bimodal character with one low intense, 

low deuterated and a second high intense, higher deuterated peak distribution 

was observed in the deuterated spectra of some peptides (Figure 16 A). These 

bimodal peak distributions can have many causes, e.g. two distinct protein 

conformations, conformational rearrangements that lead to EX1 exchange 

kinetics, insufficient ligand saturation or peptide carry over from the analytical 

or protease column (Fang et al., 2011, Hodge et al., 2019). 

To rule out effects induced by carry over, an additional dataset with randomized 

sample order and additional washing of the pepsin column between sample 

injections was measured for GII.4 MI001 NN P dimers incubated with fucose, 

which still showed bimodality. Moreover, bimodality is also observed in absence 

of any ligand, strongly indicating that undersaturated binding sites are not the 

origin of bimodality. Furthermore, ligand concentrations were chosen to provide 
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high and comparable saturation of binding sites. HBGA B trisaccharide affinities 

are identical for GII.4 Saga and GII.4 MI001 P dimers (Creutznacher et al., 

submitted). Assuming that P dimers of other strains bind glycans with affinities 

similar to GII.4 P dimers, binding pocket occupancy can be estimated based on 

Kd values measured by NMR (GII.4 Saga: 5.5 mM for HBGA B trisaccharide and 

22 mM for fucose) (Mallagaray et al., 2019). Binding of HBGA B trisaccharide in 

our setup would hereby correspond to 95 % binding site occupancy during 

equilibration with ligand (98 % for fucose) and 65 % during deuterium labeling 

(82 % for fucose). For GII.4 P dimers, recent NMR measurements suggest two 

independent binding sites (Creutznacher et al., submitted, Mallagaray et al., 

2019), whereas occupancy of up to four binding sites has been reported for 

100 mM fucose in crystal structures of GII.10 Vietnam P dimers (Koromyslova et 

al., 2015). 

COMPARISON OF BIMODALITY IN DIFFERENT STRAINS 

Bimodality can be seen in GII.4 MI001, GII.10 Vietnam and GII.17 Kawasaki, in 

the unbound proteins as well as in ligand bound proteins, but has not been seen 

in the GII.4 Saga P dimer (Mallagaray et al., 2019). For all three strains, 

bimodality is almost exclusively present in the P2 domain and in the lower part 

of the P1 domain (Figure 16 B). Peptides that are affected by glycan binding are 

often bimodal as well; therefore, it was necessary to manually analyze these 

regions again by binomial fitting of the individual peak distributions (an example 

analysis can be seen in Figure S 13). Residues 334-354, for example, are bimodal 

and also involved in glycan binding in all three strains. However, not all peptides 

that are protected upon glycan binding are bimodal. Peptides covering the 

canonical binding site are unimodal in GII.17 Kawasaki and GII.10 Vietnam and 

only show slight bimodality in GII.4 MI001 in the presence of fucose, indicating 

that protein conformation is conserved in these regions to facilitate glycan 

interaction. 

Relative intensities of the individual peak distributions are constant over time 

(Figure S 13) and highly similar for peptides within the same protein, which lead 

to the assumption that the P dimer adopts two distinct conformations, a compact 

and a more flexible one (Guttman et al., 2013). The relative intensity ratios of the 

peak distributions vary between experiments, but can still be compared within a 

certain experiment (Figure 16 C).  
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Figure 16: Bimodal peak distributions in some peptides point towards the 
existence of a second, more protected conformation. (A) Bimodality in deuterated 
spectra of an exemplary peptide of the GII.10 Vietnam P dimer. Bimodality occurs 
in both the unbound and the glycan bound state. Single peak distributions can 
be separated by binomial fitting. (B) Regions in P dimers of different strains that 
show bimodality in deuterated spectra (orange). Bimodality mainly occurs in the 
P2 domain and the lower part of the P1 domain in all strains. The amino acid 
numbering is based on the VP1 sequence. (C) Relative intensity of the first (lower 
deuterated) peak distribution for different strains and experiments calculated by 
binomial fitting. For GII.4 MI001 both HDX-MS experiments are shown (triplicate 
measurement with B trisaccharide and fucose vs. single measurement with 
fucose and additional wash steps between the injections). Relative intensity of the 
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first peak distribution stayed constant over time, so the averages over all bimodal 
time points for all states were calculated for several peptides of different protein 
regions and combined into bar graphs. The error bar represents the standard 
deviation of the average relative intensity calculated from N ≥ 5 peptides. 
Significant differences between the unbound and the glycan bound state were 
assessed using a two-sided Student’s t-test for each pair in an individual 
experiment. P values are indicated by asterisks: p < 0.001 (***), p < 0.01 (**) and 
not significant (ns). 

Depending on the strain and the individual experiment, the relative intensity of 

the first peak distribution in the unbound P dimer varies between 7 and 17 %. 

For GII.17 Kawasaki and GII.4 MI001 P dimers, incubation with HBGA B 

trisaccharide has no significant effect on the relative intensity of the first 

distribution, while there is a slight increase for GII.10 Vietnam P dimers. Presence 

of fucose, in contrast, significantly increases the relative intensity of the first 

distribution in all strains. While there is only a slight increase for GII.17 Kawasaki 

P dimers, the relative intensity of the first distribution increases by a factor of 2 

for GII.10 Vietnam and GII.4 MI001 P dimers. 

BIMODAL PEAK DISTRIBUTIONS COULD ORIGINATE FROM OLIGOMER 

FORMATION 

The bimodality in deuterated peak distributions of certain protein areas points 

towards two distinct protein conformations that experience a different level of 

HDX over the whole exchange period. The low deuteration of the first peak 

distribution suggests the presence of a compact conformation that is shielded 

from HDX. This could be in principle true for protein aggregates, however, the 

location of this compact conformation only on the top and bottom of the protein 

appears very distinct. In case of protein aggregation, bimodality all over the 

protein surface would be expected. 

So, if the low deuterated population is no artifact, what could it be instead? The 

P domain can form larger oligomers of different stoichiometry, up to whole 24-

mer P particles (Figure S 12)(Bereszczak et al., 2012, Tan et al., 2008). P particles 

form contacts through interactions near the bases of each P dimer, which could 

explain the reduced deuteration in this area (Tan et al., 2008). Closer inspection 

of the cryo EM structure also suggests more contacts between the P2 domains 

compared to free P dimer. P particles can bind HBGAs and are even suspected to 

interact with them in the same way as VLPs (Tan et al., 2008, Tan and Jiang, 

2005). However, in presence of glycans no significant deuteration difference could 



3 Results and Discussion 

47 

be detected in the low deuterated peak distributions. Nevertheless, this does not 

explicitly mean that there is no binding in these areas. Peak distributions in 

peptides covering the canonical glycan binding site are unimodal and show 

protection in all strains, meaning this interaction can be found in the entire 

protein population. 

The lack of deuteration changes in the low deuterated populations could mean 

that dynamics in these P oligomers are different from P dimers. However, 

interpretation of the absence of a significant deuteration difference on a certain 

time scale as no structural changes should be treated with caution for several 

reasons (Masson et al., 2019). First, the intensity and thus the signal-to-noise 

ratio in the lower deuterated peak distribution is low, which makes it difficult to 

detect statistically significant changes in deuteration. Secondly, HDX is reduced 

in the lower deuterated population compared to P dimers and would therefore 

need longer exchange times to reflect potential differences. There is a clear 

increase of the potential P oligomer population in presence of 100 mM fucose, 

which could mean that interaction with glycans supports P oligomerization that 

is otherwise less efficient (Tan and Jiang, 2005). It has to be noted that 

P oligomers were not observed in native MS of a 4.5 µM P dimer solution. This 

could be explained by the fact that the less than 20% of monomers, assumingly 

assembled into 24-mer P particles in absence of glycans, would amount to around 

1% of total signal intensity split up into many charge states in native MS, which 

likely drop below detection limit. In contrast, fractions of structural variants of 

less than 5 % can be detected in a properly conducted HDX-MS experiment 

(Hageman and Weis, 2019b). Importantly, the results imply that GII.4 Saga has 

a different ability to form P oligomers than the closely related GII.4 MI001 strain. 

3.2.3 STRUCTURAL DYNAMICS IN WILD TYPE P DIMERS 

Most of the deuteration changes in presence of HBGA B trisaccharide or fucose 

are detected in peptides that show bimodality. This commonly causes falsely low 

deuteration differences in centroid analysis, so individual binomial fitting of the 

two peak distributions was performed for some representative peptides in these 

regions to validate the observed deuteration differences in the main (second) peak 

distribution. As expected, binding of HBGA B trisaccharide and fucose induces 

changes in P dimers of all three strains, primarily in the P2 domain, indicating 

occupation of the glycan binding pocket (Figure 17).  
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Figure 17: Structural dynamics induced by glycan binding in human GII.4 MI001 
(A), GII.17 Kawasaki 308 (C) and GII.10 Vietnam (D) norovirus P dimers measured 
by HDX-MS. (B) Protected regions in wild type GII.4 Saga P dimers are shown for 
comparison (Mallagaray et al., 2019). Depicted are protein regions with significant 
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differences in deuterium uptake between unbound P dimers and P dimers with 
either 10 mM HBGA B trisaccharide or 100 mM fucose (p < 0.05, Student’s t-test 
and ΔD > 2x pooled average SD). The deuteration difference in the second peak 
distribution has been manually validated by binomial fitting in case of bimodal 
spectra. Bar graphs and colored structures indicate regions of P dimers, which 
get more protected (dark blue) or exposed (red) upon interaction with glycans. 
Areas colored in grey show no significant difference in the chosen HDX time 
regime and black areas have no peptide coverage. P1/P2 refers to the two domains 
of the P dimer (shown in Figure 8). 

Protected regions in wild type GII.4 MI001 P dimers are highly similar to GII.4 

Saga P dimers (Mallagaray et al., 2019) for both glycans (canonical binding site 

G443, Y444 and residues 283-303, Figure 17 A and B). In addition, protection of 

a β-sheet region in the top cleft of the P2 domain (residues 333-353) can be 

detected in GII.4 MI001 in presence of HBGA B trisaccharide. Chemical shift 

perturbations in this region could also be seen in NMR experiments with GII.4 

Saga P dimers in presence of glycans (Creutznacher et al., submitted, Mallagaray 

et al., 2019). Overall, protected regions in GII.4 MI001 match exactly with regions 

showing CSPs in GII.4 Saga NMR data, suggesting that both strains respond 

similarly to glycan binding. 

Protection of residues 333-353 in the P2 domain can be seen in all three strains. 

For GII.17 Kawasaki P dimers, significant protection in presence of HBGA B 

trisaccharide is only present in this specific region. When incubated with fucose, 

additional protection of the canonical glycan binding site (G443, Y444) and 

residues 269-286, located in the protein center below the P2 domain, can be 

detected (Figure 17 C). In contrast to GII.4 MI001 and GII.17 Kawasaki, GII.10 

Vietnam P dimers show protection in a lot of regions not only in the P2 domain 

including the canonical binding site (G451, Y452) and the β-sheet region in the 

binding cleft, but also some parts of the lower part of the P1 domain (Figure 17 D). 

The observed differences can only be seen in the second, highly deuterated peak 

distribution. The lowly deuterated peak distribution shows no significant 

differences between the unbound and the glycan-bound state in any of the strains 

indicating that only the highly deuterated species can bind glycans or labeling 

time was too short to detect deuteration differences in already strongly protected 

regions. 
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STRAIN DEPENDENT DIFFERENCES IN WILD TYPE P DIMER GLYCAN BINDING 

Apart from the presence of two distinct protein species in the sample, some 

differences in structural response to glycan binding in different strains could be 

detected as well. For GII.4 MI001, protected regions are almost identical to the 

earlier investigated GII.4 Saga P dimer (canonical binding site G443, Y444 and 

residues 283-303) (Mallagaray et al., 2019), apart from additional protection in 

the upper P2 binding cleft (residues 333-353). Involvement of this region has been 

seen in NMR data of GII.4 Saga P dimers as well (Mallagaray et al., 2019). 

Furthermore, a recent NMR study suggests identical glycan binding behavior of 

both GII.4 strains (Creutznacher et al., submitted). The same study also shows 

that MNV P dimers do not bind HBGAs, underscoring that infectivity of GII.4 

MI001 in mice cannot be explained by different glycan-induced dynamics between 

GII.4 Saga and MI001. 

GII.17 Kawasaki P dimer crystal structures with fucose and HBGA A trisaccharide 

show backbone interactions in T348 and G443 and side chain interactions in 

R349, D378 and Y444 (Koromyslova et al., 2017, Singh et al., 2015a). When 

incubated with HBGA B trisaccharide and fucose protection from HDX is 

observed for residues 333-353 corresponding to interactions with T348 and R349. 

In presence of 100 mM fucose, the canonical binding site (G443, Y444) is 

protected, as well as residues 269-286, which cannot be explained by the known 

interactions from the crystal structures. This region is located below the glycan 

binding cleft in the protein center, so protection from HDX could rather be the 

result of a long-distance structural change than of direct interaction with fucose. 

It would be interesting to see how long-distance structural changes would further 

propagate into the S domain in VLPs and if they would influence the dynamic 

P domain lift off from the S domain that has been seen for different norovirus 

strains (Jung et al., 2019, Smith and Smith, 2019, Snowden et al., 2020, Song et 

al., 2020, Tubiana et al., 2017). 

For the GII.10 Vietnam strain, binding of two HBGA B trisaccharides and up to 

four fucose molecules has been seen in crystal structures (Hansman et al., 2011, 

Koromyslova et al., 2015). Compared to GII.4 MI001 and GII.17 Kawasaki, 

protection in more protein areas for both HBGA B trisaccharide and fucose can 

be seen, which mainly corresponds to the known glycan interactions summarized 

in Table 5. Due to close proximity of interacting amino acids in fucose binding 

sites 1/2 and 3/4 these binding sites cannot be distinguished in HDX data at 

peptide resolution, but occupation of all four binding sites is likely at the given 
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concentration (Koromyslova et al., 2015). Interestingly, a protection of several 

residue stretches cannot be explained by known glycan interactions. Residues 

285-298 are protected in presence of fucose, similar to GII.4 strains. Residues 

311-336 belong to an unstructured region below the P2 binding cleft and could 

link the protection observed in the cleft to the one in residues 285-298. In 

presence of HBGA B trisaccharide, protection of the aforementioned residues is 

not present under the chosen conditions. A possible explanation could be that 

these structural changes are triggered by occupation of binding sites 3 and 4 in 

the P2 cleft, which so far has not been seen for HBGA B trisaccharide at similar 

concentrations (Koromyslova et al., 2015). HBGA B trisaccharide binding is 

mainly mediated by the fucose residue, with an additional interaction of galactose 

with G451 and some water mediated interactions (Hansman et al., 2011). In HDX-

MS a protection of residues 483-496 on the bottom of the P dimer is detected in 

addition, which could be a long-range effect not triggered by fucose alone. 

Taken together, P dimers of all investigated strains show protection of the upper 

P2 binding cleft (residues 333-353) underscoring the importance of this region for 

glycan binding. Protection of the canonical glycan binding site (G443, Y444 for 

GII.4 and GII.17; G451, Y452 for GII.10) was also detected in all strains and for 

all glycans apart from HBGA B trisaccharide binding with GII.17 Kawasaki 

P dimers. HBGA B trisaccharide could have a lower binding affinity in GII.17 

Kawasaki compared to the other strains that leads to smaller deuteration changes 

that are below the detection limit in the current experimental setup. 

It has to be noted that the GII.17 Kawasaki datasets have a higher back exchange 

(D/H) than the other datasets so that small glycan induced deuteration changes 

are more likely to be lost during the measurement. GII.4 and GII.10 P dimers 

show protection of residues 285-298, which is also absent in GII.17 P dimers. 

Interestingly, P dimers of the more prevalent strains GII.4 and GII.17 (Chan et 

al., 2017, de Graaf et al., 2015) show less changes in HDX upon glycan binding 

compared to GII.10 Vietnam, which is rarely detected in patients (Hansman et al., 

2011). 
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Table 5: Comparison of protected residues in HDX with known glycan interactions 
in crystal structures. Binding sites 1/2 are conserved for many strains and 
glycans, binding sites 3/4 have so far only been detected in GII.10 Vietnam. For 
GII.17 Kawasaki only crystal structures with fucose and A trisaccharide are 
available, so protected residues for B trisaccharide are compared to binding sites 
seen for A trisaccharide. P dimer chain annotations are given for fucose binding 
sites 1 and 3. No crystal structure is available for GII.4 MI001 P dimers, so 
binding sites are marked as unknown (NA). Protected residues for wild type GII.4 
Saga P dimers (Mallagaray et al., 2019) are shown for comparison. 

Protected residues in HDX Fucose binding site 1/2 Fucose binding site 3/4 

GII.10 Vietnam + 100 mM fucose (Koromyslova et al., 2015) 

285-298 - - 

311-336 - - 

337-364 
N355 (chain A) 

R356 (chain A) 
E359 (chain A) 

379-399 D385 (chain A) W381 (chain A) 

442-458 
G451 (chain B) 

Y452 (chain B) 
L449 (chain A) 

GII.10 Vietnam + 10 mM HBGA B trisaccharide (Hansman et al., 2011) 

336-361 
N355 (chain A) 

R356 (chain A) 
- 

379-428 D385 (chain A) - 

440-458 
G451 (chain B) 

Y452 (chain B) 
- 

483-496 - - 

GII.17 Kawasaki + 100 mM fucose (Koromyslova et al., 2017, Singh et al., 

2015a) 

269-286 - - 

333-353 
T348 (chain A) 

R349 (chain A) 
- 

434-452 
G443 (chain B) 

Y444 (chain B) 
- 

- D378 (chain A) - 
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Table 5: continued 

Protected residues in HDX Fucose binding site 1/2 Fucose binding site 3/4 

GII.17 Kawasaki + 10 mM HBGA B trisaccharide (Koromyslova et al., 2017) 

333-353 
T348 (chain A) 

R349 (chain A) 
- 

- 
G443 (chain B) 

Y444 (chain B) 
- 

GII.4 MI001 + 100 mM fucose 

283-303 NA NA 

434-449 NA  NA 

GII.4 MI001 + 10 mM HBGA B trisaccharide 

283-298 NA NA 

333-353 NA NA 

434-450 NA NA 

GII.4 Saga + 100 mM fucose and GII.4 Saga + 10 mM HBGA B trisaccharide 

(Mallagaray et al., 2019, Singh et al., 2015b) 

283-303 - - 

no coverage D374 (chain A)  

434-449 
G443 (chain B) 

Y444 (chain B) 
- 

3.2.4 STRUCTURAL DYNAMICS IN PARTIALLY DEAMIDATED P DIMERS 

To test whether deamidation of N373 attenuates glycan binding as observed for 

HBGA B trisaccharide in fully deamidated GII.4 Saga (Mallagaray et al., 2019) 

(Figure 18 C), HDX-MS experiments with the partially deamidated GII.4 MI001 

and GII.4 Saga P dimer in presence of 100 mM fucose were performed.  

FUCOSE-INDUCED DYNAMICS IN GII.4 SAGA AND MI001 P DIMERS 

Strikingly, protection of the canonical fucose binding site (G443, Y444) could be 

detected in both strains (Figure 18 A and B). This shows that fucose binding is 

still possible in partially deamidated (iDN) or even fully deamidated (iDiD) 

P dimers at the given concentration, even though binding is attenuated compared 

to the N373 wild type. Occupation of the canonical binding sites has been seen 

in crystal structures of deamidated GII.4 Saga P dimers at elevated 

concentrations of 600 mM fucose, but binding interactions are slightly different 

from wild type (chapter 3.1).  
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Figure 18: Structural dynamics in partially deamidated (N373iD) GII.4 P dimers. 
Fucose can still bind to the canonical glycan binding site in partially deamidated 
GII.4 MI001 (A) and GII.4 Saga (B) P dimers (pdb 6H9V)(significance criteria: 
Students t-test with p < 0.05 and ΔD > 2x pooled average SD). In contrast to the 
wild type N373 parts of the P2 domain get more exposed upon interaction with 
fucose. (C) HDX differences in fully deamidated GII.4 Saga P dimers in presence 
of 10 mM HBGA B trisaccharide are shown for comparison (chapter 3.1).  
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(D) Bimodality occurs in similar regions as for the wild type P dimer, implying 
that the more protected conformation is also present in the deamidated protein. 
In contrast to the native P dimer, the relative intensity of the first peak 
distribution does not significantly increase under fucose treatment. (E) The 
partially deamidated MI001 N373iD P dimer shows a higher deuterium uptake in 
large parts of the structure, which points towards higher flexibility, like in the 
fully deamidated GII.4 Saga P dimer (F) (chapter 3.1). 

In contrast to wild type GII.4 MI001 P dimer, no other region is protected from 

HDX under fucose treatment, but increased deuteration is observed in the P2 

domain of both GII.4 strains, suggesting a more exposed conformation. 

Interestingly, residues 335-362, which are protected in the wild type proteins of 

all strains, show increased deuteration in partially deamidated GII.4 P dimers.  

As there is a mixture of wild type and deamidated P domains in the sample, the 

mass shift in the deuterated spectra reflects the average of all components, 

unbound and fucose-bound NN, iDN and iDiD P dimers, which cannot be 

discriminated. However, binding probability calculations can give a hint, which 

species contribute most to the observed increase in deuteration in presence of 

fucose. Considering the fractions of wild type and deamidated P domains and 

their different Kds for fucose binding (chapter 3.1 Table 2), in GII.4 MI001 only 

17 % of binding events occur in pure wild type NN dimers, 54 % in half-

deamidated iDN dimers and 29 % in fully deamidated iDiD dimers. For GII.4 Saga 

even more binding events take place in fully deamidated P dimers (2:31:67 % for 

NN, iDN; iDiD), clearly showing that the detected increased deuteration is caused 

by fucose binding to at least half-deamidated P dimers. This suggests that fucose 

binding results in different structural responses in the wild type and partially 

deamidated protein. 

BIMODALITY IN PARTIALLY DEAMIDATED GII.4 MI001 P DIMERS 

In GII.4 MI001 regions with bimodal peak distributions (Figure 18 D) and relative 

intensities of both distributions are similar to the ones in the wild type protein. 

However, interaction with fucose in the partially deamidated GII.4 MI001 does 

not lead to a significant increase in the relative intensity of the lower deuterated 

peak distribution, as seen in the wild type protein. Slight bimodality is also 

present in peptides covering the canonical fucose binding site in the fucose bound 

state but relative intensities are similar to the ones observed for the wild type 

protein. 
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DEAMIDATION INCREASES DYNAMICS ALSO IN GII.4 MI001 

A comparison of FD normalized deuteration levels for wild type and deamidated 

GII.4 MI001 P dimers without glycans revealed increased deuterium 

incorporation in large parts of the P2 domain, as well as the P1 domain (Figure 

18 E). Highest deuteration differences (∆D > 1 Da) are detected for residues 335-

432 located in the P2 β-sheet cleft. This is in line with the increased flexibility in 

the P2 domain of the deamidated GII.4 Saga P dimer (Figure 18 F) described in 

chapter 3.1, however, in GII.4 MI001 this effect is propagated into regions more 

distant from the glycan binding pocket and deamidation site. 

The increased dynamics could weaken the dimer interfaces and therefore explain 

the dissociation into monomers in the deamidated protein (Figure 15). 

Additionally, monomers will most probably also experience higher HDX because 

of missing dimer interactions in the P1 domain and the P2 β-sheets (Chen et al., 

2017) that will add to the observed increase in deuteration compared to the 

exclusively dimeric wild type protein. 

POSSIBLE ROLES OF N373 DEAMIDATION IN AN INFECTION CONTEXT 

Deamidation is site-specific and happens over a timescale of 1-2 days at pH 7.3 

and 37 °C correlating with the length of the infection cycle (Mallagaray et al., 

2019). The high specificity of this deamidation under infection conditions lets 

suggest that this process could occur in vivo as well; however, the biological 

relevance for infection remains unclear. 

To test if this effect can also be found in the closely related GII.4 MI001 strain, 

HDX-MS on a spontaneously deamidated P dimer sample was performed, 

resulting in mixed populations of NN, iDN and iDiD dimers, which is more likely 

to be found in a natural infection context. For comparison, fucose binding to a 

partially deamidated GII.4 Saga P dimer was also measured, which contained an 

even higher fraction of fully deamidated iDiD P dimers. Strikingly, protection of 

the canonical glycan binding site could still be detected in both isolates under 

fucose treatment, mainly corresponding to binding to iDN and iDiD P dimers. 

Additionally, the P2 cleft was more exposed in the partially deamidated sample 

under fucose treatment, in contrast to the protection observed in the wild type 

NN P dimer. This indicates that under natural deamidation conditions, glycan 

binding at the canonical binding site still happens, but induces different 

structural changes than in the purely wild type P dimer. The exposure of the P2 

cleft suggests that after glycan binding this area gets more flexible, which could 
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be required to interact with other factors or the until now unknown receptor. As 

such an increase in deuteration is not present in wild type NN P dimers, this effect 

must be caused either by direct binding to deamidated P domains in iDN or iDiD 

dimers or by binding to wild type P domains in iDN dimers, whose overall 

dynamics are altered by the influence of the neighboring deamidated monomer. 

Neither protection of binding sites nor increased deuteration in P2 has been seen 

in previous HDX-MS measurements of fully deamidated GII.4 Saga P dimer with 

10 mM HBGA B trisaccharide under nearly identical conditions (chapter 3.1). A 

possible explanation could be that HBGA B trisaccharide concentration was too 

low to induce the observed effects because of decreased binding affinity. Notably, 

NMR measurements of fully deamidated GII.4 Saga P dimers with HBGA B 

trisaccharide and fucose show large chemical shift perturbations around residues 

370-380 (Figure S 8), a region where increased deuteration in presence of fucose 

is observed. 

N373 deamidation could serve as a pH and temperature dependent mechanism 

to control infectivity of the virus. P dimers and VLPs have been shown to be stable 

under low pH conditions and temperature (Pogan et al., 2018a), where 

deamidation rate is low (Mallagaray et al., 2019). After entering the human host 

via contaminated food and reaching the intestine, the rise in pH and temperature 

facilitates conversion of wild type to deamidated P dimers that are able to attach 

to glycans and perform the structural change required for interaction with the 

receptor and infection of the target cell. This theory is supported by the 

observation of increased flexibility in the P2 cleft of iDiD GII.4 Saga P dimers 

compared to the wild type (chapter 3.1), which is also present in GII.4 MI001 P 

dimers. In summary this could mean that deamidation creates the required 

flexibility for host cell attachment and subsequent receptor binding. Attenuation 

of glycan binding in the deamidated P dimer could be counteracted by avidity due 

to high glycan presentation on cell surfaces in vivo. Native MS measurements of 

deamidated GII.4 Saga and MI001 P dimers also show that with increasing 

deamidation, dissociation into monomers occurs, whereas in NN P dimers no 

monomers are present. This could as well be linked to the increased flexibility of 

iDiD P dimers that weakens the dimer interface and shifts the monomer-dimer 

equilibrium. It would be interesting to investigate whether increased flexibility is 

limited to the P domain or whether it is propagated into the S domain in VLPs as 

well, which as a result could destabilize the particle and prepare for uncoating. 
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CONSERVATION OF DEAMIDATION SITE IN DIFFERENT NOROVIRUS STRAINS 

The question remains, which advantage the evolutionary conserved N373 

deamidation site provides for the most prevalent GII.4 strains over other strains. 

One possibility is that higher flexibility induced by deamidation indeed enables 

better interactions with host receptors; another possibility is that it is part of an 

immune escape mechanism. N373 is located in the immunodominant antibody 

epitope A and even minor changes in the epitope sequence during viral evolution 

have resulted in the loss of monoclonal antibody response (Mallory et al., 2019). 

From all residues in this specific epitope, N373 seems to be the most conserved 

over time. Due to its close proximity to the glycan interacting D374, mutation of 

N373 could possibly impair glycan binding, which makes deamidation as a 

regulative mechanism for immune evasion without permanent mutation of the 

asparagine residue more favorable. 

On the other hand, prevalence of GII.17 strains increased over the last years (de 

Graaf et al., 2015), and based on its RISDNDD378 sequence the GII.17 Kawasaki 

P dimer is not able to deamidate at the equivalent position 377. Interestingly, a 

N373D mutated GII.4 Saga P dimer shows similar affinities to glycans as the N373 

wild type (Creutznacher et al., submitted) clearly illustrating that iso-aspartate is 

required at this position to induce the observed changes. The absence of 

deamidation could also increase stability under a wide range of pH conditions, as 

dissociation into monomers is less likely to occur. Increased stability under 

alkaline conditions has been seen for GII.17 Kawasaki VLPs, however, other 

strains without potential deamidation sites were less stable at alkaline pH (Pogan 

et al., 2018b, Shoemaker et al., 2010). GII.10 Vietnam carries a glutamine at the 

equivalent position 384, which in theory can deamidate but deamidation is much 

slower and has not been observed after more than two years of storage at 5 °C 

and pH 7 (Mallagaray et al., 2019). 

Further research is required to clarify the role of N373 deamidation in norovirus 

infection. Therefore, research focus should be shifted from wild type P dimers 

alone to the more likely occurring mixture of wild type and partially deamidated 

P dimers to elucidate the potentially important role of deamidation during 

infection. Furthermore, glycan binding studies with wild type and partially 

deamidated VLPs can give further information about the propagation of structural 

changes throughout the capsid. 
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 Monomer-dimer equilibrium in human and murine P domains 

Human and murine norovirus P domains adopt a very similar three-dimensional 

structure (see also Figure 8D), but show differences in their dimerization 

behavior. While human P dimers almost exclusively exist as dimers, murine 

P dimers are also present in a monomeric state after protein purification, but form 

dimers during crystallization (Nelson et al., 2018, Taube et al., 2010). To 

characterize these differences further and investigate the oligomeric state of 

murine P domains under native-like conditions, P domains of the two murine 

norovirus strains MNV07 and CR10 with 95 % sequence identity were measured 

at different protein concentrations by means of native MS. Mass spectrometry 

parameters were chosen to ensure native conditions and prevent protein 

unfolding and fragmentation. 

3.3.1 MURINE P DOMAINS EXIST AS MONOMERS AND DIMERS 

Both murine P domains are present as monomers and dimers in the native MS 

spectra and appear to be properly folded under the chosen conditions (Figure 19). 

P domain trimers and tetramers are also visible, but can be considered as 

unspecific clustering artifacts. Comparison of monomer and dimer peak areas at 

different protein concentrations shows that the CR10 P domain exists 

predominantly as monomer at low protein concentrations, whereas the MNV07 P 

domains shows a considerable amount of dimer at the respective protein 

concentrations.  

This is also reflected by the different murine P dimer dissociation constants, 

which were calculated based on monomer/dimer peak area ratios obtained at 

different protein concentrations in native MS (Figure 20). The relative dimer peak 

area at different protein concentrations allows calculation of the P dimer 

dissociation constant, which is 3.5 times higher for the CR10 strain (32 µM) than 

for the MNV07 strain (9 µM). In contrast, human norovirus P domains are almost 

exclusively dimeric, even at very low protein concentrations (Figure 21), 

suggesting a much lower Kd than in murine P domains.  
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Figure 19: Native MS spectra of murine norovirus P domains at varying monomer 
concentrations. (A) The GV strain MNV07 forms a considerable amount of dimers 
even at lower concentrations, whereas the P domain of the CR10 strain (B) is 
mostly monomeric and only forms a considerable amount of dimer at higher 
protein concentrations. Detailed mass tables can be found in Table S 2. 
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Figure 20: P dimer dissociation constants (Kd) for both murine norovirus strains. 
The relative dimer intensity was calculated based on monomer and dimer peak 
areas in native spectra (Figure 19) summed over all charge states The Kd was then 
determined by global non-linear least squares fitting as described in chapter 
5.4.2. 

 

 

Figure 21: Native MS spectrum for human norovirus GII.4 Saga P domain at 2 µM 
monomer concentration. Even at this very low concentration, the P domain forms 
almost exclusively dimers.  
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3.3.2 MURINE P DIMER DISSOCIATION IS STRAIN AND LIGAND DEPENDENT 

The native MS results confirm the existence of a monomeric and dimeric state of 

murine P domains under native-like conditions. However, the observation that 

even closely related MNV P domains show largely different Kds is surprising and 

raises the question if these differences can be pinpointed to specific amino acid 

changes in the dimer interface.  

MNV07 and CR10 P domains differ in only 15 amino acids, mostly located in the 

P2 domain (Figure 22). Changes in amino acids at the dimer interface are 

minimal, so that reduced dimer stability in CR10 cannot be easily assigned to a 

certain amino acid substitution based on the crystal structure. However, as 

described in chapter 3.2.1, deamidation of a single residue in the P2 domain is 

able to largely increase P dimer dissociation in human GII.4 noroviruses. 

Therefore, it can be suspected that small amino acid changes could also have 

strong effects on murine P domain dynamics. However, which amino acids could 

potentially induce these changes cannot be easily deduced from a static crystal 

structure. In comparison to human norovirus P domains, which are almost 

exclusively dimeric independent of the protein concentration, it is possible that 

MNV P domains in general are more dynamic and have smaller contact areas 

between the monomers in the dimeric state.  

 

 

Figure 22: Amino acid differences between MNV 07 and MNV CR10 mapped to 
the MNV CR10 structure (pdb 6H6M) in front (A) and top (B) view. Light and dark 
blue dots indicate the amino acid differences between the MNV07 and CR10 
strains in the individual monomers. 
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In recent NMR measurements with murine P domains of the closely related strain 

MNV1_CW (98 % sequence identity to CR10), a Kd of around 30 µM was obtained 

for P dimer dissociation (Creutznacher et al., in preparation), which is in the same 

range as the Kd obtained for the CR10 strain in native MS. Furthermore, the 

murine P domain rapidly degrades at neutral pH and shows decreased thermal 

stability at increasing pH. As observed in native MS, MNV P domains only 

dimerize at higher protein concentrations, in contrast to human P domains, 

which dimerize independently of the protein concentration. Interestingly, GCDCA 

binding strongly stabilizes MNV1_CW dimers, so that no monomers are observed 

anymore independent of the protein concentration. Furthermore, ligand binding 

increases the stability against thermal denaturation in solution (Creutznacher et 

al., in preparation).  

In human norovirus P dimers binding of GCDCA to the MNV binding site (Figure 

10) is sterically hindered and has so far not been observed. Based on the recent 

NMR and native MS data as well as crystal structures from literature, it can be 

hypothesized that murine P domains interact transiently with each other under 

ligand-free conditions and only form stable P dimers when bile acid is bound. 

This theory is also supported by the observation of ongoing monomer-dimer 

exchange on the time scale of the chromatographic separation in ligand-free 

MNV1_CW P dimers, which is absent after GCDCA binding (Creutznacher et al., 

in preparation).  

It would be interesting to measure GCDCA-bound and unbound MNV P dimers 

in native MS as well, to confirm the switch of the oligomeric state observed in 

NMR and to determine the dimer stability in both states, e.g. by analyzing the 

P dimer dissociation behavior at increasing collisional activation. In the same 

way, MNV strain-dependent differences in GCDCA binding and dimer 

stabilization could be analyzed.  
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 HDX-MS analysis of protein dynamics in lipid bilayers 

To develop an HDX-MS protocol for proteins that interact with membranes, a 

collaboration project with the group of Prof. Michael Schlierf at the Technical 

University Dresden was set up. The project included screening of optimal HDX-

MS conditions for the membrane protein Mistic as well as measurement of its 

dynamics in lipid vesicles of different compositions and in detergent micelles.  
 

Parts of the following chapter are in preparation for publication in: 

Krainer, G., Batet, M., Dülfer, J., Anadamurugan, A., Textor, M., Frotscher, E., 

Hartmann, A., Uetrecht, C., Keller, S., Schlierf, M. (in preparation) 

3.4.1 ADAPTATION OF THE BOTTOM UP HDX-MS PROTOCOL 

The standard bottom-up HDX-MS workflow includes labeling of the protein in 

deuterated buffer, followed by rapid mixing with quench buffer at pH 2.5 and 

flash freezing of the mixed sample. In doing so, the pH and temperature are 

reduced to 2.5 and -80 °C, respectively, to quench the exchange reaction as well 

as to unfold the protein and make it accessible for protease cleavage. Protease 

cleavage usually takes place on-column as part of the LC-MS step. Cleaved 

peptides are trapped and desalted, separated on an analytical column and then 

sprayed into the mass spectrometer for analysis. For membrane-associated 

proteins however, this process is not fully suitable and needs some optimization 

to gain optimal protein sequence coverage and prevent the introduction of large 

amounts of lipids and detergents that can deteriorate LC-MS performance 

(Martens and Politis, 2020, Trabjerg et al., 2018). Therefore, a lipid depletion step 

was introduced into the HDX-MS workflow and quench buffer and protease 

digestion conditions were screened for maximal sequence coverage of Mistic.  

Before HDX, Mistic stored in LDAO detergent micelles was reconstituted into 

palmitoyloleoylphosphatidylcholine (POPC) and dioleoylphosphatidylcholine 

(DOPC) LUVs. The quality of the reconstitution was checked by DLS 

measurements, which showed uniform size distributions of lipid vesicles before 

and after protein reconstitution as well as no aggregation (Figure S 22).  

After reconstitution and overnight dialysis to remove residual LDAO, the protein 

was diluted in undeuterated HDX buffer and mixed with different quench buffers 

to screen for optimal digestion conditions. Most studies investigating Mistic 
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(un)folding and structural dynamics are performed in detergent micelle 

environments (Broecker et al., 2014, Frotscher et al., 2018, Hartmann et al., 

2015, Jacso et al., 2013, Krainer et al., 2018, Psachoulia et al., 2006, Roosild et 

al., 2005). The protein is known to partially unfold under high concentration urea 

treatment (Broecker et al., 2014, Jacso et al., 2013) and is less stable in non-

ionic detergents like DDM than in zwitterionic detergents like DPC and LDAO, 

with greatest stability in the latter one (Hartmann et al., 2015, Krainer et al., 

2018). Therefore, DDM and DPC were added to the quench buffer to test whether 

detergent introduction can facilitate unfolding of Mistic from membrane vesicles 

or if presence of urea only is sufficient.  

 

 

Figure 23: Mistic peptide identification in POPC vesicles with different glycine 
quench buffers (Q1-3, pH 2.4, mixed 1:1 with protein solution), (+/-) lipid 
depletion and digested either in solution (s) or on column (c). Sequence coverage 
and average peptide length are nearly identical in all conditions, but the number 
of identified peptides is strongly reduced in Q2 and without lipid depletion. The 
box indicates the combination of conditions that was used in the following HDX-
MS experiments with Mistic. With this workflow, sequence coverage was almost 
identical in POPC, DOPC and LDAO (Figure S 23). 

However, addition of detergents did not provide any benefit in terms of peptide 

number and sequence coverage (Figure 23). Detergents and lipids usually do not 

interfere with peptide peaks in the mass spectrum (Hebling et al., 2010), but they 

reduce column lifetime and require extensive and frequent cleaning of the mass 

spectrometry source. Therefore, the quenched samples were run through a filter 

with lipid absorbing ZrO2 beads, which reduced the amount of lipids, but also the 
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peptide signal intensity. In most conditions, the number of peptides was higher 

in samples that were digested in solution compared to digestion on column; 

however, to reduce back exchange and avoid peak overlaps from pepsin 

autocleavage peptides in deuterated spectra, cleavage on column was preferred.  

The adapted HDX-MS workflow also showed increased back exchange and 

experimental error compared to the standard workflow (Figure S 24), mainly due 

to additional sample handing time during the lipid depletion step. This means 

that the adapted workflow has reduced sensitivity for smaller deuteration 

changes compared to the standard workflow, but still enables detection of larger 

conformational differences for Mistic in lipid and detergent environments. 

3.4.2 FULLY DEUTERATED (FD) CONTROL PREPARATION  

A fully deuterated control is a quality control sample that provides information 

about the back exchange of every peptide in the HDX workflow. This control is 

usually produced by labeling of the protein for 12-24 hours at room temperature 

in presence of a strong denaturant that ensures unfolding and therefore complete 

labeling of all backbone amides (Masson et al., 2019). While it is not strictly 

necessary to have this control in comparative experiments where only the relative 

differences of deuterium uptake between two states are compared (as in chapters 

3.1 and 3.2), it is necessary if information about the absolute deuterium uptake 

is desired. This can be the case if deuterium uptake should provide information 

about structural features, e.g. folded and unfolded protein areas or the 

orientation or overall topology of a protein in the membrane. In these cases, the 

deuterium uptake of each peptide needs to be normalized with the uptake of the 

respective fully deuterated control.  

For membrane proteins, however, preparation of a fully deuterated control can be 

challenging because of the high hydrophobicity and strong interactions with 

lipids and detergent that hamper sufficient unfolding at HDX conditions. This 

could lead to underestimation of deuterium uptake in still folded regions in the 

fully deuterated control and consequently an uptake overestimation of the 

respective regions in the normalized data. Therefore, it is important to ensure 

sufficient (or at least best possible) unfolding of the protein in the fully deuterated 

control (Wales et al., 2013).  
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MISTIC UNFOLDING UNDER UREA TREATMENT 

Fortunately, folding and unfolding of Mistic has been studied extensively by 

different techniques (Broecker et al., 2014, Frotscher et al., 2018, Hartmann et 

al., 2015, Jacso et al., 2013, Krainer et al., 2018, Psachoulia et al., 2006, Roosild 

et al., 2005). As most of these studies are performed with Mistic in LDAO, this 

condition was also used to prepare the fully deuterated control. It has been shown 

that introduction of 6-6.5 M urea leads to disruption of the detergent micelle 

(Jacso et al., 2013) and partial unfolding of helices (Broecker et al., 2014, Krainer 

et al., 2018). Full unfolding of helices is only reached when LDAO is depleted 

(Broecker et al., 2014, Jacso et al., 2013, Krainer et al., 2018)(Figure 24). It was 

observed that helices 3 and 4 are the most stable and build a scaffold for the 

recruitment of helix 2 during refolding, while helix 1 is the least stable and is 

recruited last (Jacso et al., 2013). 

 

 

Figure 24: Snapshot of the folding trajectories of Mistic as obtained from 
molecular dynamics simulations. The snapshot is taken at 6.5 M urea and 
0.3 mM LDAO (similar to the LDAO concentration in FD controls). Adapted with 
permission from Jacso et al. (2013), Copyright (2013) American Chemical Society. 

To test optimal conditions for the fully labeled control, Mistic in LDAO was diluted 

to 480 µM, which is far below the critical micelle concentration (CMC, 1.84 mM, 

as given in Broecker et al. (2014)), to induce breakup of micelles. The protein was 

then directly labeled 24 h with deuterated buffer or preincubated 2 h with 6 M 

urea before the 24 h deuterium labeling step (carried out at 48 µM LDAO in both 

conditions). In the first condition, Mistic should be unstructured and interact 

transiently with LDAO instead of being folded and embedded in the micelle 

(Broecker et al., 2014). The second condition should result in increased unfolding 

and less interactions with LDAO, and therefore highest deuterium incorporation. 
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For comparison, intact Mistic in LDAO micelles (6 mM LDAO) was labeled for one 

week at room temperature, serving as “maximum deuterated” comparison in the 

folded, micelle embedded state.  

Surprisingly, deuteration values of both FD controls (with and without urea 

incubation) were identical in the range of the experimental error. A possible 

explanation could be that the dilution of urea during the deuterium labeling step 

resulted in partial protein refolding, despite the absence of detergent micelles 

under labeling conditions. Furthermore, protein aggregation has been observed 

under low detergent/low urea conditions (Broecker et al., 2014), but could not be 

observed in the present HDX-MS experiment. However, aggregates could have 

been filtered out during the filtering step for lipid depletion. Deuteration of FD 

controls was higher than in folded Mistic labeled for one week, which confirms a 

more unfolded state with less contacts to LDAO molecules in the FD control 

compared to the micelle embedded state. 

NORMALIZATION OF DEUTERIUM UPTAKE 

To get further insights about the topology and orientation of Mistic in the lipid 

bilayer, deuteration data needed to be normalized to compare the absolute 

deuterium uptake of certain protein regions relative to each other. As full 

unfolding and therefore full deuteration of Mistic under FD labeling conditions 

could not be granted, normalization with the FD control was compared to 

normalization with the number of exchangeable peptide backbone hydrogens (so-

called “fractional uptake”) which does not take into account the back exchange of 

the individual peptide. Relative differences between certain regions of the protein 

were almost identical with both normalizing approaches, except for the N-

terminal region and helix (H) 1, which exhibited a very low fractional uptake, but 

very high FD-normalized uptake.  

Analysis of back exchange in the N-terminus of the protein showed that this 

region has a 13 % higher back exchange compared to all other regions of the 

protein, without having a much higher intrinsic exchange rate compared to other 

regions of similar length (average overall BE 54 %). As explained before, this 

phenomenon could either be explained by high stability and insufficient unfolding 

of this region, which leads to artificially low deuteration in the FD control, or 

increased back exchange in these peptides during the measurement. Taking into 

account the results from Jacso et al. (2013), helix 1 is supposed to be the least 

stable of all four helices and unfolds first under urea treatment. It is therefore 
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very likely that the low FD control deuteration is indeed caused by increased back 

exchange. Consequently, data was finally normalized with the FD control to 

account for different levels of back exchange in certain regions of the protein.  

This example shows that it is important to carefully screen for unfolding 

conditions for preparation of a proper FD control, when information about the 

overall structural features of the protein is desired. This is particularly 

challenging for membrane proteins, as they tend to interact strongly with the lipid 

environment and often aggregate when the lipid environment is depleted to induce 

unfolding. The degree of unfolding in presence of denaturing agents can for 

example be screened by CD spectroscopy, fluorescence measurements, FRET or 

NMR (Horne and Radford, 2016, Jefferson et al., 2018). Furthermore, pH and 

incubation time can be adjusted to allow for maximum labeling, but too harsh 

condition should be treated with caution to avoid falsely high deuterium 

incorporation into side chains (Masson et al., 2019). 

3.4.3 MISTIC CONFORMATIONAL DYNAMICS IN POPC, DOPC AND LDAO 

To gain further insights into Mistic conformation in different lipid environments, 

an HDX time course from 30 seconds up to 1 hour was measured for Mistic 

reconstituted in POPC and DOPC vesicles, as well as Mistic in LDAO detergent 

for comparison. Based on the FRET measurements (Krainer et al., in preparation), 

the hypothesis was that Mistic conformation would be strongly different in both 

lipids, being more compact in POPC and more stretched in DOPC (personal 

communication Michael Schlierf and Marta Batet). Thus, large HDX differences 

were expected all over the protein structure. However, deuterium uptake is very 

similar for Mistic in both lipids, indicating an overall highly similar structure.  

Statistically significant differences are only found in three parts of the protein 

(residues 25-40, 52-67 and 74-93), with higher exposure of these regions in DOPC 

compared to POPC (Figure 25A and B). In LDAO, residues 25-40 and 74-93 have 

significantly higher deuterium uptake than in both lipids, whereas residues 52-

67 are more protected in LDAO (Figure 25A and C).  

The regions showing significant deuteration differences are identical in all three 

environments, indicating that regions that undergo dynamic structural changes 

are conserved, but the degree of these dynamics varies between the detergent and 

lipid environments. 
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Figure 25: Significant deuteration differences of Mistic in POPC and DOPC lipid 
vesicles and LDAO detergent based on the centroid of the peak distribution.  
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(A) Uptake plots of peptides representative for the three regions where significant 
deuteration differences are observed. Error bars represent the standard deviation 
from three technical replicates. The structure represents the protein structure in 
LDAO detergent (pdb 1YGM). Significant differences were defined as passing a 
Students t-test (p < 0.05) and ΔD > 2x pooled average standard deviation of the 
dataset. (B) Difference plot for comparison of Mistic deuteration in POPC and 
DOPC. The grey area represents the threshold for a significant deuteration 
difference. (C) Difference plot for comparison of Mistic deuteration in LDAO and 
lipid vesicles (DOPC: red, POPC: blue). The colored area represents the threshold 
for a significant deuteration difference between DOPC-LDAO (red) and POPC-
LDAO (blue, slightly higher than for DOPC). Differences around residue 100 did 
not pass the Students t-test and are therefore not considered significant.  

Interestingly, residues 25-40 and 74-93 show bimodal peak distributions in 

LDAO as well as in lipid vesicles (Figure 26 A). In LDAO, two individual peak 

distributions are visible, while in lipids the two peak distributions are close to 

each other and result in one broad peak distribution. Binomial fitting of the 

individual peak distributions reveals that the first peak distribution corresponds 

to a very low deuterated conformation, e.g. due to strong interactions with 

detergents or lipids. A relative intensity shift from the first to the second peak 

distribution is observed over time, indicating conformational dynamics that 

induce mixed EX1/2 kinetics (Figure 26 C)(Guttman et al., 2013). 

This relative intensity shift is more pronounced in LDAO than in lipids and might 

be caused by slightly different conformational dynamics in detergents and lipid 

vesicles. A comparison of the deuterium uptake of the two conformations reveals 

very similar deuteration of the more protected conformation (first peak 

distribution) in all three environments (Figure 26B). The deuteration of the more 

exposed conformation, however, is constant over time in LDAO and as high as in 

the FD control, whereas it is lower in lipids and only gets close to the FD control 

deuteration level after one hour.  

To get more insights about the topology and the orientation of Mistic individual 

helices to each other in lipid vesicles, the absolute deuteration of certain parts of 

the protein structure was compared. For this purpose, the observed deuterium 

levels were normalized with the FD control to account for different levels of back 

exchange as described in chapter 3.4.2. The FD normalized deuteration 

percentage was then plotted onto the Mistic NMR structure using a color gradient 

with 10 % color steps. 
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Figure 26: Exemplary analysis of bimodality in peak distributions of peptide 74-
93. (A) Binomial fitting of the individual peak distributions of Mistic in LDAO, 
POPC and DOPC after 30 s of deuteration. (B) Deuterium uptake of individual 
peak distributions at every time point. The FD control is indicated as asterisk at 
the last time point. (C) Relative intensities and deuterium uptake of the individual 
peak distributions over time. The size of the bubble represents the relative 
intensity of peak distributions 1 and 2 at each time point. Plots represent the 
average of three replicate measurements. 

Figure 27 exemplarily shows Mistic deuteration in POPC after 2 min of labeling 

in both the exposed and protected conformation (see Figure S 26 for all states 

and time points). The N-terminus, helix 1, the loop region between helix 2/3 and 

the C-terminus are highly deuterated which suggests an exposed location with 

high solvent accessibility. The middle part of helix 2 around the kink is lower 

deuterated and the upper part of helix 4 is very low deuterated which points 

towards more lipid interactions and/or more conformational rigidity compared to 

the higher deuterated regions. The protein regions between helix 1/2 and 3/4, 

which adopt two conformations, are either very low deuterated (protected state) 
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or medium/highly deuterated (exposed state) in comparison to the other protein 

regions.  

 

 

Figure 27: Mistic deuteration in POPC after 2 min of labeling. The percentage 
reflects the FD normalized deuterium uptake averaged over several overlapping 
peptides in each region. Peptides in encircled regions show bimodal peak 
distributions, resulting from an exposed and a more protected conformation in 
these areas. 

3.4.4 MODEL FOR MISTIC MEMBRANE TOPOLOGY AND DYNAMICS 

Differential HDX-MS results show that three regions of the protein exhibit 

significant deuterium uptake differences between lipids and detergent, but also 

between the two lipids. These regions are located in the H1/H2 loop and the N-

terminal part of H2, the H2/H3 loop and parts of H3 and H4 including the loop 

between H3 and H4. In comparison to DOPC, uptake in these regions is reduced 

in POPC. Other protein regions did not show significant deuteration differences 

in POPC and DOPC which points towards a similar conformation, in contrast to 

the first assumption based on FRET measurements. In LDAO the H2/H3 loop 

region is more protected than in lipid vesicles, but the other two regions show a 

higher deuterium uptake compared to lipid vesicles.  
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STRUCTURAL DYNAMICS IN DETERGENT MICELLES AND LIPID VESICLES 

Furthermore, the H1/H2 loop and the N-terminal part of H2 as well as parts of 

H3 and H4 including the loop between H3 and H4 show clear bimodal peak 

distributions in LDAO and lipid vesicles, which indicate conformational dynamics 

that induce mixed EX1/2 kinetics. For the H3/H4 region, the deuteration of the 

higher deuterated peak distribution in LDAO is identical to the FD control while 

it is much lower in POPC and DOPC. This high deuteration could be either the 

result of higher conformational flexibility or incomplete folding of this region in 

LDAO. The degree of folding in LDAO was not measured before labeling, but the 

protein was produced using a reliable and reproducible protocol optimized to 

ensure complete folding of Mistic in LDAO. The protein preparation used in HDX-

MS behaved identical to other Mistic preparations during all protein purification 

steps (personal communication Marta Batet). Furthermore, literature suggests 

that Mistic is usually stable and completely folded in LDAO as long as no 

denaturant is present (Broecker et al., 2014, Frotscher et al., 2018, Jacso et al., 

2013, Krainer et al., 2018). Therefore, it is likely that the high deuteration is 

caused by structural dynamics in this area that leads to solvent accessibility 

similar as in the FD control. Furthermore, a drift of H4 from the protein core has 

also been seen in MD simulations of Mistic in LDAO (Psachoulia et al., 2006) 

which would result in higher solvent accessibility.  

In contrast, deuteration of the lower deuterated peak distribution is only slightly 

different in LDAO, POPC and DOPC. This could mean that the conformation of 

the protected state is similar in these environments, but the degree of dynamics 

that leads to a structural opening strongly depends on the environment. In lipid 

vesicles, the exposure to deuterated solvent is less pronounced and only leads to 

increased deuteration over time, which could be the result of tighter packing or 

more stable interactions in lipid vesicles than in the more artificial detergent 

environment. However, the observed dynamics could have an influence on lipid 

bilayer stability, e.g. by introducing larger defects that lead to leakage of solvent 

into the bilayer and thus increase in deuteration.  

PROTEIN ORIENTATION AND MEMBRANE DEFECTS 

The overall deuteration of Mistic in all environments is much higher than 

expected for transmembrane proteins that are usually deeply buried in the 

membrane and thus shielded from contact with deuterated solvent (Pan and 

Konermann, 2010). Such a high deuteration can therefore only be achieved if 
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either large parts of the protein are located at the outside of the membrane vesicle 

or membrane defects allow a leakage of solvent into the membrane where it is 

then able to deuterate the most accessible parts of the protein.  

It has been suggested that, in spite of its classical alpha-helical structure, Mistic 

does not adopt a membrane-spanning topology (Textor, 2016). Molecular 

dynamics simulations as well as the proteins biophysical properties do not 

support a peripheral localization of Mistic and rather suspect an orientation in 

parallel with the membrane (Sansom et al., 2008, Textor, 2016). Furthermore, 

Trp13 in H1 is suggested to be located in the hydrophobic core of the membrane 

(Textor, 2016), which would be in contrast to a peripheral localization. 

Interestingly, it has been shown that membrane defects are important for Mistic 

association with lipid vesicles as well as detergent micelles (Debnath et al., 2011, 

Krainer et al., 2018, Textor, 2016). Several studies also showed periplasmic 

location of the C-terminus (Roosild et al., 2005, Textor, 2016), which matches 

with the high deuteration in HDX-MS. Taken together, it can be assumed that 

the low deuterated protein regions are in contact with lipid/detergent while the 

high deuterated regions have less contacts and are more exposed to the 

deuterated solvent. Taking all these observations into account, a model of Mistic 

supposed membrane topology can be created (Figure 28). 

IMPLICATIONS ON POSSIBLE BIOLOGICAL FUNCTIONS 

It has been suspected before that helix pairs H1/H2 and H3/H4 could serve as a 

sensor of membrane thickness by changes in distance to each other based on the 

lipid environment (Textor, 2016). In this theory, the loop between H1 and H2 

would act as a flexible linker, which is supported by the observed HDX differences 

in this region. However, the H1/H2 and H3/H4 pairs are thought to be relatively 

fixed in their positions two each other, which is in contrast to the dynamics seen 

in HDX. HDX-MS differences of Mistic in POPC and DOPC reveal that the 

protected “closed” conformation is more exposed to deuterated solvent in DOPC, 

while the exposure of the “open” conformation is identical in both lipids.  

This indicates that the lipid environment has an influence on the overall 

conformation of the protein, which is in line with FRET data (Krainer et al. in 

preparation). Protein dynamics, however, seem to result in very similar 

conformations in both lipid vesicles irrespective of the “closed” starting 

conformation. This means that if the “open” conformation has some biological 

function, this would be independent of the properties of the lipid environment. 



3 Results and Discussion 

76 

 
 

Figure 28: Model of Mistic overall topology and conformational dynamics  in lipid 
vesicles based on FD-normalized HDX data. Two regions between H1/H2 and 
H3/H4 show bimodal peak distributions, which indicate the presence of two 
conformations (A: open, B: closed). In the open state more membrane 
perturbations are induced, which leads to increased penetration of solvent 
molecules (blue dots) into the lipid bilayer and thus higher deuteration of 
accessible parts of the protein. Grey dots represent the position of FRET labels in 
accompanying single-molecule FRET experiments. 
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However, the lipid properties could influence kinetics of these conformational 

switches, as seen by a larger shift towards the exposed conformation in lipids 

than in LDAO.  

Taken together, HDX-MS data points towards a more complex biological function 

of Mistic than being a sensor of membrane properties alone. The observed 

dynamics could facilitate the interaction with fusion proteins to perform its 

chaperone function and promote overexpression of target proteins. In this 

context, it is important to note the N-terminal helix 1 does not seem to be required 

to promote overexpression as other Mistic homologs lack this helix (Roosild et al., 

2006). In fact, H1 is the only helix that does not show significant differences in 

HDX between POPC and DOPC and could therefore be less influenced by different 

lipid properties.  

In summary, HDX-MS could add some information about Mistic conformation 

and dynamics in different environments, but further work is required to fully 

uncover its conformational dependency on lipid properties, mechanisms of action 

and biological function. It could also been shown that protein dynamics in lipid 

vesicles are different from detergents, suggesting that only measurements in more 

native-like environments can provide a real picture of Mistic native conformation 

and dynamics.  
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4 OUTLOOK 

The objective of this project was to set-up an HDX-MS workflow for the 

identification of strain-specific structural changes in norovirus P dimers upon 

glycan binding. The implemented HDX-MS standard workflow allows 

characterization of protein-ligand interactions and dynamics of soluble proteins 

in a robust and reproducible manner. The standard workflow has also been 

adapted for the investigation of protein-membrane interactions, which will be 

important in the future to map the occurring structural changes in the norovirus 

capsid under more native-like conditions by HDX-MS. 

HDX-MS measurements on norovirus P dimers indicate a strain-specific response 

of the P dimer to glycan binding. In addition, N373 deamidation in GII.4 norovirus 

strains has large effects on glycan recognition and protein dynamics. Further 

studies are required to shed some light on the potential role of this deamidation 

in the infection process. Even though HDX-MS experiments with norovirus 

P dimers in solution could already give insights into the different structural 

dynamics induced by glycan binding, they only provide a limited picture of the 

protein dynamics and interactions in the viral capsid. Therefore, future research 

will gradually move to VLPs and intact virions, as well as displaying glycans on 

surfaces or lipids to more closely mimic the natural infection context. In the 

following subchapters a brief overview of future research aims, the necessary 

HDX-MS protocol adjustments as well as potential challenges will be presented. 

4.1.1 STRAIN DEPENDENT DIFFERENCES ON THE VLP LEVEL  

The most important question would be whether the changes in protein dynamics 

upon glycan binding observed in P dimers are comparable in VLPs. Structural 

dynamics in the P domain could be influenced by the S domain and the VP2 

protein and could be propagated throughout the capsid inducing changes far 

away from the glycan binding site. Furthermore, it would be interesting to 

investigate if deamidation also occurs in VLPs and, if so, how it influences the 

dynamics and stability of the capsid. 

This may require an adaptation of the HDX-MS protocol, to account for increased 

peptide numbers and potentially higher stability of VLPs under acidic conditions. 

However, the method benefits from the limited size of the individual capsid 

proteins, which occur in multiple copies, so that the absolute number of peptides 
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observed is the same for single VP1 subunits and VLPs reducing overlap of 

peptide signals. Preliminary results from first peptide mapping experiments with 

in-house produced human norovirus VLPs using the P dimer HDX protocol 

yielded 93-100 % VP1 sequence coverage, in the same range as for P dimers 

(Figure 29). Therefore, it can be supposed that HDX-MS experiments for glycan 

binding to VLPs in solution will not require large methodological adjustments.  

 

 

Figure 29: Human norovirus P dimer and VLP sequence coverage using the HDX-
MS protocol for P dimers. 

4.1.2 MEMBRANE PRESENTATION OF GLYCANS 

So far, HDX-MS experiments have focused on binding of free glycans in solution, 

which does not completely resemble the situation in vivo. It would be therefore of 

high interest to analyze the effect of membrane association and binding to 

membrane-attached glycans. Membrane attachment could alter glycan specificity 

as some parts of the glycan may become sterically inaccessible. Furthermore, 

glycans displayed on a surface or lipid bilayer will only interact with parts of a 

viral capsid. Therefore, HDX-MS experiments can show if structural changes only 

occur at the glycan-interacting face of the capsid or if a local change is 

transmitted through the capsid, resulting in a global structural response to 

glycan binding. Glycan-display on surfaces will also allow probing multivalency 

effects similar to the cellular environment. 



4 Outlook 

80 

To perform these experiments glycolipids will need to be attached to a surface, 

which will be executed by a collaborator from the current research group. After 

binding to lipid-attached glycans and deuterium labeling, VLPs must be removed 

from the surface during the quench step. Here, quench conditions have to be 

screened in order to wash off particles optimally without introducing large 

amounts of background material into the sample. If considerable amounts of 

glycolipids get washed-off as well, they can be depleted in a similar way as in the 

HDX-MS workflow for membrane proteins.  

4.1.3 INFECTIOUS NOROVIRUS PARTICLES 

The ultimate goal would be to analyze structural dynamics in infectious viral 

particles in presence and absence of glycans, both in solution and presented on 

lipids or surfaces. This would give a complete picture of the structural response 

to glycan binding in a more native-like environment, which takes several factors 

like influence of all viral proteins and the genome, avidity and membrane 

interactions into account. When a HDX-MS workflow for infectious particles is 

established, the influence of environmental conditions and co-factors, such as pH 

changes, temperature, glycans, bivalent cations, bile acids and the murine 

protein receptor, on structural dynamics of the capsid can be investigated. These 

results can help to elucidate which structural changes are required to prime for 

host cell entry and provide valuable insights for drug and vaccine development.  

MNV can be grown in cell culture and is available from collaborators. In contrast, 

sufficient amounts of infectious human norovirus particles can so far only be 

obtained from patient stool samples. Therefore, initial HDX-MS method 

development for infectious particles needs to be done with MNV and later adapted 

to human norovirus, if samples become available. However, there are usually 

some challenges involved with the measurement of intact virions. It must be 

ensured that the virus is fully inactivated during the quench step, which 

necessitates the screening for an inactivation procedure that is compatible with 

HDX-MS. The most common inactivation protocols for MNV include heat 

inactivation, high organic disinfectants or other chemicals (Kamarasu et al., 

2018), which would largely increase back exchange and be incompatible with 

either pepsin activity or MS analysis. Therefore, different quench buffer 

formulations need to be screened for complete MNV inactivation and HDX-MS 

compatibility. Preliminary results suggest that quench buffers containing 6 M 
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urea or 6 M guanidine hydrochloride fully inactivate MNV (Figure 30A), while 

0.2 M TCEP alone is not sufficient. Particles inactivated with urea or guanidine 

hydrochloride containing quench buffers are also accessible for pepsin digestion 

(Figure 30B). Further MS measurements are required to decide which quench 

buffer formulation provides the best sequence coverage and if other sample 

preparation steps are necessary to reduce spectral complexity.  
 

 

Figure 30: MNV inactivation and pepsin digestion. Infectious MNV.CW3 particle 
were mixed with equal amounts of different quench buffers and frozen in liquid 
nitrogen. (A) Sample was adjusted to pH 8 and a plaque assay with BV2 cells was 
performed to determine the MNV titer after mixing with quench buffers (black 
bars). Blue bars represent the inactivation relative to the positive control (PC) 
without quench buffer. (B) Fully inactivated MNV samples 1, 2, 4, and 5 were 
digested for 30 seconds in-solution (+ with, - without pepsin) and analyzed by 
SDS-PAGE. A digest of 10 µg myoglobin (Mb) served as positive control.  
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5 MATERIAL AND METHODS 

 Sample preparation 

5.1.1 NOROVIRUS P DOMAINS 

Norovirus P domains were synthesized and purified as described in Mallagaray et 

al. (2019). Briefly, E. coli BL21(DE3) were transformed with a pMal-c2x expression 

vector encoding the genes for ampicillin resistance, a fusion protein of maltose-

binding protein, two His-tags, an HRV 3C cleavage domain, and the P domain. 

Due to the cloning strategy, the sequences of GII.4 Saga 2006, GII.4 MI001 and 

GII.17 Kawasaki 308 P domains contain an extra GPGS sequence preceding K225 

(R228 for GV MNV07 and CR10), whereas GII.10 Vietnam 026 contains a GPG 

sequence preceding S224 (Table 6).  

 

Table 6: Norovirus P domains. Molecular weight refers to the monomeric P domain 
and was calculated using the ProtParam tool (Wilkins et al., 1999). 

Norovirus strain GenBank ID VP1 amino acids  

(N terminal additions) 

Molecular 
weight (kDa) 

GII.4 Saga 2006 AB447457 225-530 (GPGS) 34.1 

GII.4 MI001 KC63l8l4 225-530 (GPGS) 34.1 

GII.10 Vietnam 026 AF504671 224-538 (GPGS) 34.7 

GII.17 Kawasaki 308 LC037415 225–530 (GPGS) 34.1 

GV MNV07 AET79296 228-530 (GPGS) 33.4 

GV CR10 ABU55613 228-530 (GPGS) 33.4 

 

Transformed cells were grown for 3 h at 37 °C. Overexpression was induced with 

1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) at an OD600 value of 1.5. 

Incubation was continued at 16 °C for 48 h. Cells were lysed in 75 mM phosphate 

buffer, 100 mM NaCl, pH 7.3 (human P domains) or 20 mM sodium acetate, 

100 mM NaCl, pH 5.3 (murine P domains), using a high-pressure homogenizer 

(Thermo). The lysate was clarified by centrifugation, and the fusion protein was 
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purified using a Ni-NTA resin (Qiagen). MBP and the His-tag were cleaved from 

the P domain using HRV 3C protease (Novagen). Cleaved P domain protein eluted 

from Ni-NTA resin and was further purified by size-exclusion chromatography 

using a Superdex 16/600 200 pg column (GE Healthcare) in 20 mM sodium 

phosphate buffer (pH 7.3) or 20 mM sodium acetate, 100 mM NaCl (pH 5.3) 

buffer for human and murine norovirus P domains, respectively. Protein purity 

and dimer concentration were monitored by SDS-PAGE and ultraviolet 

absorption. Separation of fully, partially, and non-deamidated P dimer species 

was achieved by cation exchange chromatography using a 6 mL Resource S 

column (GE Healthcare) at 6 °C. Protein samples were prepared in 20 mM sodium 

acetate buffer (pH 4.9) to prevent further deamidation and eluted using a linear 

salt gradient.  

Wild type P dimer samples were stored at 5 °C in the following buffers until 

analysis: GII.10 Vietnam: 25 mM Tris-HCl, 300 mM NaCl, pH 7.3; GII.17 

Kawasaki, GII.4 Saga and GII.4 MI001 (the latter two as wild type N373): 20 mM 

sodium acetate, 100 mM NaCl pH 4.9. To create spontaneously deamidated 

(partially N373iD) GII.4 MI001 and GII.4 Saga P dimer (Mallagaray et al., 2019), 

wild type GII.4 MI001 P dimer was stored in 25 mM Tris-HCl, 300 mM NaCl, 

pH 7.3 and GII.4 Saga P dimer was stored in in 75 mM sodium phosphate buffer, 

100 mM NaCl, pH 7.3 at 4 °C for several months. Murine P dimer samples were 

stored in 20 mM sodium acetate, 100 mM NaCl, pH 5.3. 

5.1.2 MISTIC 

Protein production and purification was done as illustrated in Hartmann et al. 

(2015). In brief, Mistic was produced from a previously described pET-30 EK/LIC 

expression vector containing a kanamycin resistance gene (Merck, Darmstadt, 

Germany) (Broecker et al., 2014, Jacso et al., 2013). The plasmid was co-

transformed into the Escherichia coli expression strain BL21(DE3) (Agilent 

Technologies) with the plasmid pEvol PylRS containing the engineered Amber 

suppressor tRNA/synthetase system carrying a chloramphenicol resistance 

marker. Recombinant protein production was carried out according to the 

following published procedures (Tyagi and Lemke, 2013) with minor 

modifications. Briefly, cells were grown at 37 °C with shaking at 220 rpm in 

Terrific Broth medium supplemented with 25 µg/mL kanamycin and 30 µg/mL 

chloramphenicol. The cells were induced at OD600 = 0.6 with 0.2 % arabinose and 
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1 mM IPTG and cultivated for a further 24 h at 37 °C. The protein was purified in 

LDAO (Sigma Aldrich, St. Louis, USA) by a combination of immobilized metal 

affinity chromatography, followed by His-tag removal by enterokinase cleavage, 

anion-exchange chromatography, and removal of enterokinase and uncleaved 

fusion protein by reverse immobilized metal affinity chromatography (Broecker et 

al., 2014, Jacso et al., 2013).  

5.1.3 GLYCANS 

Table 7: Overview of glycans. Methyl α-L-fucopyranoside and HBGA B 
trisaccharide were purchased from Carbosynth. Galactose was purchased from 
Sigma Aldrich. 

Name (abbreviation) Glycan nomenclature Chemical structure 

Methyl α-L-fucopyranoside  

(fucose) 
α-L-Fuc-(1,O)-CH3 

 

 

HBGA B trisaccharide 

(HBGA B tri) 

α-D-Gal-(1,3)-[α-L-Fuc-

(1,2)]-β-D-Gal-(1,O)-CH3 

 

 

Galactose D-(+)-Galactose  

 

 

 

5.1.4 LIPIDS AND DETERGENTS 

Detergent micelles are widely used in membrane protein research to facilitate 

water solubility and maintain protein stability in absence of a native hydrophobic 

environment. The amphiphilic detergent structure consists of a polar head group 

that provides solubility and a nonpolar hydrocarbon moiety that mimics the 
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hydrophobic environment for the protein. At concentrations above the CMC 

(Preston, 1948), detergent molecules rapidly form micelles that are a prerequisite 

for the solubilization of membrane proteins. Similar to detergents, phospholipid 

molecules consist of a polar head group, but the nonpolar tail contains two acyl 

chains, which leads to a cylindrical shape of the molecule. Instead of micelles, 

these molecules form vesicles out of lipid bilayers, which mimic the natural lipid 

environment better than detergents. Table 8 gives an overview of the detergents 

and lipids used in this work. 

 

Table 8: Overview of detergents and lipids 

Name (abbreviation) Other names Chemical structure 

Detergents 

n-dodecyl-β-D-maltoside 

(DDM) 
 

 

 

n-dodecyl 

phosphocholine (DPC) 
C12-PC 

 

 

N,N-dimethyldodecyl-

amine N-oxide (LDAO) 

Lauryldimethylamine 

N-oxide 

 

 

Lipids 

1,2-dioleoyl-sn-glycero-

3-phosphocholine 

(DOPC) 

Dioleoyl-

phosphatidylcholine, 

18:1 (Δ9-cis) PC 

 

 

1-palmitoyl-2-oleoyl-

glycero-3-

phosphocholine (POPC) 

Palmitoyloleoyl-

phosphatidylcholine, 

16:0-18:1 PC 
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5.1.5 VESICLE PREPARATION AND MISTIC RECONSTITUTION 

LUV preparation as well as Mistic reconstitution was performed prior to HDX-MS 

experiments. The desired lipid (Avanti Polar lipids) was first dissolved in a 2:1 

chloroform/methanol mixture, then dried under gentle nitrogen flow, followed by 

vacuum drying for more than 1.5 h. The lipid cake was hydrated using 

reconstitution buffer (50 mM Tris, 50 mM NaCl, pH 7.4), yielding a 20 mM lipid 

concentration. The lipid suspension was vortexed for 5 min, followed by ten 

freeze-thaw cycles. After being incubated for 1 h while shaking, the solution was 

extruded 41 times through a 100 nm polycarbonate filter using a Mini-Extruder 

(Avanti Polar Lipids) as indicated in the manufacturer’s protocol 

(AvantiPolarLipids, 2020). 

The unimodal vesicle size distribution of the vesicles was confirmed by DLS (Wyatt 

technology). Reconstitution of Mistic was performed by gradually replacing 

detergent micelles with lipid vesicles. 25 µL of 63 µM Mistic, solubilized in 6 mM 

LDAO, was mixed with 25 µL of 40 mM lipid in vesicle suspension, resulting in 

50 µL 10 mM lipid vesicles decorated with LDAO at sub-solubilizing detergent 

concentrations (3 mM) and a 31.5 µM concentration of the protein (1269:1 

lipid:protein ratio). The mixture was incubated at room temperature for 45 min 

during which the sample was diluted stepwise to reach a LDAO free protein-

vesicle concentrate far below the critical micellar concentration (CMC 

LDAO = 1.5 mM). In other words, every 15 min 50 µL of buffer were added until 

200 µL were reached. After the stepwise dilution, the sample contained 7.8 µM 

Mistic, 5 mM lipid and 0.75 mM LDAO. To quantitatively remove LDAO from 

LUVs, samples were dialyzed two times against 50 mM Tris and 50 mM NaCl 

pH 7.4 in a dialysate volume of 1000 x sample volume with a membrane cut-off 

of 3.5 kDa. (first exchange after 2 h, second exchange overnight). The final sample 

for HDX-MS contained ~200 µL of 7.8 µM Mistic and 5 mM lipid. 
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 HDX-MS 

5.2.1 SAMPLE PREPARATION AND LABELING 

Samples were diluted 1:9 in 99 % deuterated 20 mM Tris buffer (pH 7.4, 150 mM 

NaCl, 25 °C) to start the exchange reaction. After various time points the 

exchange reaction was quenched by 1:1 addition of ice-cold quench buffer 

(300 mM phosphate buffer, pH 2.3, 6 M urea), which decreased the pH to 2.3, 

and then frozen in liquid nitrogen. 

EXPERIMENT-SPECIFIC METHODOLOGICAL DETAILS 

The following experiment-specific adjustments were made to the general sample 

preparation workflow described above:  

 

Chapter 3.1 

Protein: GII.4 Saga P dimer (wild type and deamidated) 

Ligands: HBGA B trisaccharide, fucose, galactose 

Reference: Mallagaray et al. (2019) 

 

Wild type and deamidated P dimer (50 pmol) were mixed with glycans at tenfold 

of the final concentration (final: 10 mM HBGA B trisaccharide, 100 mM fucose, 

100 mM galactose as negative control) and directly diluted in deuterated buffer. 

After 1 min, 10 min, 1 h and 8 h the exchange reaction was quenched as 

described above. 

 

Chapter 3.2 

Protein: GII.10 Vietnam 026 P dimer, GII.17 Kawasaki 308 P dimer, GII.4 Saga 

P dimer (partially deamidated), GII.4 MI001 P dimer (wild type and partially 

deamidated) 

Ligands: HBGA B trisaccharide, fucose 

Reference: Dülfer et al. (in preparation) 

 

P dimer (30-50 pmol) was mixed with glycans at tenfold of the final concentration 

(final: 10 mM HBGA B trisaccharide, 100 mM fucose) and directly diluted in 

deuterated buffer. After 1 min, 10 min, 1 h and 8 h (15 s, 1 min, 10 min for 

partially deamidated GII.4 Saga P dimer) the exchange reaction was quenched as 
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described above. As a FD control, P dimers were diluted 1:9 in 99 % deuterated 

20 mM Tris buffer with 150 mM NaCl and 6 M urea at pH 7, labeled for 24-72 h 

at room temperature, and then quenched as described above.  

 

Chapter 3.4.1 

Protein: Mistic in POPC, DOPC and LDAO 

Ligands: - 

Reference: - 

 

50 pmol Mistic (6.4 µL of 7.8 µM) were mixed with 43.6 µL of undeuterated Tris 

buffer (the same one as used for reconstitution). This would result in ≈ 87 % 

deuterium labeling when deuterated buffer is used in the HDX experiment. For 

screening of quench and digestion conditions two undeuterated samples were 

prepared for every combination of lipid (POPC and DOPC) and screening 

condition. 

 

Quench buffers: 

Q1: 2 M glycine, 8 M urea, 2 mM DDM, pH 2.4 

Q2: 2 M glycine, 8 M urea, 16 mM DPC, pH 2.4 

Q3: 2 M glycine, 8 M urea, pH 2.4 

 

Screening conditions: 

1. On-column digestion without lipid removal:  

50 µL of each quench buffer was added to the sample and directly frozen 

in liquid nitrogen  

2. In-solution digestion without lipid removal:  

47 µL of each quench buffer was added to the sample, the sample was 

placed on ice and 3 µL of 334 µM pepsin solution (in 2 M glycine, pH 2.4) 

was added (protein:pepsin = 1:200). After 2 min of digestion time, samples 

were frozen in liquid nitrogen. 

3. On-column digestion with lipid removal: 

50 µL of each quench buffer was added to the sample, transferred to a filter 

with lipid removal beads (HybridSPE-Phospholipid beads, Merck) and 

centrifuged for one minute at 1 °C. The filter was removed and the flow 

through directly frozen in liquid nitrogen. 
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4. In-solution digestion with lipid removal: 

47 µL of each quench buffer was added to the HDX sample, the sample 

was placed on ice and 3 µL of 334 µM pepsin solution (in 2 M glycine, 

pH 2.4) was added to the sample (protein:pepsin = 1:200). After 1 min of 

digestion time, samples were transferred to a filter with lipid removal beads 

and centrifuged for one minute at 1 °C. The filter was removed and the flow 

through directly frozen in liquid nitrogen. 

 

Furthermore, the Mistic stock solution in LDAO was diluted to 50 pmol in Tris 

buffer and then mixed with Q3 quench buffer for comparison.  

 

Chapter 3.4.2 

Protein: Mistic in POPC, DOPC and LDAO 

Ligands: - 

Reference: Krainer et al. (in preparation) 

 

50 pmol Mistic in POPC, DOPC and LDAO was diluted 1:9 in 99 % deuterated 

50 mM Tris buffer (pH 7.4, 50 mM NaCl, 25 °C, additionally 3 mM LDAO for 

LDAO sample) to start the exchange reaction. After 30 s, 2 min, 10 min and 1 h 

the exchange reaction was quenched by 1:1 addition of ice-cold quench buffer 

(1 M glycine, 8 M urea, pH 2.1), which decreased the pH to 2.3. The samples were 

transferred to a filter with lipid removal beads (HybridSPE-Phospholipid beads, 

Merck) and centrifuged 30 s at 1 °C. The filter was removed and the flow through 

directly frozen in liquid nitrogen. All time points were performed in triplicate.  

 

Two FD controls were prepared by the following protocols respectively: 

 

1.) 123 µM Mistic in 6 mM LDAO was diluted to 10 µM in 50 mM Tris 

undeuterated and LDAO-free buffer with 50 mM NaCl at pH 7.4. The 

protein was then further diluted 1:10 in 99 % deuterated buffer (50 mM 

Tris, 50 mM NaCl, pH 7.4) and labeled for 24 h at room temperature. The 

exchange reaction was quenched by 1:1 addition of ice-cold quench buffer 

(1 M glycine, 8 M urea, pH 2.1). The samples were transferred to a filter 

with lipid removal beads and centrifuged 30 s at 1 °C. The filter was 

removed and the flow through directly frozen in liquid nitrogen. 
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2.) 123 µM Mistic in 6 mM LDAO was diluted to 10 µM in 50 mM Tris 

undeuterated and LDAO-free buffer with 50 mM NaCl and 6 M urea at 

pH 7.4 and incubated for 2 h at room temperature. The protein was then 

further diluted 1:10 in 99 % deuterated buffer (50 mM Tris, 50 mM NaCl, 

pH 7.4) and labeled for 24 h at room temperature. The exchange reaction 

was quenched by 1:1 addition of ice-cold quench buffer (1 M glycine, 8 M 

urea, pH 2.1). The samples were transferred to a filter with lipid removal 

beads and centrifuged 30 s at 1 °C. The filter was removed and the flow 

through directly frozen in liquid nitrogen. 

 

For comparison, 50 pmol Mistic in 6 mM LDAO was diluted 1:9 in 99 % 

deuterated 50 mM Tris buffer (pH 7.4, 50 mM NaCl, 25 °C, 3 mM LDAO) and 

labeled for one week at room temperature. The exchange reaction was quenched 

by 1:1 addition of ice-cold quench buffer (1 M glycine, 8 M urea, pH 2.1). The 

samples were transferred to a filter with lipid removal beads and centrifuged 30 s 

at 1 °C. The filter was removed and the flow through directly frozen in liquid 

nitrogen. 

BACK EXCHANGE CONTROLS 

25 pmol Angiotensin I and Bradykinin peptides (both Alfa Aesar) were labeled for 

24 h in 20 mM Tris pH 7 with 6 M guanidine hydrochloride and quenched with 

300 mM phosphate buffer, pH 2.3. Two replicates were directly frozen in liquid 

nitrogen and two replicates were transferred to a filter with lipid removal beads 

and centrifuged 30 s at 1 °C. The filter was removed and the flow through directly 

frozen in liquid nitrogen. 

5.2.2 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) AND MS 

HPLC SETUP 

An Agilent Infinity 1260 HPLC system (Agilent Technologies) equipped with two 

pumps, a solvent degasser, a column oven and two valves was used to perform 

protein digestion and peptide separation for HDX-MS experiments. To maintain 

a low temperature under quench conditions, the whole HPLC system is placed 

into a custom-modified fridge with a closable opening on the left site for manual 

sample injection. The system is equipped with an in-house packed pepsin column 

(IDEX guard column with an internal volume of 60 µL, Porozyme immobilized 
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pepsin beads, Thermo Scientific) in the column oven (25 °C), a peptide trap 

column (OPTI-TRAP for peptides, Optimize Technologies) and a reversed-phase 

analytical column (PLRP-S for Biomolecules, Agilent Technologies). 

The LC flow path was designed similar to standard bottom-up HDX-MS setups 

(Wang et al., 2016). The sample is loaded manually into the injection loop and 

then injected into the system by a manual switch of the injection valve to the 

inject position. For protein digestion as well as peptide desalting and trapping, 

the isocratic pump is in line with the pepsin column and the trap column (Figure 

31 A). After trapping, the second valve is automatically switched to the analytical 

position, which puts the trap column in line with the reverse-phase analytical 

column (Figure 31 B). While peptides are eluted from the trap and separated on 

the analytical column by an organic solvent gradient, the pepsin column is 

washed and equilibrated for the next run. After each sample, a specific wash 

method is run for cleaning and equilibration of the trap and analytical column.  

LC-MS METHOD FOR HDX-MS  

The HPLC system was cooled to 2 °C and pepsin digestion of deuterated samples 

was performed at a flow rate of 75 µL/min for 3 min in solvent A. Peptides were 

eluted and separated on the analytical column using a 7 min gradient of 8-40 % 

solvent B (solvent A: 0.4 % formic acid (FA) in water, solvent B: 0.4 % FA in 

acetonitrile (ACN)) at 150 µL/min. MS was performed on an Orbitrap Fusion 

Tribrid instrument (Thermo Scientific) in positive ESI MS-only mode (for detailed 

settings see Table S 3) calibrated on the same day using Pierce™ LTQ Velos ESI 

Positive Ion Calibration Solution (Thermo Scientific). All HDX-MS measurements 

were executed in three technical replicates. Specific settings for the individual 

experimental setups can be found below. 

LC-MS METHOD FOR PEPTIDE AND PTM IDENTIFICATION  

The HPLC system was cooled to 5 °C and pepsin digestion of undeuterated 

samples was performed at a flow rate of 75 µL/min for 3 min in solvent A. 

Peptides were eluted and separated on the analytical column using a 27 min 

elution gradient of 8-40 % solvent B. MS was performed on an Orbitrap Fusion 

Tribrid instrument (Thermo Scientific) in positive ESI data-dependent MS/MS 

acquisition mode with higher-energy collisional dissociation (HCD) (for detailed 

settings see Table S 4) calibrated on the same day using Pierce™ LTQ Velos ESI 

Positive Ion Calibration Solution (Thermo Scientific).  
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Figure 31: LC flow path for HDX-MS experiments.  (A) Protein digestion and 
peptide trapping mode. After sample loading in “load” position (panel B), the 
manual injection valve (1) is turned to the “inject” position. The second valve (2) 
is in “trapping” position. The isocratic pump is in line with the pepsin and trap 
column. The protein solution is injected into the LC-system, digested in the 
pepsin column and the resulting peptides are trapped and desalted in the trap 
column. During this step, the analytical column is equilibrated. (B) Peptide 
separation mode. Valve 2 is switched to “analytical” position and the capillary 
pump is put in line with the trap and analytical column. Peptides are eluted from 
the trap and separated on the analytical column by an organic solvent gradient. 
Following separation, peptides are ionized in the ion source of the mass 
spectrometer by ESI. In parallel, the pepsin column can be washed and re-
equilibrated for the next run.  
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EXPERIMENT-SPECIFIC METHODOLOGICAL DETAILS 

The following experiment-specific adjustments were made to the general LC-MS 

workflow described above:  

 

Chapter 3.1 

Protein: GII.4 Saga P dimer (wild type and deamidated) 

Ligands: HBGA B trisaccharide, fucose, galactose 

Reference: Mallagaray et al. (2019) 

 

Measurements were executed as described above with the following deviations:  

HPLC system temperature for HDX measurements: 0 °C  

Solvent A: 0.23 % formic acid in water 

Solvent B: 0.23 % formic acid in acetonitrile 

 

The wild type and deamidated datasets with B trisaccharide were acquired on two 

consecutive days and all time points were performed in triplicates. The wild type 

dataset with B trisaccharide, fucose and galactose contains single measurements 

performed on the same day. 

 

Chapter 3.2 

Protein: GII.10 Vietnam 026 P dimer, GII.17 Kawasaki 308 P dimer, GII.4 Saga 

P dimer (partially deamidated), GII.4 MI001 P dimer (wild type and partially 

deamidated) 

Ligands: HBGA B trisaccharide, fucose 

Reference: Dülfer et al. (in preparation) 

 

All time points were performed in three technical replicates, apart from the 8 h 

time point of GII.10 Vietnam with fucose, which only represents a single 

measurement. The triplicate measurement of GII.4 MI001 P dimer was influenced 

by peptide carry over, which overlaid with the lower deuterated peak distribution 

and resulted in a falsely high intensity. Therefore, a separate single-replicate 

measurement with additional pepsin column washing (2 M urea, 2 % ACN, 0.4 % 

FA, pH 2.5) between sample injections was performed and only deuteration 

differences, which are present in both datasets, are considered real. 
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Chapter 3.4.1 

Protein: Mistic in POPC, DOPC and LDAO 

Ligands: - 

Reference: - 

 

Online digestion was performed at varying flow rates. For proteins digested in-

solution, the pepsin column was removed. In between the samples, wash runs 

were performed with high percentage of solvent B on the analytical and trap 

column. The pepsin column was washed by injection of a wash solution (2 M 

urea, 2 % ACN, 0.4 % FA, pH 2.5). 

 

Chapter 3.4.2 

Protein: Mistic in POPC, DOPC and LDAO 

Ligands: - 

Reference: Krainer et al. (in preparation) 

 

The pepsin column was washed by injection of a wash solution (2 M urea, 2 % 

ACN, 0.4 % FA). 

5.2.3 ORBITRAP FUSION MASS SPECTROMETER 

The Orbitrap Fusion mass spectrometer (Thermo Scientific) used for HDX-MS 

experiments is equipped with three mass analyzers (Quadrupole, linear ion trap 

and Orbitrap, so-called “Tribrid” architecture) that can be combined in different 

ways depending on the type of experiment. The high resolution provided by the 

Orbitrap mass analyzer together with the various modes of peptide fragmentation 

allow detection and identification of peptides with high confidence. In the 

following paragraphs, the instrument setup (Figure 32) and functions of the main 

instrument parts will be described in more detail.  

H-ESI SOURCE 

The Orbitrap mass spectrometer is equipped with a metal capillary that is 

connected to the LC system and introduces the sample solution into the heated 

electrospray (H-ESI) ion source in positive-ion polarity mode. There, the solution 

is ionized as described in introductory chapter 1.1.2. The heated auxiliary gas 

supports solvent evaporation. The gas-phase sample ions then enter the mass 
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spectrometer through the ion transfer tube and are captured and focused by an 

ion guide (S-lens). They are then transferred into the quadrupole mass filter by 

the active beam guide, which reduces noise by preventing neutral ions from 

entering the quadrupole (Eliuk and Makarov, 2015).  

 

 

Figure 32: Orbitrap Fusion instrument setup based on Eliuk and Makarov (2015). 
The capillary transports the sample solution from the LC system into the ion 
source region, where it is transferred into the gas-phase and enters the mass 
spectrometer. The generated sample ions are focused by the S-lens and 
transferred into the quadrupole via the active beam guide. The quadrupole can 
be used for ion transmission or as a mass filter. Ions can then cycle back and 
forth between the Orbitrap mass analyzer and the linear ion trap via the C-Trap 
and the ion routing multipole depending on the measurement mode (e.g. MS-only 
or MS/MS) and experimental setup.  

QUADRUPOLE MASS FILTER 

The quadrupole mass analyzer is able to discriminate and filter ions of different 

m/z. It consists of four parallel metal rods that are connected with each other so 

that when a potential is applied, ions oscillate in the electrical field of the 

quadrupole. Depending on the applied radio frequency (RF) and direct current 

(DC) potential, only ions with a specific m/z will have stable trajectories, while 

other ions collide into the rods and are filtered out. Quadrupoles can also be used 

in RF-only mode, which allows all ions to pass through, thus acting as ion 
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transmitter to other parts of the MS instrument (Chernushevich et al., 2001, 

Haag, 2016).  

C-TRAP AND ORBITRAP MASS ANALYZER 

The Orbitrap is an ion trap mass analyzer that consists of an outer barrel-like 

electrode and an inner spindle-like electrode, where ions are trapped in orbital 

motion in the electric field (Zubarev and Makarov, 2013). Ions of a large m/z range 

are first focused in a curved linear trap (C-trap) that contains a bath gas for 

collisional cooling of the ions (Nolting et al., 2017). For injection, RF voltages in 

the C-Trap are rapidly ramped down and DC voltages are applied which leads to 

the release of ion packets into the Orbitrap (Eliuk and Makarov, 2015). The 

injection takes place at a peripheral position (different from the center of the 

spindle) which causes a coherent axial oscillation of ions in the electric field of 

the Orbitrap (Perry et al., 2008). By ramping up the potential of the inner 

electrode during injection, ions get squeezed towards the inner electrode and start 

to cycle around it on elliptical trajectories (Makarov, 2000)(Figure 33 A).  

 

 

Figure 33: Ion motion in the Orbitrap mass analyzer.  (A) Ions are injected at a 
position with some distance to the center of the central spindle electrode and start 
to cycle around it on elliptical trajectories. (B) When the field becomes static, ions 
with the same axial frequencies and thus same m/z spread into rings and 
oscillate around the spindle electrode. The axial oscillations induce a current in 
the outer electrodes that is detected and transformed into a mass spectrum.  

For detection, the field becomes static, so that ions with different rotational 

frequencies but the same axial frequency spread into rings that oscillate along 

the inner spindle electrode (Figure 33 B). The axial motion is independent of all 

initial parameters of the ions except for the m/z (Perry et al., 2008). The axial 

oscillations of ion rings are then detected by the image current they induce on 

the outer electrode. The image current in the time domain is then Fourier-
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transformed into the frequency domain and converted into a mass spectrum 

(Zubarev and Makarov, 2013). 

ION ROUTING MULTIPOLE 

The ion routing multipole can serve several functions, e.g. ion storage, ion 

transfer and fragmentation. It works in a similar way as the quadrupole in ion 

transmission (RF-only) mode, which allows storage and stable passage of ions 

between the ion trap and Orbitrap mass analyzer. It can also act as collision cell 

for fragmentation by HCD (Eliuk and Makarov, 2015). This term is used due to 

the fact that it uses higher energies than those achievable for CID in the linear 

ion trap. In HCD the ions pass through the C-trap, enter an acceleration gap and 

get fragmented in the ion routing multipole in a similar way as in CID. Fragment 

ions are then trapped and cooled inside the cell and sent to a mass analyzer. It 

provides the advantage of collecting all fragments without low-mass cut-off as in 

the ion trap (Nolting et al., 2017, Olsen et al., 2007).  

LINEAR ION TRAP 

Depending on the measurement method, the linear ion trap can be used for ion 

storage, selection, fragmentation or detection. It consist of a set of quadrupole 

rods with a two-dimensional RF field for radial- and stopping potentials at the 

end of the electrodes for axial ion confinement (Douglas et al., 2005). Depending 

on the electrical parameters applied, ions of a certain m/z range can be stored in 

the ion trap. In order to select ions and act as a mass analyzer, ions of specific 

m/z can be selectively ejected from the trap by varying the RF potential and 

subsequently detected on a detector plate outside the trapping volume. The 

detector signal is measured as function of the RF amplitude which correlates 

directly with the m/z of the detected ion (Nolting et al., 2017). Due to its ability 

to accumulate ions over time, ions can be detected with high sensitivity, but the 

resolution and mass accuracy is lower than in the Orbitrap analyzer. In the 

Orbitrap Fusion instrument, the linear ion trap consists of a high-pressure cell 

for precursor ion isolation and a low-pressure cell for improved scan speed and 

mass accuracy. The ion trap can also be used to generate fragment ions by CID 

or ETD.  
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5.2.4 DATA ANALYSIS AND STATISTICS  

IDENTIFICATION OF PEPTIDES AND PTMS 

Precursor and fragment ions were searched and matched against a local protein 

database just containing the protein of interest in MaxQuant (Max-Planck-Institute 

of Biochemistry, version 1.5.7.0) (Tyanova et al., 2016). The digestion mode was set 

to “unspecific” and N-terminal acetylation, deamidation, oxidation and disulfide 

bond formation were included as variable modifications with a maximum number 

of five modifications per peptide. Peptides between 5 and 30 amino acids length 

were accepted. The MaxQuant default mass tolerances for precursor (4.5 ppm) 

and fragment (20 ppm) ions defined for the Thermo Orbitrap instrument were 

used for data search. The minimum score for successful identifications was set 

to 20 for unmodified and 40 for modified peptides. Thermo Xcalibur 3.0.63 

software (Thermo Scientific) was used for manual data inspection. For norovirus 

P domain peptides carrying a deamidation, chromatographic peak areas where 

calculated in Xcalibur to obtain a wild type/deamidated peptide ratio. 

EXPERIMENTAL DESIGN AND STATISTICAL RATIONALE  

The rationale for experimental design and data analysis is based on HDX-MS 

community-recommendations (Masson et al., 2019). In brief, sample quality was 

assessed with native MS and HDX-MS conditions were optimized for maximum 

sequence coverage and detection sensitivity. Labeling time points were chosen to 

cover 3-4 orders of magnitude. Three independent labeling reactions were 

performed for each time point if not stated otherwise and the level of back 

exchange was assessed with a fully deuterated protein control as well as a mix of 

deuterated model peptides. Details about the peptide identification method, 

statistical analysis with Student’s t-test and color mapping procedure are given 

in the individual methods sections. Fragmentation spectra for identification of 

deamidated norovirus P domain peptides are given in the supplement (Figure S 

14 - Figure S 20). All HDX-MS data has been manually inspected and exchange 

differences in bimodal peak distributions have been validated by binomial fitting. 

  

https://www.mcponline.org/content/mass-spectrometry-guidelines#experimental_design
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CALCULATION OF DEUTERIUM CONTENT 

DeutEx software (obtained from Petr Man, Prague) was used to determine the 

deuterium uptake via centroid analysis. To convert Thermo raw data into the 

required format for DeutEx, peaks were picked in the open-source MZmine 2.31 

software (Pluskal et al., 2010) and peak lists were exported with a custom-built 

export function that was integrated in MZmine. HX-Express2 (Guttman et al., 

2013, Weis et al., 2006a) was used for deconvolution of bimodal peak 

distributions by binomial fitting.  

STATISTICAL TESTS 

For all datasets containing triplicate data, a two-sided Student’s t-test was 

applied for each peptide and labeling time point for assessment of statistical 

significant differences between two states. The Student’s t-test was either 

performed in an Excel spreadsheet (Microsoft) or GraphPad Prism (GraphPad 

Software, Inc., version 5.03). Additionally, a minimum threshold for deuteration 

differences (ΔD) was calculated for each dataset based on published procedures 

(Arora et al., 2015, Hageman and Weis, 2019a, Houde et al., 2011). Only if a 

deuteration difference at a certain time point passes the Student’s t-test and is 

larger than ΔD, the difference is considered significant. Specific details about this 

procedure can be found in the experiment specific data analysis details. 

Furthermore, a significant deuteration difference based on the statistical criteria 

must be present in several overlapping peptides or at least several time points of 

one peptide to be considered significant. 

DATA REPORTING AND VISUALIZATION 

Based on the HDX-MS community recommendations (Masson et al., 2019) 

detailed information about the experimental conditions, statistics and HDX-MS 

data quality parameters for all experiments are provided as HDX summary tables 

(Table S 5 - Table S 7). Sequence coverage, average peptide length and 

redundancy was calculated using an Excel spreadsheet. Peptide coverage maps, 

indicating the effective peptide coverage in each HDX experiment, were plotted 

with MS Tools (Kavan and Man, 2011) and can be found in supplement (Figure S 

27 - Figure S 33). Bar graphs, deuterium difference plots and bimodal spectra 

were plotted with GraphPad Prism (version 5.03).  
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EXPERIMENT-SPECIFIC DATA ANALYSIS DETAILS 

The following experiment-specific adjustments were made to the general data 

analysis workflow described above:  

 

Chapter 3.1 

Protein: GII.4 Saga P dimer (wild type and deamidated) 

Ligands: HBGA B trisaccharide, fucose, galactose 

Reference: Mallagaray et al. (2019) 

 

For comparison of triplicate data for HBGA B trisaccharide binding, a Student’s 

t-test was used with the α-value set to 0.01. In addition, a peptide was only 

considered to have a significant HDX difference if overlapping peptides also 

showed a difference with p < 0.01 at the respective time point. For comparison of 

the wild type and deamidated protein an additional cut-off of ΔD > 0.64 (99 % 

percentile calculated according to Arora et al. (2015) was used to account for 

possible day to day variation in the experimental conditions. HDX-MS of native 

GII.4 Saga P dimers with fucose and galactose was performed as single 

measurements.  

 

Chapter 3.2 

Protein: GII.10 Vietnam 026 P dimer, GII.17 Kawasaki 308 P dimer, GII.4 Saga P 

dimer (partially deamidated), GII.4 MI001 P dimer (wild type and partially 

deamidated) 

Ligands: HBGA B trisaccharide, fucose 

Reference: Dülfer et al. (in preparation) 

 

For comparison of triplicate data, a two-sided Student’s t-test using deuteration 

differences from centroid analysis was used with the α-value set to 0.05. A peptide 

was only considered to have a significant HDX difference if the peptide passed the 

t-test and ΔD exceeded 2 x the pooled average standard deviation (Hageman and 

Weis, 2019a, Houde et al., 2011) of the dataset either for several time points or 

for the same time point in overlapping peptides. For some peptides, deuteration 

of FD controls was lower than deuteration of the 8 h labeling time point. 

Therefore, datasets were not normalized to the absolute FD deuterium uptake 

and only relative differences between states are presented.  
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For comparison of the unbound wild type and deamidated MI001 P dimer, the 

ratio of the FD controls from both measurements was used for normalization. 

Additionally, a higher cut-off of ΔD > 0.42 (99 % percentile calculated according 

to (Arora et al., 2015)) was used to account for possible day-to-day variation in 

the experimental conditions.  

Deuterated spectra of peptides in certain protein regions showed bimodal peak 

distributions that led to lower deuteration values in centroid analysis. To validate 

the deuteration differences observed in centroid data analysis and to calculate 

relative intensities of both peak distributions, bimodal spectra of peptides 

representative for certain regions were analyzed by binomial fitting in HX Express 

(Guttman et al., 2013). To compare relative intensities of both distributions in 

different states, an average over all bimodal time points for both distributions in 

each state was calculated for several peptides. Averaged relative intensities of 

different peptides are presented as bar plots in Figure 16. Relative intensity 

differences of the first peak distribution in different states were analyzed with a 

two-sided Student’s t-test for each pair of states in each experiment (p < 0.05).  

 

Chapter 3.4.2 

Protein: Mistic in POPC, DOPC and LDAO 

Ligands: - 

Reference: Krainer et al. (in preparation) 

 

For comparison of triplicate data, a two-sided Student’s t-test using deuteration 

differences from centroid analysis was used with the α-value set to 0.05. A peptide 

was only considered to have a significant HDX difference if the peptide passed the 

t-test and ΔD exceeded 2 x the pooled average standard deviation (Hageman and 

Weis, 2019a, Houde et al., 2011) of the dataset either for several time points or 

for the same time point in overlapping peptides. 

Deuterated spectra of peptides in certain protein regions showed bimodal peak 

distributions. To validate the deuteration differences observed in centroid data 

analysis and to calculate relative intensities of both peak distributions, bimodal 

spectra of peptides representative for certain regions were analyzed by binomial 

fitting in HX Express (Guttman et al., 2013). 
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 Native MS  

5.3.1 LCT TOF MASS SPECTROMETER  

The high-mass modified LCT mass spectrometer (Micromass) is equipped with an 

ion source for ESI, a hexapole for ion transmission and a Time-of-Flight (ToF) 

analyzer for ion detection (Figure 34). The modifications include an increased 

pressure in the source region, the use of argon in the hexapole and adjustments 

in the electronics for transmission of high mass ions, in a similar way as described 

for QToF instruments in van den Heuvel et al. (2006). 

 

 

Figure 34: Schematic representation of the LCT mass spectrometer used for 
native MS measurements. 

Ions generated in the ion source are transferred to the time of flight analyzer via 

the hexapole region. In the pusher, the ion beam is converted into ion packages 

by pulses applied orthogonal to the ions flight path. Ion packages are then pushed 

towards the reflectron, which reflects ions back to the detector. The use of a 

reflectron increases the path length in compact instrument setups and therefore 

improves separation of ions with different m/z (Mamyrin et al., 1973). As ions 

travel from the pusher to the detector they are separated in mass according to 

their flight times, with ions of the highest m/z arriving latest at the detector. Once 

an ion hits the multi-channel plate (MCP) detector, the signal is detected and its 

flight time is converted into an m/z ratio.  
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5.3.2 SAMPLE PREPARATION AND MS MEASUREMENT 

Proteins were subjected to buffer exchange to various concentrations of 

ammonium acetate at 4 °C via centrifugal filter units (13,000 x g, VivaSpin 500, 

MWCO 10,000 (Sartorius) or Micro Bio-Spin 6 columns (Bio-Rad) according to the 

manufacturer’s protocol. Mass spectra were acquired at room temperature (25 °C) 

in positive ion mode on an LCT mass spectrometer modified for high mass 

(Waters, UK and MS Vision, the Netherlands) with a nano-electrospray ionization 

source. Gold-coated electrospray capillaries were produced in house for direct 

sample infusion. Capillary and sample cone voltages are given in the experiment-

specific sections. The pusher was set to 100-150 µs. Pressures were 7 mbar in 

the source region and 6.2 x 10-2 to 6.5 x 10-2 mbar argon in the hexapole region. 

A spectrum of a 25 mg/mL cesium iodide solution from the same day was applied 

for calibration of raw data using the MassLynx software (Waters, UK). 

EXPERIMENT-SPECIFIC METHODOLOGICAL DETAILS 

The following experiment-specific adjustments were made to the general sample 

preparation workflow described above:  

 

Chapter 3.2 

Protein: GII.10 Vietnam 026 P dimer, GII.17 Kawasaki 308 P dimer, GII.4 Saga P 

dimer (fully deamidated), GII.4 MI001 P dimer (wild type and partially 

deamidated) 

Reference: Dülfer et al. (in preparation) 

 

Native MS measurements were performed using 3 to 4.5 μM purified P dimers. 

Proteins were subjected to buffer exchange to 125 to 300 mM ammonium acetate 

at pH 7.5. Capillary and sample cone voltages were 1.20 kV to 1.35 kV and 150 

to 240 V, respectively. Peak integration and calculation of oligomer fractions was 

performed with OriginPro 2016 software (Origin Lab Corporation). 

 

Chapter 3.3 

Protein: GII.4 Saga P dimer (wild type), murine CR10 P dimer, MNV07 P dimer 

Reference: Creutznacher et al. (in preparation) 
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Native MS measurements were performed using 2 to 92 μM purified P domains. 

Proteins were subjected to buffer exchange to 150 mM ammonium acetate at 

pH 5.3. Capillary and sample cone voltages were 1.30 kV and 200 V, respectively. 

Peak intensities of oligomers were summed over the respective m/z region and 

relative intensities were calculated using Microsoft Excel. The dissociation 

constant Kd was calculated using OriginPro 2016.  

 Mathematical methods 

5.4.1 GLYCAN BINDING SITE OCCUPANCY  

To choose a glycan concentration that leads to high P dimer binding site 

occupancy under HDX conditions, the binding site occupancy during 

equilibration and labeling conditions can be calculated using the law of mass 

action. The total protein and ligand concentration ([Ptotal] and [Ltotal]) is the sum of 

the free components and the bound components: 

Equation 6   Ptotal = Pfree+ PL and Ltotal = Lfree+ PL 

With a one-site binding model, the ligand binding can be described as follows: 

Equation 7 

 
 

and the dissociation constant Kd of this reaction is: 

Equation 8   Kd = 
[P]free [L]free

[PL]
 

Substitution of Pfree using Equation 6 results in: 

Equation 9    Kd = 
�[Ptotal�-[PL]) ([Ltotal]-[PL])

[PL]
 

Solving this equation for [PL] gives a second order equation, where only the 

solution with negative sign before the square root is relevant in a chemical 
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context. The ligand occupied protein fraction ([PL]/[Ptotal]) can then be calculated 

as follows: 

Equation 10   
[PL]

[Ptotal]
= (Ptotal+Ltotal+Kd) - �(Ptotal+Ltotal+Kd)2-4PtotalLtotal

2Ptotal
 

To retrieve ligand-occupied wild type and deamidated protein fractions, relative 

peak areas of wild type and deamidated peptides were calculated based on the 

respective LC-MS chromatograms. Ligand-occupied fractions were calculated as 

described above with the respective Kd for glycan binding to wild type and 

deamidated P domains. Then, conditional probabilities for all combinations of 

wild type/deamidated and occupied/unoccupied monomers in P dimers were 

calculated as exemplarily shown in Equation 11.  

Equation 11 

Pmonomer1(wild type ∩ occupied)∙ Pmonomer2(wild type ∩ occupied) 

Pmonomer1(wild type ∩ occupied)∙ Pmonomer2(wild type ∩ unoccupied) 

Pmonomer1(wild type ∩ occupied)∙ Pmonomer2(deamidated ∩ occupied) 

… 

5.4.2 DISSOCIATION CONSTANT (KD) 

Using a similar approach as described in chapter 5.4.1 the P dimer association 

and dissociation constants Ka and Kd can be calculated from monomer-dimer 

ratios obtained in native MS spectra at different total protein concentrations 

(Equation 12-Equation 14). 

 

Equation 12    Ptotal = Monomer (M) + Dimer (D) 

 

Equation 13 
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The dissociation constant Kd is then given by 

 

Equation 14    Kd = [M]2

[D]
 

The relative dimer peak area from native MS spectra was calculated and plotted 

against the total protein concentration (Ptotal). The Kd was then determined by 

global non-linear least squares fitting of Equation 15 (Thiele and Huttner, 1998) 

to the dataset using OrignPro 2016 software: 

 

Equation 15    
[D]

Ptotal
= 1-

�Kd
2  �Ptotal+

Kd
8 � - Kd

4

Ptotal
 

 

5.4.3 D/H BACK EXCHANGE (BE) 

Based on HDX-MS community recommendations (Masson et al., 2019) D/H back 

exchange was calculated as follows: 

Equation 16  back exchange (BE) = �1- m100%-m0%
N∙* Dfrac

� ∙ 100 

The back exchange corrected deuterium uptake is then reflected by 

Equation 17   Dcorr= m - m0%

m100% - m
 

with  

m = observed peptide centroid mass 

m0% = undeuterated peptide centroid mass 

m100% = maximally labeled peptide centroid mass 

N = theoretical number of exchangeable peptide amides 

Dfrac = fraction of D/H in the labeling buffer (0.9 in this case) 
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 Computational methods 

5.5.1 SEQUENCE AND STRUCTURE ALIGNMENTS 

GII.4 Saga, GII.4 MI001, GII.10 Vietnam and GII.17 Kawasaki, GV CR10 and 

GV MNV07 VP1 or P domain protein sequences were aligned with T-Coffee 

(Tommaso et al., 2011) and visualized with Jalview version 2.11.0 (Waterhouse et 

al., 2009). Phylogenetic trees were created in Jalview with BLOSUM62 and 

neighbor joining. GII.4 Saga (pdb 4X06), GII.10 Vietnam (pdb 3ONY) and GII.17 

Kawasaki (pdb 5F4O) as well as GII.4 Saga (pdb 4X06) and GV CR10 (pdb 6H6M) 

P dimer crystal structures were superimposed in PyMOL. 

5.5.2 HOMOLOGY MODELING  

The SWISS-MODEL template library (Waterhouse et al., 2018) (Bertoni et al., 

2017) SMTL version 2019-10-24, PDB release 2019-10-18 was searched with 

BLAST (Camacho et al., 2009) and HHBlits (Remmert et al., 2011) for evolutionary 

related structures matching the GII.4 MI001 P dimer target sequence. Based on 

the search results the GII.4 Farmington Hills P dimer structure (pdb 4OOV, 94 % 

sequence identity) was used for model building. Models were built based on the 

target-template alignment using ProMod3. The global and per-residue model 

quality has been assessed using the QMEAN scoring function (Benkert et al., 

2011). The resulting GMQE (Global Model Quality Estimation) was 0.99 and 

QMEAN was 0.57 indicating very good accuracy and quality of the model 

structure (Figure S10). 

 Data visualization 

Glycan, lipid and detergent structures as well as chemical reaction schemes were 

drawn with ChemDraw version 19.1 (PerkinElmer).  

PyMOL™ Molecular Graphics System, Version 2.4.0a0 (Schrödinger) was used to 

view and modify protein structures. Structure files were downloaded from the 

Protein Data Bank (PDB) at rcsb.org (Berman et al., 2000).  

Figures were prepared with Adobe Illustrator 2019 (Adobe Inc.). 
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 Data availability 

Full HDX data tables as well as MS raw data and peptide identification results of 

published datasets have been deposited to the ProteomeXchange Consortium 

(Deutsch et al., 2017) via the PRIDE (Vizcaino et al., 2016) partner repository. 

 

Chapter 3.1 

Dataset identifier: PXD011914 

Reference: Mallagaray et al. (2019) 

 

Chapter 3.2 

Dataset identifier: PXD019884 

Reference: Dülfer et al. (in preparation) 

 

  



6 Supplement 

109 

6 SUPPLEMENT 

 Supplemental figures 

6.1.1 NOROVIRUS 

 

Figure S1: Sequence alignment of GII.4 Saga, GV CR10 and GV MNV07 P domain 
sequences. Color-coding represents sequence identity (blue), similarity (light blue) 
or difference (white). Bars below the sequence indicate the degree of amino acid 
conservation among the strains at the respective position (low (black) to high (light 
grey)). 
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Figure S2: Sequence alignment of GII.4 Saga, GII.4 MI001, GII.10 Vietnam and 
GII.17 Kawasaki VP1 sequences. Color coding represents sequence identity (blue), 
similarity (light blue) or difference (white). Bars below the sequence indicate the 
degree of amino acid conservation among the strains at the respective position 
(low (black) to high (light grey)). 
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Figure S3: Ion exchange chromatograms of eight P dimer aliquots that were 
incubated up to 48 h at 37°C. UV absorbance has been measured at 214 nm 
(blue). Protein species elute with increasing conductivity (black). Three major 
fractions were identified, corresponding to iDiD, iDN and NN species, respectively. 
Note that the overall absorbance decreases due to some protein precipitation at 
prolonged incubation times. Precipitates were removed by centrifugation prior to 
analysis. Adapted from Mallagaray et al. (2019) under CC BY 4.0 license. 
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Figure S 4: Deamidation rate of P dimers incubated in 75 mM sodium phosphate 
buffer, 100 mM NaCl, pH 7.3 for up to 48 h at 37°C. Relative amounts of the 
different protein species were estimated from their respective peak integrals in 
ion exchange chromatograms (Figure S3): fully (iDiD, blue), half-deamidated (iDN, 
orange), and non-deamidated (NN, red) protein species. An exponential decay 
model was fitted to the decrease of non-deamidated protein yielding a half-life of 
1.6 d. Note that this analysis could be biased due to protein precipitation during 
incubation. Adapted from Mallagaray et al. (2019) under CC BY 4.0 license. 
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Figure S 5: Ion exchange chromatograms of GII.17 Kawasaki 308, GII.10 Vietnam 
O26 and GII.4 MI001 P dimers before and after incubation at elevated 
temperatures. UV absorbance has been measured at 214 nm (blue). The dashed 
line indicates the conductivity where the major peak elutes. Buffer batches 
changed over the course of the incubations and, therefore, elution volumes 
cannot be compared directly across the samples. The major peaks were separated 
and incubated at elevated temperatures to promote a potential deamidation 
reaction. Incubations conditions were as follows: GII.4 MI001 and GII.10 
Vietnam 026 P dimers were incubated in 25 mM Tris, 300 mM NaCl (pH 7.3) at 
25 °C for 3 weeks. GII.17 Kawasaki 308 P dimers were incubated for 48 h at 37 °C 
in 25 mM Tris, 500 mM NaCl (pH 7.3). Protein samples taken after the incubation 
were tested for deamidation by MS (Figure S 6 and Table S 1). In the case of GII.4 
MI001, protein samples from both the first (iDiD) and the last peak (NN) were 
tested. Adapted from Mallagaray et al. (2019) under CC BY 4.0 license. 



6 Supplement 

114 

 
Figure S 6: Chromatograms and mass spectra of peptides  (z=2) covering the 
potentially deamidated loops in GII.4 MI001, GII.17 Kawasaki and GII.10 Vietnam 
P dimers (Figure S 5). The theoretical monoisotopic mass is indicated below the 
peptide sequence in the mass spectrum. Adapted from Mallagaray et al. (2019) 
under CC BY 4.0 license. 
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Figure S 7: NMR spectra reveal deamidation of N373 and formation of isoD373. 
(A) 1H,15N TROSY HSQC of native Saga P dimers (red) and deamidated, post-
translationally modified Saga P dimers (blue). (B) Chemical shift perturbations 
(CSPs) induced by irreversible deamidation of N373 with dashed lines at 2σ (red 
color) and at the experimentally determined significance threshold of 7.9 Hz 
(orange color). (C) CSPs mapped onto the crystal structure of P dimers complexed 
with B trisaccharide (pdb 4X06). Adapted from Mallagaray et al. (2019) under CC 
BY 4.0 license. 
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Figure S 8: Binding of blood group B trisaccharide to GII.4 Saga P dimers. a) 
1H,15N, TROSY HSQC spectra of native (red, left) and deamidated (blue, right) 
Saga P dimers in their free forms and in presence of 20 mM B trisaccharide 
(orange). Perturbations induced by ligand binding are indicated by arrows for 
selected amino acids. b) Mapping of CSPs for both forms onto the crystal structure 
of P dimers complexed with B trisaccharide (pdb 4X06). c) Complete chemical 
shift mapping of the respective P dimer species with experimentally determined 
7.9 Hz significance thresholds and additional 2σ threshold to indicate largest 
CSPs in native P dimers. Adapted from Mallagaray et al. (2019) under CC BY 4.0 
license. 
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Figure S 9: Binding of methyl α-L-fucopyranoside to GII.4 Saga P dimers. a, b) 
Chemical shift perturbations (CSPs) of NH backbone signals of GII.4 Saga NN (a) 
and iDiD P dimers (b) in the presence of 160 and 220 mM methyl α-L-
fucopyranoside, respectively. Dashed lines are at 2σ (red, blue) and at the 
experimentally determined significance threshold of 7.9 Hz (orange, light blue). 
c, d) CSPs for NN (c) and iDiD P dimers (d) mapped on the crystal structure (pdb 
4X06) of GII.4 Saga P dimers. Color coding as in a and b. e) Clusters of amino 
acids (N backbone atoms are shown as balls) of NN P dimers reflecting two distinct 
types of binding isotherms. Color coding is as in h. f, g) Global fitting of the law 
of mass action to chemical shift titration curves of NN P dimers for amino acids 
belonging to the magenta cluster (f) and for iDiD P dimers (g). The curves reflect 
one-site binding, and global fitting yields dissociation constants of Kd = 22 mM 
and of Kd = 220 mM for NN and iDiD P dimers, respectively. h) Complete linkage 
clustering separating amino acids of NN P dimers based on distinct shapes of 
binding isotherms into two clusters (magenta and green). Adapted from 
Mallagaray et al. (2019) under CC BY 4.0 license. 
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Figure S 10: Ligand interaction diagrams for methyl α-L-fucopyranoside bound to 
GII.4 Saga P dimers (pdb 6h9v) in the native and in the deamidated binding site. 
In the native site a bivalent hydrogen bond is formed between the side chain 
carboxyl group of Asp374 and the hydroxyl groups at positions C2 and C3 of 
methyl α-L-fucopyranoside. In the deamidated site, the Asp374 side chain 
carboxyl group makes only one hydrogen bond with the C2 hydroxyl group of 
methyl α-L-fucopyranoside. Adapted from Mallagaray et al. (2019) under CC BY 
4.0 license. 
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Figure S 11: Representative crystal structures from GII.4 norovirus strains 
containing Asn residues at position 372 and/or 373 in a reactive conformation. 
(a) VA387 (yellow, pdb 2obt), (b) CHDC2094 1974 (blue, pdb 5iyq), (c) NL 2004 
(orange, pdb 3sld), (d) Farmington Hills 2004 (pink, pdb 4oov), and (e) Saga 2006 
(turquoise, pdb 4wzl). Asp 374 is always depicted in grey. Adapted from 
Mallagaray et al. (2019) under CC BY 4.0 license. 

 

 

Figure S 12: Fitting of P dimer structures into P particles . (A) Structure and 
orientation of VA387 P dimers within the cryo-EM density map of P particles 
(transparent gray, four-fold view). (B) Location and structure of a single P dimer 
(monomers colored in blue and pink) in the P particle (two-fold top view). Adapted 
from Tan et al. (2008), Copyright (2008), with permission from Elsevier. 
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Figure S 13: Peptide HDX data analysis example for binomial fitting of bimodal 
spectra. (A) Binomial fitting with bimodal deconvolution was applied in 
HXExpress resulting in a low (orange, red) and a high (green, violet) deuterated 
peak distribution for every state and time point. (B) Deuteration values for the 
individual peak distributions can be visualized as uptake plot and significant 
differences between the unbound and ligand-bound state can be statistically 
analyzed. The relative deuterium uptake for each peak distribution can also be 
displayed as bubble plot, where the circle area corresponds to the relative 
intensity of the individual peak distribution at a given time point. Here, constant 
intensity ratios over time point towards the presence of two conformationally 
distinct protein populations. 

 

 

 
  



6 Supplement 

121 

 

Figure S 14: Fragment spectra of wild type (A) and deamidated (B) peptide 
RSTMPGCSGYPNMN448L from GII.4 MI001 P dimer stored at pH 4.9.  
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Figure S 15: Fragment spectra of wild type peptide STDTSN373DFETGQNTRF from 
GII.4 MI001 P dimer stored at pH 4.9. No peptide carrying a deamidation at N373 
could be detected.  
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Figure S 16: Fragment spectra of wild type (A) and deamidated (B) peptide 
FRSTMPGCSGYPNMN448L from GII.4 MI001 P dimer stored at pH 7.3. 
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Figure S 17: Fragment spectra of wild type (A) and deamidated (B) peptide 
STDTSN373DFETGQNTRF from GII.4 MI001 P dimer stored at pH 7.3.  
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Figure S 18: Fragment spectra of wild type (A) and deamidated (B) peptide 
N239SRFPIPLEKL from GII.4 MI001 P dimer stored at pH 7.3.  
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Figure S 19: Fragment spectra of deamidated peptide STDTSN373DFETHQ from 
GII.4 Saga P dimer stored at pH 7.3. Due to the low abundance wild type N373 
peptides did not get selected for fragmentation in the mass spectrometer and 
could therefore not be identified in the automated peptide search in MaxQuant. 
Therefore, MS data was searched manually for wild type peptide precursors, 
which led to the identification of approximately 12 % N373 wild type peptides.  
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Figure S 20: Fragment spectra of peptides LRISDND377DF from GII.17 Kawasaki 
P dimer (A) and STWETQ384DVSSGQPTKF from GII.10 Vietnam P dimer (B). Both 
strains retain their wild type sequence at the N373 equivalent positon, even after 
months to years of storage.  
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Figure S 21: SWISS MODEL result for the GII.4 MI001 P dimer homology model 
indicating good model accuracy. 
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6.1.2 MISTIC 

 

 

Figure S 22: DLS measurements of DOPC and POPC LUVs before (orange) and 
after Mistic reconstitution (blue) as well as after overnight dialysis (yellow) show 
uniform size distributions and no aggregation. 
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Figure S 23: Coverage maps for Mistic in POPC and DOPC vesicles or LDAO 
detergent quenched with Q3, lipid depletion and digested on column with pepsin 
(see chapter 3.4.1). Sequence coverage is almost identical for all three states, even 
though the number of peptides in higher in LDAO.  
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Figure S 24: Assessment of back exchange from fully deuterated Angiotensin I 
and Bradykinin peptides in the standard HDX-MS workflow and with additional 
lipid depletion. Error bars indicate the standard deviation (N=2). Introduction of 
a lipid depletion step strongly increases the back exchange and the experimental 
error.  

Average model peptide back exchange in both HDX-MS setups: 

 

Standard workflow:  Angiotensin I: 23 ± 1 % Bradykinin: 32 ± 2 % 

Lipid depletion:  Angiotensin I: 59 ± 25 % Bradykinin: 66 ± 11 % 
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Figure S 25: Binomial fitting of the individual peak distributions of Mistic peptide 
74-93 in LDAO, POPC and DOPC at all time points and without deuterium 
labeling (ND) for comparison. The two individual peak distributions are indicated 
in blue and red, the dashed line represents the sum of both components at a 
given m/z value. 
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Figure S 26: Mistic deuteration in lipid vesicles (POPC, DOPC) and detergent 
(LDAO) at all labeling time points. The percentage reflects the FD normalized 
deuterium uptake averaged over several overlapping peptides in each region. For 
regions with bimodality deuteration of the “open” and “closed” conformation is 
displayed. Note that only protein regions shown in Figure 25 show statistically 
significant deuteration differences between the three conditions. Coloring was 
applied to visualize the increase in deuteration over time for certain areas of the 
protein and should only be compared for the “open” and “closed” states within 
one condition, but not across different conditions. 
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6.1.3 SEQUENCE COVERAGE MAPS 

 

Figure S 27: GII.4 Saga P domain peptide coverage map for the wild type (green) 
and deamidated protein (red). Peptides for the two missing regions 472-474 and 
525-530 were identified in the non-deuterated sample, but data quality in the 
deuterated samples was insufficient to be included in the HDX MS analysis. 
Adapted from Mallagaray et al. (2019) under CC BY 4.0 license. 
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Figure S 28: GII.17 Kawasaki P domain peptide coverage map for HDX-MS 
experiments with HBGA B trisaccharide (grey) and fucose (dark grey). 
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Figure S 29: GII.10 Vietnam P domain peptide coverage map for HDX-MS 
experiments with HBGA B trisaccharide (grey) and fucose (dark grey). 
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Figure S 30: GII.4 MI001 wild type P domain peptide coverage map for HDX-MS 
experiments with HBGA B trisaccharide (grey) and fucose triplicate measurement 
(dark grey) and single measurement (light grey). 
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Figure S 31: GII.4 MI001 partially deamidated P domain peptide coverage map for 
HDX-MS experiments with fucose (grey) and wild type vs. partially deamidated 
without ligand (dark grey). 
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Figure S 32: GII.4 Saga partially deamidated P domain peptide coverage map for 
the HDX-MS experiment with fucose. 
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Figure S 33: Mistic peptide coverage map for the HDX-MS experiment in POPC, 
DOPC and LDAO (96 % coverage). 
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 Supplemental tables 

6.2.1 NOROVIRUS 

Table S 1: Deamidated peptides identified by LC-MS/MS for different norovirus 
strains (compare Figure S 5 and Figure S 6). In addition to N373 deamidation, a 
second deamidation site was identified in GII.4 MI001 at either N446 or N448. 
The asparagine with the highest deamidation probability for the specific peptide 
is marked in bold. Adapted from Mallagaray et al. (2019) under CC BY 4.0 license. 

Sample 
Sequence 

(charge) 
Peptide 
position 

Theoretical 
m/z (wt) 

Observed 
m/z 

Deamidation 
site and 

probability 

Fraction 
% 

GII.4 MI001 
IEX-

separated 
wild type 
fraction 

STDTSNDFETGQNTRFTPVG 

(2) 
368-387 1087.4852 1087.4844 - 100 

FRSTMPGCSGYPNMNL 

(2) 
434-449 887.8891 

887.8887 - 96 

888.3805 N446 (0.876) 4 

FFRSTMPGCSGYPNMNL 

(2) 
433-449 961.4233 

961.4228 - 96 

961.9153 N446 (0.5) 4 

GII.4 MI001 
IEX-

separated 
deamidated 

fraction 

STDTSNDFETGQNTRFTPVG 

(2) 
368-387 1087.4852 1087.9762 N373 (0.971) 100 

FRSTMPGCSGYPNMNL 

(2) 
434-449 887.8891 

887.8887 - 86 

888.3811 N448 (0.546) 14 

FFRSTMPGCSGYPNMNL 

(2) 
433-449 961.4233 

961.4228 - 83 

961.9147 N448 (0.58) 17 

RSTMPGCSGYPNMNL 

(2) 
435-449 814.3549   

814.3545 - 86 

814.8469 N446 (0.688) 14 

GII.17 
Kawasaki 

not 
incubated 

VNLRISDNDDF 

(2) 
369-379 654.3149 654.3139 - 100 

LRISDNDDF 

(2) 371-379 
547.7593 547.7589 - 100 

LRISDNDDFQ 

(2) 371-380 
611.7885 611.7877 - 100 

GII.17 
Kawasaki 
incubated 

VNLRISDNDDF 

(2) 369-379 
654.3149 654.3144 - 100 

LRISDNDDF 

(2) 371-379 
547.7593 

547.7593 
- 100 
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Sample 
Sequence 

(charge) 
Peptide 
position 

Theoretical 
m/z (wt) 

Observed 
m/z 

Deamidation 
site and 

probability 

Fraction 
% 

GII.10 
Vietnam 

incubated 

STWETQDVSSGQPTKFTPVG 

(2) 379-398 
1076.5133 

1076.5128 
- 

100 

STWETQDVSSGQPTKFTPVGL 

(3) 379-399 
755.706 

755.7054 
- 

100 

STWETQDVSSGQPTKFTPVGLA 

(2) 379-400 
1168.5739 

1168.5732 
- 

100 

STWETQDVSSGQPTKFTPVGLAS 

(2) 379-401 
1212.0899 

1212.0891 
- 

100 

 

Table S 2: MNV GV P domain oligomer masses determined by native MS  (N = 4, 
as shown in Figure 19). All values are given in Da.  

Virus strain Oligomeric 
state 

Theoretical 
mass 

Experimental 
mass ± SD FWHM ± SD 

CR10 

Monomer 33416 33434 ± 38 12 ± 3 

Dimer 66832 66891 ± 62 13 ± 4 

Trimer* 100248 100362 ± 148 27 ± 12 

Tetramer* 133664 133895 ± 189 57 ± 12 

MNV07 

Monomer 33396 33427 ± 10 15 ± 8 

Dimer 66793 66854 ± 21 19 ± 13 

Trimer* 100189 100371 ±114 26 ± 19 

Tetramer* 133586 133805 ± 112 37 ± 27 

*unspecific artefacts 
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6.2.2 ORBITRAP FUSION MS METHODS 

Table S 3: MS method for HDX measurement 

Global Settings Experiment Settings 

Use Ion Source Settings from Tune = False Experiment Name = MS 

Method Duration (min)= 14 Start Time (min) = 0 

Ion Source Type = H-ESI End Time (min) = 14 

Spray Voltage: Positive Ion (V) = 3800 Cycle Time (sec) = 3 

Spray Voltage: Negative Ion (V) = 2900 Master Scan 

Sheath Gas (Arb) = 6 MSn Level = 1 

Aux Gas (Arb) = 0 Use Wide Quad Isolation = True 

Infusion Mode (LC)= False Detector Type = Orbitrap 

Sweep Gas (Arb) = 0 Orbitrap Resolution = 120K 

Ion Transfer Tube Temp (°C) = 275 Mass Range = Normal 

Vaporizer Temp (°C) = 20 Scan Range (m/z) = 300-2000 

APPI Lamp = Not in use Maximum Injection Time (ms) = 50 

FAIMS Mode = Not Installed AGC Target = 200000 

Internal Mass Calibration= User Defined Lock Mass Microscans = 4 

Application Mode = Peptide RF Lens (%) = 60 

Default Charge State = 1 Use ETD Internal Calibration = 
False 

Advanced Peak Determination = False DataType = Profile 

Xcalibur AcquireX enabled for method modifications = 
False 

Polarity = Positive 

Internal Cal Positive (m/z) = 445.12 Source Fragmentation = False 

 
Table S 4: MS/MS method for peptide and PTM identification 

Global Settings Experiment Settings 

Use Ion Source Settings from Tune = False Experiment Name = MS 

Method Duration (min)= 34 Start Time (min) = 0 

Ion Source Type = H-ESI End Time (min) = 34 

Spray Voltage: Positive Ion (V) = 3800 Cycle Time (sec) = 3 

Spray Voltage: Negative Ion (V) = 2100 Master Scan 

Sheath Gas (Arb) = 6 MSn Level = 1 

Aux Gas (Arb) = 0 Use Wide Quad Isolation = True 

Infusion Mode (LC)= False Detector Type = Orbitrap 

Sweep Gas (Arb) = 0 Orbitrap Resolution = 240K 

Ion Transfer Tube Temp (°C) = 275 Mass Range = Normal 

Vaporizer Temp (°C) = 20 Scan Range (m/z) = 300-2000 

APPI Lamp = Not in use Maximum Injection Time (ms) = 120 

FAIMS Mode = Not Installed AGC Target = 200000 

Application Mode = Peptide Microscans = 1 

Default Charge State = 1 RF Lens (%) = 60 
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Table S 4: continued 

Global Settings Master Scan 

Advanced Peak Determination = False Use ETD Internal Calibration = False 

Xcalibur AcquireX enabled for method modifications = 
False 

DataType = Profile 
 

Polarity = Positive 
 

Source Fragmentation = False 

MS/MS settings 

Filter MIPS Scan ddMSnScan 

MIPS Mode = Peptide MSn Level = 2 

Filter Charge State Isolation Mode = Quadrupole 

Include charge state(s) = 1-6 Isolation Offset = Off 

Include undetermined charge states = False Isolation Window = 1.6 

Include charge states 25 and higher = False Reported Mass = Original Mass 

Filter Dynamic Exclusion Multi-notch Isolation = False 

Exclude after n times = 1 Scan Range Mode = Auto Normal 

Exclusion duration (s) = 5 FirstMass = 120 

Mass Tolerance = ppm Scan Priority= 1 

Mass tolerance low = 10 ActivationType = HCD 

Mass tolerance high = 10 Collision Energy Mode = Fixed 

Exclude isotopes = True Collision Energy (%) = 30 

Perform dependent scan on single charge state per 
precursor only = False 

Detector Type = IonTrap 

Data Dependent Properties Ion Trap Scan Rate = Rapid 

Data Dependent Mode= Cycle Time Maximum Injection Time (ms) = 60 

Filter IntensityThreshold AGC Target = 10000 

Maximum Intensity = 1E+20 Inject ions for all available 
parallelizable time = True 

Minimum Intensity = 10000 Microscans = 1 

Relative Intensity Threshold = 0 Use ETD Internal Calibration = False 

Intensity Filter Type = IntensityRange DataType = Centroid 
 

Polarity = Positive 
 

Source Fragmentation = False 
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6.2.3 HDX SUMMARY TABLES 

Table S 5: HDX summary tables for measurements in chapter 3.1. Dataset 
numbering according to deposited data on PRIDE (chapter 5.7). Adapted from 
Mallagaray et al. (2019) under CC BY 4.0 license. 

 GII.4 Saga P dimer wild type 

Dataset 1 unbound 10 mM B trisaccharide 

HDX reaction details 20 mM Tris buffer, pH= 

7.4, 150 mM NaCl, 25°C 

20 mM Tris buffer, pH= 

7.4, 150 mM NaCl, 25°C 

HDX time course (min) 1, 10, 60, 480 1, 10, 60, 480 

HDX control samples - - 

Back-exchange (mean) mean 37% mean 37%  

# of Peptides 68 68 

Sequence coverage 97% 97% 

Average peptide length / 

Redundancy 

18.8 / 4.12  18.8 / 4.12 

Replicates (biological or 

technical) 

3 (technical) 3 (technical) 

Repeatability  0.083 (average standard 

deviation) 

0.111 (average standard 

deviation) 

Significant differences in HDX 

(delta HDX > X D) 

t-test with α=0.01 was used to compare significant 

differences between both states at a given time point 
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Table S 5: continued 

 GII.4 Saga P dimer fully deamidated 

Dataset 2 unbound 10 mM B trisaccharide 

HDX reaction details 20 mM Tris buffer, pH= 7.4, 150 mM NaCl, 25°C 

HDX time course (min) 1, 10, 60, 480 

HDX control samples - 

Back-exchange (mean) mean 37% 

# of Peptides 65 

Sequence coverage 97% 

Average peptide length / 

Redundancy 

18.6 / 3.87 

Replicates (biological or 

technical) 

3 (technical) 

Repeatability  0.126 (average standard 

deviation) 

0.06 (average standard  

deviation) 

Significant differences in HDX 

(delta HDX > X D) 

t-test with α=0.01 was used to compare significant 

differences between both states at a given time point 
 

 GII.4 Saga P dimer 

Dataset 3 wild type (unbound) deamidated (unbound) 

HDX reaction details 20 mM Tris buffer, pH= 

7.4, 150 mM NaCl, 25°C 

20 mM Tris buffer, pH= 

7.4, 150 mM NaCl, 25°C 

HDX time course (min) 1, 10, 60, 480 1, 10, 60, 480 

HDX control samples - - 

Back-exchange (mean) mean 37% mean 37% 

# of Peptides 65 65 

Sequence coverage 97% 97% 

Average peptide length / 

Redundancy 

18.6 / 3.87 18.6 / 3.87 

Replicates (biological or 

technical) 

3 (technical) 3 (technical) 

Repeatability  0.081 (average standard 

deviation) 

0.126 (average standard 

deviation) 

Significant differences in HDX 

(delta HDX > X D) 

combination of t-test  with α=0.01 and delta HDX > 

0.64 D (99% percentile calculated according to Arora 

et al. )  
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Table S 5: continued 

 GII.4 Saga P dimer wild type 

Dataset 4 unbound 10 mM B trisaccharide 

HDX reaction details 20 mM Tris buffer, pH= 

7.4, 150 mM NaCl, 25°C 

20 mM Tris buffer, pH= 

7.4, 150 mM NaCl, 25°C 

HDX time course (min) 0.25, 1, 10, 60, 480 0.25, 1, 10, 60, 480 

HDX control samples - - 

Back-exchange (mean) mean 37% mean 37% 

# of Peptides 72 72 

Sequence coverage 99% 99% 

Average peptide length / 

Redundancy 

18.5 / 4.29  18.5 / 4.29  

Replicates (biological or 

technical) 

1 (technical) 1 (technical) 

Repeatability  - - 

Significant differences in HDX 

(delta HDX > X D) 

- - 

  100 mM methyl-fucose 100 mM galactose 

HDX reaction details 20 mM Tris buffer, pH= 

7.4, 150 mM NaCl, 25°C 

20 mM Tris buffer, pH= 

7.4, 150 mM NaCl, 25°C 

HDX time course (min) 0.25, 1, 10, 60, 480 0.25, 1, 10, 60, 480 

HDX control samples - - 

Back-exchange (mean / IQR) mean 37% mean 37% 

# of Peptides 72 72 

Sequence coverage 99% 99% 

Average peptide length / 

Redundancy 

18.5 / 4.29  18.5 / 4.29  

Replicates (biological or 

technical) 

1 (technical) 1 (technical) 

Repeatability  - - 

Significant differences in HDX 

(delta HDX > X D) 

- - 
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Table S 6: HDX summary tables for measurements in chapter 3.2. Dataset 
numbering according to deposited data on PRIDE (chapter 5.7). 

 
GII.10 Vietnam P dimer 

Data Set T1 unbound 100 mM fucose 
HDX reaction details 20 mM Tris, 150 mM NaCl, pH 7, 25 °C  

HDX time course  
(min) 

1, 10, 60, 480 

HDX control samples FD model peptides in T9 
Back-exchange 
(mean) 

NA 

# of Peptides 117 117 
Sequence coverage 91% 91% 
Average peptide 
length / Redundancy 

15.9 / 5.8 15.9 / 5.8 

Replicates (biological 
or technical) 

3 (technical) 3 (technical) 

Repeatability (average 
standard deviation) 

0.1 0.073 

Significant differences 
in HDX (delta HDX > 
X D) 

T test (p<0.05) and delta D > 0.25 (2x pooled average SD), 
delta D > 0.55 (99% percentile) for 8h time point single 
measurement, manual validation in case of bimodality  

 
 

GII.10 Vietnam P dimer 
Data Set T2 unbound 10 mM HBGA B trisaccharide 
HDX reaction details 20 mM Tris, 150 mM NaCl, pH 7, 25 °C  

HDX time course  
(min) 

1, 10, 60, 480 

HDX control samples Fully deuterated protein control, labeled for 24 h, buffer 20 
mM Tris, 6 M urea, pH 7 + FD model peptides in T9 

Back-exchange 
(mean) 

50 ± 15 % (FD protein) 

# of Peptides 126 126 
Sequence coverage 89% 89% 
Average peptide 
length / Redundancy 

16.4 / 6.49  16.4 / 6.49  

Replicates (biological 
or technical) 

3 (technical) 3 (technical) 

Repeatability (average 
standard deviation) 

0.12 0.178 

Significant differences 
in HDX (delta HDX > 
X D) 

T test (p<0.05) and delta D > 0.43 (2x pooled average SD), 
manual validation in case of bimodality  
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Table S 6: continued 
 

GII.17 Kawasaki P dimer 
Data Set T3 unbound 100 mM fucose 
HDX reaction details 20 mM Tris, 150 mM NaCl, pH 7, 25 °C  

HDX time course  (min) 1, 10, 60, 480 
HDX control samples Fully deuterated protein control, labeled for 72 h, buffer 20 

mM Tris, 6 M urea, pH 7 + FD model peptides in T9 

Back-exchange (mean) 64 ± 11 % (FD protein) 
# of Peptides 89 89 
Sequence coverage 97% 97% 
Average peptide length 
/ Redundancy 

16.3 / 4.69 16.3 / 4.69 

Replicates (biological or 
technical) 

3 (technical) 3 (technical) 

Repeatability (average 
standard deviation) 

0.057 0.083 

Significant differences 
in HDX (delta HDX > X 
D) 

T test (p<0.05) and delta D > 0.20 (2x pooled average SD), 
manual validation in case of bimodality  

 
 

GII.17 Kawasaki P dimer 
Data Set T4 unbound 10 mM HBGA B 

trisaccharide 
HDX reaction details 20 mM Tris, 150 mM NaCl, pH 7, 25 °C  
HDX time course  (min) 1, 10, 60, 480 
HDX control samples Fully deuterated protein control, labeled for 72 h, buffer 20 

mM Tris, 6 M urea, pH 7 + FD model peptides in T9 

Back-exchange (mean) 58 ± 14 % (FD protein) 
# of Peptides 84 84 
Sequence coverage 97% 97% 
Average peptide length 
/ Redundancy 

16.1 / 4.36 16.1 / 4.36 

Replicates (biological or 
technical) 

3 (technical) 3 (technical) 

Repeatability (average 
standard deviation) 

0.115 0.157 

Significant differences 
in HDX (delta HDX > X 
D) 

T test (p<0.05) and delta D > 0.39 (2x pooled average SD), 
manual validation in case of bimodality  
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Table S 6: continued 
 

GII.4 MI001 P dimer wild type 
Data Set T5 unbound  10 mM HBGA B 

trisaccharide 
HDX reaction details 20 mM Tris, 150 mM NaCl, pH 7, 25 °C  

HDX time course  
(min) 

1, 10, 60, 480 

HDX control samples Fully deuterated protein control, labeled for 72 h, buffer 20 
mM Tris, 6 M urea, pH 7 + FD model peptides in T9 

Back-exchange (mean) 47 ± 12 % (FD protein) 
# of Peptides 100 100 
Sequence coverage 96% 96% 
Average peptide length 
/ Redundancy 

16.9 / 5.43 16.9 / 5.43 

Replicates (biological 
or technical) 

3 (technical) 3 (technical) 

Repeatability (average 
standard deviation) 

0.08 0.073 

Significant differences 
in HDX (delta HDX > X 
D) 

T test (p<0.05) and delta D > 0.22 (2x pooled average SD), 
manual validation in case of bimodality  

 
unbound 100 mM fucose 

HDX reaction details 20 mM Tris, 150 mM NaCl, pH 7, 25 °C  

HDX time course  
(min) 

1, 10, 60, 480 

HDX control samples Fully deuterated protein control, labeled for 72 h, buffer 20 
mM Tris, 6 M urea, pH 7 + FD model peptides in T9 

Back-exchange (mean) 47 ± 12 % (FD protein) 
# of Peptides 100 100 
Sequence coverage 96% 96% 
Average peptide length 
/ Redundancy 

16.9 / 5.43 16.9 / 5.43 

Replicates (biological 
or technical) 

3 (technical) 3 (technical) 

Repeatability (average 
standard deviation) 

0.08 0.09 

Significant differences 
in HDX (delta HDX > X 
D) 

T test (p<0.05) and delta D > 0.23 (2x pooled average SD), 
manual validation in case of bimodality  
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Table S 6: continued 
 

GII.4 MI001 P dimer wild type 
Data Set T6 unbound 100 mM fucose 
HDX reaction details 20 mM Tris, 150 mM NaCl, pH 7, 25 °C  

HDX time course  (min) 0.25, 1, 10, 60, 480 
HDX control samples Fully deuterated protein control, labeled for 24 h, buffer 20 

mM Tris, 6 M urea, pH 7 + FD model peptides in T9 

Back-exchange (mean) 40 ± 8 % (FD protein) 
# of Peptides 81 81 
Sequence coverage 87% 87% 
Average peptide length 
/ Redundancy 

16.6 / 4.34 16.6 / 4.34 

Replicates (biological or 
technical) 

1 (technical) 1 (technical) 

Repeatability (average 
standard deviation) 

0.1 for FD (2 technical 
replicates) 

- 

Significant differences 
in HDX (delta HDX > X 
D) 

delta D > 0.5 (99% percentile of dataset T5 with similar SD), 
manual validation in case of bimodality  

 
 

GII.4 MI001 P dimer partially deamidated 

Data Set T7 unbound 100 mM fucose 
HDX reaction details 20 mM Tris, 150 mM NaCl, pH 7, 25 °C  

HDX time course  (min) 1, 10, 60, 480 
HDX control samples Fully deuterated protein control, labeled for 72 h, buffer 20 

mM Tris, 6 M urea, pH 7 + FD model peptides in T9 

Back-exchange (mean) 41 ± 13 % (FD protein) 
# of Peptides 123 123 
Sequence coverage 96% 96% 
Average peptide length 
/ Redundancy 

15.0 / 5.94 15.0 / 5.94 

Replicates (biological or 
technical) 

3 (technical) 3 (technical) 

Repeatability (average 
standard deviation) 

0.074 0.079 

Significant differences 
in HDX (delta HDX > X 
D) 

T test (p<0.05) and delta D > 0.21 (2x pooled average SD), 
manual validation in case of bimodality  
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Table S 6: continued 
 

GII.4 MI001 P dimer wild type vs. partially deamidated 
Data Set T8 unbound (wt) (T5) unbound (deam) (T7) 
HDX reaction details 20 mM Tris, 150 mM NaCl, pH 7, 25 °C  

HDX time course  (min) 1, 10, 60, 480 
HDX control samples fully deuterated protein control (FD T5 and T7) + FD model 

peptides in T9 

Back-exchange (mean) see T5 and T7 for FD protein 

# of Peptides 69 69 
Sequence coverage 95% 95% 
Average peptide length 
/ Redundancy 

16.4 / 3.65 16.4 / 3.65 

Replicates (biological or 
technical) 

3 (technical) 3 (technical) 

Repeatability (average 
standard deviation) 

0.081 0.072 

Significant differences 
in HDX (delta HDX > X 
D) 

delta D normalized with FD controls ratio, T test (p<0.05) 
and delta D > 0.42 (99% percentile) 

 
 

fully deuterated model peptides for quality control 
Data Set T9 Angiotensin I Bradykinin 
HDX reaction details 20 mM deuterated Tris, 6 M GndHCl, pH 7, 25 °C, labeled 

for 24 h 
HDX time course  (min) - 
HDX control samples fully deuterated peptide mix serves as general back 

exchange control for the standard bottom-up HDX MS 
workflow 

Back-exchange (mean) 23 ± 1% (FD peptide) 32 ± 2 % (FD peptide) 
# of Peptides 1 1 
Sequence coverage 100% 100% 
Average peptide length 
/ Redundancy 

10 9 

Replicates (biological or 
technical) 

2 (technical) 2 (technical) 

Repeatability (average 
standard deviation) 

0.1 0.08 

Significant differences 
in HDX (delta HDX > X 
D) 

- 
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Table S 6: continued 
 

GII.4 Saga P dimer partially deamidated 
Data Set T10 unbound  100 mM fucose 
HDX reaction details 20 mM Tris, 150 mM NaCl, pH 7, 25 °C  

HDX time course  (min) 0.25. 1, 10 
HDX control samples Fully deuterated protein control, labeled for 24 h, buffer 20 

mM Tris, 6 M urea, pH 7 + FD model peptides in T9 

Back-exchange (mean) 37 ± 9 % (FD protein) 
# of Peptides 78 78 
Sequence coverage 97% 97% 
Average peptide length 
/ Redundancy 

18.2 / 4.59  18.2 / 4.59  

Replicates (biological or 
technical) 

3 (technical) 3 (technical) 

Repeatability (average 
standard deviation) 

0.084 0.109 

Significant differences 
in HDX (delta HDX > X 
D) 

T test (p<0.05) and delta D > 0.27 (2x pooled average SD) 

 

Table S 7: HDX summary tables for measurements in chapter 3.4.  

 
fully deuterated model peptides for quality control 

Dataset 1 Angiotensin I Bradykinin 
HDX reaction details 20 mM deuterated Tris, 6 M GndHCl, pH 7, 25 °C, labeled 

for 24 h 
HDX time course  (min) - 
HDX control samples fully deuterated peptide mix serves as general back 

exchange control for the HDX MS workflow adapted for 
membrane proteins 

Back-exchange (mean) 59 ± 29 % (FD peptide) 66 ± 11 % (FD peptide) 
# of Peptides 1 1 
Sequence coverage 100% 100% 
Average peptide length 
/ Redundancy 

10 9 

Replicates (biological or 
technical) 

2 (technical) 2 (technical) 

Repeatability (average 
standard deviation) 

0.1 0.08 

Significant differences 
in HDX (delta HDX > X 
D) 

- 
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Table S 7: continued 
 

Mistic 
Dataset 2 DOPC POPC 
HDX reaction details 50 mM Tris, pH 7.4, 50 mM NaCl, 25 °C 

HDX time course  (min) 0.5, 2, 10, 60 
HDX control samples Fully deuterated protein control in 48 µM LDAO, labeled for 

24 h, buffer 50 mM Tris, 50 mM NaCl, pH 7.4+ FD model 
peptides in T11 

Back-exchange (mean) 54 ± 7 % (FD protein) 
# of Peptides 54 54 
Sequence coverage 96% 96% 
Average peptide length 
/ Redundancy 

15.2 / 7.5 15.2 / 7.5 

Replicates (biological or 
technical) 

3 (technical) 3 (technical) 

Repeatability (average 
standard deviation) 

0.18 0.27 

Significant differences 
in HDX (delta HDX > X 
D) 

T test (p<0.05) and delta D > 0.63 (2x pooled average SD), 
manual validation in case of bimodality  

 
LDAO DOPC 

HDX reaction details 50 mM Tris, pH 7.4, 50 mM NaCl, 25 °C, additionally 3 mM 
LDAO for LDAO sample  

HDX time course  (min) 0.5, 2, 10, 60 
HDX control samples Fully deuterated protein control in 48 µM LDAO, labeled for 

24 h, buffer 50 mM Tris, 50 mM NaCl, pH 7.4+ FD model 
peptides in T11 

Back-exchange (mean) 54 ±  7 % (FD protein) 
# of Peptides 54 54 
Sequence coverage 96% 96% 
Average peptide length 
/ Redundancy 

15.2 / 7.5 15.2 / 7.5 

Replicates (biological or 
technical) 

3 (technical) 3 (technical) 

Repeatability (average 
standard deviation) 

0.21 0.18 

Significant differences 
in HDX (delta HDX > X 
D) 

T test (p<0.05) and delta D > 0.55 (2x pooled average SD), 
manual validation in case of bimodality  
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Table S 7: continued 
 

Mistic 
Dataset 2 continued LDAO POPC 
HDX reaction details 50 mM Tris, pH 7.4, 50 mM NaCl, 25 °C, additionally 3 mM 

LDAO for LDAO sample  
HDX time course  (min) 0.5, 2, 10, 60 
HDX control samples Fully deuterated protein control in 48 µM LDAO, labeled for 

24 h, buffer 50 mM Tris, 50 mM NaCl, pH 7.4+ FD model 
peptides in T11 

Back-exchange (mean) 54 ±  7 % (FD protein) 
# of Peptides 54 54 
Sequence coverage 96% 96% 
Average peptide length 
/ Redundancy 

15.2 / 7.5 15.2 / 7.5 

Replicates (biological or 
technical) 

3 (technical) 3 (technical) 

Repeatability (average 
standard deviation) 

0.21 0.27 

Significant differences 
in HDX (delta HDX > X 
D) 

T test (p<0.05) and delta D > 0.67 (2x pooled average SD), 
manual validation in case of bimodality  
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 Deuterium uptake plots 

Detailed figure descriptions for deuterium uptake plots: 

Figure S 34: Deuterium uptake plots for the wild type P dimers (black) with 

10 mM HBGA B Trisaccharide (blue). All time points (1 min, 10 min, 1 h, 8 h) 

were performed in triplicate. Error bars indicate the standard deviation of each 

triplicate analysis. 

Figure S 35: Deuterium uptake plots for the deamidated P dimers (black) with 

10 mM HBGA B trisaccharide (blue). All time points (1 min, 10 min, 1 h, 8 h) were 

performed in triplicate. Error bars indicate the standard deviation of each 

triplicate analysis. No time point showed significant (p < 0.01) deuteration 

differences. 

Figure S 36: Deuterium uptake plot comparison for the wild type (black) and 

deamidated P dimers (orange) without any ligand. All time points (1 min, 10 min, 

1 h, 8 h) were performed in triplicate. Error bars indicate the standard deviation 

of each triplicate analysis. Smaller deuteration differences can also be detected 

in the N-terminal domain loop (residues 221-272). However, these are not 

considered significant according to the used significance definition.  

Figure S 37: Deuterium uptake plots for the wild type P dimers (black) with 

10 mM HBGA B trisaccharide (blue), 100 mM methyl α-L-fucopyranoside (red) 

and 100 mM galactose (green, negative control). All time points (15 s, 1 min, 

10 min, 1 h, 8 h) represent single measurements, but deuterium levels are well 

in line with the triplicate measurements presented in Figure S 34. 

Figure S 38: Deuterium uptake plots for Vietnam P dimers (black) with 100 mM 

fucose (blue) (dataset T1). Time points 1 min, 10 min, and 1 h were performed in 

triplicate, the 8 h time point with fucose represents a single measurement. Error 

bars indicate the standard deviation of each triplicate analysis.  

Figure S 39: Deuterium uptake plots for Vietnam P dimers (black) with 10 mM 

HBGA B trisaccharide (blue) (dataset T2). All time points (1 min, 10 min, 1 h and 

8 h) were performed in triplicate, the fully deuterated control (FD, red) represents 

two measurements. Error bars indicate the standard deviation. 

Figure S 40: Deuterium uptake plots for Kawasaki P dimers (black) with 100 mM 

fucose (blue) (dataset T3). All time points (1 min, 10 min, 1 h and 8 h) were 
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performed in triplicate, the fully deuterated control (FD, red) represents two 

measurements. Error bars indicate the standard deviation. 

Figure S 41: Deuterium uptake plots for Kawasaki P dimers (black) with 10 mM 

HBGA B trisaccharide (blue) (dataset T4). All time points (1 min, 10 min, 1 h and 

8 h) were performed in triplicate, the fully deuterated control (FD, red) represents 

two measurements. Error bars indicate the standard deviation. 

Figure S 42: Deuterium uptake plots for wild type MI001 P dimers (black) with 

10 mM HBGA B trisaccharide (blue) and 100 mM fucose (light blue) (dataset T5). 

All time points (1 min, 10 min, 1 h and 8 h) were performed in triplicate, the fully 

deuterated control (FD, red) represents two measurements. Error bars indicate 

the standard deviation. 

Figure S 43: Deuterium uptake plots for wild type MI001 P dimers (black) with 

100 mM fucose (blue) (dataset T6). All time points (1 min, 10 min, 1 h and 8 h) 

were performed in single measurements, the fully deuterated control (FD, red) 

represents two measurements. Error bars indicate the standard deviation. 

Figure S 44: Deuterium uptake plots for partially deamidated MI001 P dimers 

(black) with 100 mM fucose (blue) (dataset T7). All time points (1 min, 10 min, 

1 h and 8 h) were performed in triplicate, the fully deuterated control (FD, red) 

represents two measurements. Error bars indicate the standard deviation. 

Figure S 45: Deuterium uptake plot comparison for wild type (black) and partially 

deamidated MI001 P dimers (orange) without any ligand (dataset T8). All time 

points (1 min, 10 min, 1 h, 8 h) were performed in triplicate. The ratio of the FD 

controls from wild type and deamidated measurements was used for 

normalization to account for different back exchange levels between the two 

datasets. Error bars indicate the standard deviation.  

Figure S 46: Deuterium uptake plots for partially deamidated Saga P dimers 

(black) with 100 mM fucose (blue) (dataset T10). All time points (15 s, 1 min and 

10 min) were performed in triplicate, the fully deuterated control (FD, red) 

represents two measurements. Error bars indicate the standard deviation. 

Figure S 47: Deuterium uptake plots for Mistic in POPC (blue), DOPC (black) and 

LDAO (orange). All time points (30 s, 2 min, 10 min, 1 h) were performed in 

triplicate. Error bars indicate the standard deviation. 
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Figure S 34: GII.4 Saga wild type P dimer with 10 mM B trisaccharide 
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Figure S 34: continued 
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Figure S 34: continued 
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Figure S 34: continued 
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Figure S 34: continued 
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Figure S 35: GII.4 Saga fully deamidated P dimer with 10 mM B trisaccharide 
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Figure S 35: continued 
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Figure S 35: continued 
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Figure S 35: continued 
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Figure S 35: continued 
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Figure S 36: GII.4 Saga wild type versus fully deamidated P dimer  
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Figure S 36: continued 
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Figure S 36: continued 
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Figure S 36: continued 
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Figure S 36: continued 
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Figure S 37: GII.4 Saga wild type P domain with with three glycan ligands:10 mM 
B trisaccharide, 100 mM fucose and 100 mM galactose (negative control). 
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Figure S 37: continued 
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Figure S 37: continued 
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Figure S 37: continued 
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Figure S 37: continued 
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Figure S 38: GII.10 Vietnam P dimer with 100 mM fucose 
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Figure S 38: continued 
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Figure S 38: continued 
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Figure S 38: continued 
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Figure S 38: continued 
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Figure S 38: continued 
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Figure S 38: continued 
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Figure S 38: continued 
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Figure S 39: GII.10 Vietnam P dimer with 10 mM B trisaccharide 
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Figure S 39: continued 
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Figure S 39: continued 
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Figure S 39: continued 
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Figure S 39: continued 
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Figure S 39: continued 
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Figure S 39: continued 
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Figure S 39: continued 
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Figure S 39: continued 
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Figure S 40: GII.17 Kawasaki P dimer with 100 mM fucose 
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Figure S 40: continued 
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Figure S 40: continued 
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Figure S 40: continued 
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Figure S 40: continued 
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Figure S 40: continued 
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Figure S 41: GII.17 Kawasaki P dimer with B trisaccharide 
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Figure S 41: continued 
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Figure S 41: continued 
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Figure S 41: continued 
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Figure S 41: continued 
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Figure S 41: continued 
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Figure S 42: GII.4 MI001 wt P dimer with 10 mM B trisaccharide, 100 mM fucose 
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Figure S 42: continued 
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Figure S 42: continued 
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Figure S 42: continued 
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Figure S 42: continued 
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Figure S 42: continued 
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Figure S 42: continued 
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Figure S 43: GII.4 MI001 wild type P dimer with 100 mM fucose (single replicates) 



6 Supplement 

215 

 

Figure S 43: continued 
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Figure S 43: continued 
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Figure S 43: continued 
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Figure S 43: continued 
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Figure S 43: continued 
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Figure S 44: GII.4 MI001 partially deamidated P dimer with 100 mM fucose 
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Figure S 44: continued 
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Figure S 44: continued 
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Figure S 44: continued 
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Figure S 44: continued 
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Figure S 44: continued 
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Figure S 44: continued 
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Figure S 44: continued 
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Figure S 44: continued 
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Figure S 45: GII.4 MI001 wild type versus partially deamidated P dimer 
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Figure S 45: continued 
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Figure S 45: continued 
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Figure S 45: continued 
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Figure S 45: continued 
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Figure S 46: GII.4 Saga partially deamidated P dimer with 100 mM fucose 
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Figure S 46: continued 
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Figure S 46: continued 
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Figure S 46: continued 
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Figure S 47: Mistic in POPC, DOPC and LDAO 
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Figure S 47: continued 
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Figure S 47: continued 
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Figure S 47: continued 
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 Protein and peptide sequences 

Human norovirus GII.4 Saga P domain 

GPGSKPFTVPILTVEEMTNSRFPIPLEKLFTGPSGAFVVQPQNGRCTTDGVLLGTTQL
SPVNICTFRGDVTHIAGSRNYTMNLASLNWNNYDPTEEIPAPLGTPDFVGKIQGLLTQ
TTKGDGSTRGHKATVYTGSAPFTPKLGSVQFSTDTENDFETHQNTKFTPVGVIQDG
STTHRNEPQQWVLPSYSGRNVHNVHLAPAVAPTFPGEQLLFFRSTMPGCSGYPNM
DLDCLLPQEWVQHFYQEAAPAQSDVALLRFVNPDTGRVLFECKLHKSGYVTVAHT
GQHDLVIPPNGYFRFDSWVNQFYTLAPM 

Human norovirus GII.4 MI001 P domain 

GPGSKPFSVPILTVEEMTNSRFPIPLEKLFTGPSSAFVVQPQNGRCTTDGVLLGTTQL
SPVNICTFRGDVTHIAGTQEYTMNLASQNWNNYDPTEEIPAPLGTPDFVGKIQGVLT
QTTRRDGSTRGHKATVSTGSVHFTPKLGRIQFSTDTSNDFETGQNTRFTPVGVVQD
GSTTHQNEPQQWVLPNYSGRDSHNVHLAPAVAPSFPGEQLLFFRSTMPGCSGYPN
MNLDCLLPQEWVQHFYQEAAPAQSDVALLRFVNPDTGRVLFECKLHKSGYVTVAH
TGQHDLVIPPNGYFRFDSWVNQFYTLAPM 

Human norovirus GII.17 Kawasaki 308 P domain 

GPGSKPFSLPILTLSELTNSRFPVPIDSLFTAQNNVLQVQCQNGRCTLDGELQGTTQL
LPTGICAFRGRVTAQINQRDRWHMQLQNLNGTTYDPTDDVPAPLGTPDFKGVVFG
MVSQRNVGNDAPGSTRAQQAWVSTYSPQFVPKLGSVNLRISDNDDFQFQPTKFTPV
GVNDDDDGHPFRQWELPNYSGELTLNMNLAPPVAPNFPGEQLLFFRSFVPCSGGY
NQGIIDCLIPQEWIQHFYQESAPSQSDVALIRYVNPDTGRTLFEAKLHRSGYITVAHS
GDYPLVVPANGHFRFDSWVNQFYSLAPM 

Human norovirus GII.10 Vietnam 026 P domain 

GPGSKPFTLPILTLGELTNSRFPLPIDVLYTNPNESAIVQCQNGRCTLDGELQGTTQL
LPTGICAFRGKVTQQVQDEHRGTHWNMTVTNLNGTPFDPTEDVPAPLGTPDFSGQI
YGVISQRNTNTVPGEGNLPANRAHEAVIATYSPKFTPKLGNIQFSTWETQDVSSGQP
TKFTPVGLASVDANSHFDQWTLPSYSGALTLNMNLAPSVAPVFPGECLLFFRSFIPLK
GGYGNPAIDCLMPQEWVQHLYQESAPSLSDVALVRYVNPETGRTLFEAKLHRNGFL
TVARNSAGPVVAPTNGYFRFDSWVNQFYTLAPM 

Murine norovirus GV/MNV07 P domain 

GPGSRMVDLPVLQPRLCTHARWPAPVYGLLVDPSLPSNPQWQNGRVHVDGTLLGT
TPVSGSWVSCFAAEAAYEFQSGTGEVATFTLIEQDGSAYVPGDRAAPLGYPDFSGQ
LEIEVQTETTKAGDKLKVTTFEMILGPTTNVDQAPYQGRVHASTSVTASLNLVDGRV
RAVPRSIYSFQDVVPEYNDGLLVPLAPPIGPFLPGEVLLRFRTYMRQIDSSDAAAEAI
DCALPQEFISWFASNAFTVQSEALLLRYRNTLTGQLLFECKLYSEGYIALSYSGSGPL
TFPTDGFFEVVSWVPRLYQLASV 
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Murine norovirus GV/CR10 P domain 

GPGSRMVDLPVLQPRLCTHARWPAPIYGLLVDPSLPSNPQWQNGRVHVDGTLLGTT
PVSGSWVSCFAAEAAYEFQSGTGEVATFTLIEQDGSAYVPGDRAAPLGYPDFSGQL
EIEVQTETTKTGDKLKVTTFEMILGPTTNVDQAPYQGRVYASLTAVASLDLVDGRVR
AVPRSIYGFQDVIPEYNDGLLVPLAPPIGPFLPGEVLLRFRTYMRQLDTADAAAEAID
CALPQEFISWFASNAFTVQSDALLLRYRNTLTGQLLFECKLYSEGYIALSYSGSGPLT
FPTDGFFEVVSWVPRLFQLASV 

Mistic (Bacillus subtilis) 

MFCTFFEKHHRKWDILLEKSTGVMEAMKVTSEEKEQLSTAIDRMNEGLDAFIQLYN
ESEIDEPLIQLDDDTAELMKQARDMYGQEKLNEKLNTIIKQILSISVSEEGEKE 

Angiotensin I 

DRVYIHPFHL 

Bradykinin 

RPPGFSPFR 
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 Hazardous substances according to GHS 

Table S 8: Hazard and precautionary statements of hazardous substances used 
in this work. 

Name  Symbols Hazard Statements (H)/Precautionary Statements (P) 

Acetic acid 

 

H226 - Flammable liquid and vapor 

H314 - Causes severe skin burns and eye damage 

P210 - Keep away from heat/sparks/open flames/hot 
surfaces. - No smoking 

P303 + P361 + P353 - IF ON SKIN (or hair): Remove/ Take 
off immediately all contaminated clothing. Rinse skin with 
water/shower 

P280 - Wear protective gloves/ protective clothing/ eye 
protection/ face protection 

P301 + P330 + P331 - IF SWALLOWED: Rinse mouth. Do 
NOT induce vomiting 

P305 + P351 + P338 - IF IN EYES: Rinse cautiously with 
water for several minutes. Remove contact lenses, if present 
and easy to do. Continue rinsing 

P310 - Immediately call a POISON CENTER or doctor/ 
physician 

Acetonitrile 

 

H225 - Highly flammable liquid and vapor 

H302 - Harmful if swallowed 

H312 - Harmful in contact with skin 

H319 - Causes serious eye irritation 

H332 - Harmful if inhaled 

P210 - Keep away from heat/sparks/open flames/hot 
surfaces. - No smoking 

P280 - Wear protective gloves/ protective clothing/ eye 
protection/ face protection 

P301 + P312 - IF SWALLOWED: Call a POISON CENTER or 
doctor/ physician if you feel unwell 

P302 + P352 - IF ON SKIN: Wash with plenty of soap and 
water 

P304 + P340 - IF INHALED: Remove to fresh air and keep at 
rest in a position comfortable for breathing 

P305 + P351 + P338 - IF IN EYES: Rinse cautiously with 
water for several minutes. Remove contact lenses, if present 
and easy to do. Continue rinsing 
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Name  Symbols Hazard Statements (H)/Precautionary Statements (P) 

Acrylamide 

 

H301 - Toxic if swallowed 

H312 + H332 - Harmful in contact with skin or if inhaled 

H315 - Causes skin irritation 

H319 - Causes serious eye irritation 

H317 - May cause an allergic skin reaction 

H372 - Causes damage to organs through prolonged or 
repeated exposure 

H350 - May cause cancer 

H340 - May cause genetic defects 

H361 - Suspected of damaging fertility or the unborn child 

P301 + P310 - IF SWALLOWED: Immediately call a POISON 
CENTRE or doctor/physician 

P302 + P352 - IF ON SKIN: Wash with plenty of soap and 
water 

P304 + P340 - IF INHALED: Remove victim to fresh air and 
keep at rest in a position comfortable for breathing 

P305 + P351 + P338 - IF IN EYES: Rinse cautiously with 
water for several minutes. Remove contact lenses, if present 
and easy to do. Continue rinsing 

P333 + P313 - If skin irritation or rash occurs: Get medical 
advice/attention 

P260 - Do not breathe dust/fume/gas/mist/vapors/spray 

P202 - Do not handle until all safety precautions have been 
read and understood 

Ammonium hydroxide  

 

H290 May be corrosive to metals.  

H314 Causes severe skin burns and eye damage.  

H335 May cause respiratory irritation.  

H400 Very toxic to aquatic life. 

P273 Avoid release to the environment.  

P280 Wear protective gloves/protective clothing/eye 
protection/face protection. 

P303+P361+P353 IF ON SKIN (or hair): take off immediately 
all contaminated clothing. Rinse skin with water/shower.  

P304+P340 IF INHALED: Remove person to fresh air and 
keep comfortable for breathing. 

P305+P351+P338 IF IN EYES: Rinse cautiously with water 
for several minutes. Remove contact lenses, if present and 
easy to do. Continue rinsing.  

P310 Immediately call a POISON CENTER/doctor. 
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Name  Symbols Hazard Statements (H)/Precautionary Statements (P) 

Ammonium persulfate 

(APS) 

 

H272 - May intensify fire; oxidizer 

H302 - Harmful if swallowed 

H315 - Causes skin irritation 

H317 - May cause an allergic skin reaction 

H319 - Causes serious eye irritation 

H334 - May cause allergy or asthma symptoms or breathing 
difficulties if inhaled 

H335 - May cause respiratory irritation 

P210 - Keep away from heat, hot surfaces, sparks, open 
flames and other ignition sources. No smoking 

P220 - Keep/Store away from clothing/ combustible 
materials 

P261 - Avoid breathing dust/fume/gas/mist/vapors/spray 

P264 - Wash hands thoroughly after handling 

P280 - Wear protective gloves/protective clothing/eye 
protection/face protection 

P301 + P312 - IF SWALLOWED: Call a POISON CENTER or 
doctor/physician if you feel unwell 

P302 + P352 - IF ON SKIN: Wash with plenty of soap and 
water 

P304 + P340 - IF INHALED: Remove person to fresh air and 
keep comfortable for breathing 

P305 + P351 + P338 - IF IN EYES: Rinse cautiously with 
water for several minutes. Remove contact lenses, if present 
and easy to do. Continue rinsing 

P333 + P313 - If skin irritation or rash occurs: Get medical 
advice/attention 

P403 + P233 - Store in a well-ventilated place. Keep 
container tightly closed 

P501 - Dispose of contents/ container to an approved waste 
disposal plant 

Argon 

 

 
H280 Contains gas under pressure; may explode if heated. 

P403 Store in a well-ventilated place.   

Cesium Iodide 

 

H315 Causes skin irritation.  

H317 May cause an allergic skin reaction.  

H319 Causes serious eye irritation.  

H335 May cause respiratory irritation.  

H410 Very toxic to aquatic life with long lasting effects. 

P280 Wear protective gloves.  

P305+P351+P338 IF IN EYES: Rinse cautiously with water 
for several minutes. Remove contact lenses, if present and 
easy to do. Continue rinsing. 
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Name  Symbols Hazard Statements (H)/Precautionary Statements (P) 

N,N-Dimethyl-

dodecylamine N-oxide 

(LDAO) 

 

H302 Harmful if swallowed. 

H315 Causes skin irritation. 

H318 Causes serious eye damage. 

H410 Very toxic to aquatic life with long lasting effects. 

P264 Wash skin thoroughly after handling. 

P273 Avoid release to the environment. 

P280 Wear protective gloves/ eye protection/ face 
protection. 

P305 + P351 + P338 +P310 IF IN EYES: Rinse cautiously 
with water for several minutes. Remove contact lenses, if 
present and easy to do. Continue rinsing. Immediately call a 
POISON CENTER/doctor. 

P391 Collect spillage. 

P501 Dispose of contents/ container to an approved waste 
disposal plant. 

Formic acid 

 

 

 

H226 Flammable liquid and vapour  

H290 May be corrosive to metals  

H302 Harmful if swallowed  

H314 Causes severe skin burns and eye damage  

H331 Toxic if inhaled 

P210 Keep away from heat. No smoking.  

P280 Wear protective gloves/protective clothing/eye 
protection/face protection. 

P303+P361+P353 IF ON SKIN (or hair): take off immediately 
all contaminated clothing. Rinse skin with water/shower.  

P304+P340 IF INHALED: Remove person to fresh air and 
keep comfortable for breathing. 

P305+P351+P338 IF IN EYES: Rinse cautiously with water 
for several minutes. Remove contact lenses, if present and 
easy to do. Continue rinsing.  

P310 Immediately call a POISON CENTER/doctor. 

Guanidine 

Hydrochloride 

(GndHCl) 
 

H302 - Harmful if swallowed 

H332 - Harmful if inhaled 

H315 - Causes skin irritation 

H319 - Causes serious eye irritation 

May form combustible dust concentrations in air 

P301 + P330 + P331 - IF SWALLOWED: rinse mouth. Do 
NOT induce vomiting 

P312 - Call a POISON CENTER or doctor/ physician if you 
feel unwell 

P304 + P340 - IF INHALED: Remove to fresh air and keep at 
rest in a position comfortable for breathing 

P302 + P352 - IF ON SKIN: Wash with plenty of soap and 
water 

P337 + P313 - If eye irritation persists: Get medical advice/ 
attention 

P280 - Wear protective gloves/ protective clothing/ eye 
protection/ face protection 
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Name  Symbols Hazard Statements (H)/Precautionary Statements (P) 

2-Mercaptoethanol  

H317 - May cause an allergic skin reaction 

P302 + P352 - IF ON SKIN: Wash with plenty of soap and 
water 

P273 - Avoid release to the environment 

P333 + P313 - If skin irritation or rash occurs: Get medical 
advice/attention 

P280 - Wear protective gloves/protective clothing/eye 
protection/face protection 

P261 - Avoid breathing dust/fume/gas/mist/vapors/spray 

P272 - Contaminated work clothing should not be allowed 
out of the workplace 

Methanol 

 

H225 - Highly flammable liquid and vapor 

H301 - Toxic if swallowed 

H311 - Toxic in contact with skin 

H331 - Toxic if inhaled 

H370 - Causes damage to organs 

P210 - Keep away from heat/sparks/open flames/hot 
surfaces. - No smoking 

P280 - Wear protective gloves/ protective clothing/ eye 
protection/ face protection 

P301 + P310 - IF SWALLOWED: Immediately call a POISON 
CENTER or doctor/ physician 

P302 + P350 - IF ON SKIN: Gently wash with plenty of soap 
and water 

P304 + P340 - IF INHALED: Remove to fresh air and keep at 
rest in a position comfortable for breathing 

P240 - Ground/Bond container and receiving equipment 

Nitrogen  H280 Contains gas under pressure; may explode if heated. 

P403 Store in a well-ventilated place. 

Pepsin immobilized on 

Resin beads  

H334 - May cause allergy or asthma symptoms or breathing 
difficulties if inhaled 

P261 - Avoid breathing dust/fume/gas/mist/vapours/spray 

P284 - In case of inadequate ventilation wear respiratory 
protection 

P304 + P340 - IF INHALED: Remove person to fresh air and 
keep comfortable for breathing 

P342 + P311 - If experiencing respiratory symptoms: Call a 
POISON CENTER or doctor/physician 

P501 - Dispose of contents/ container to an approved waste 
disposal plant 
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Name  Symbols Hazard Statements (H)/Precautionary Statements (P) 

Pierce® LTQ Velos ESI 
Positive Ion 
Calibration Solution 

 

H225 - Highly flammable liquid and vapour 

H301 + H311 + H331 - Toxic if swallowed, in contact with 
skin or if inhaled 

H319 - Causes serious eye irritation 

H370 - Causes damage to organs 

P280 - Wear protective gloves/protective clothing/eye 
protection/face protection 

P210 - Keep away from heat, hot surfaces, sparks, open 
flames and other ignition sources. No smoking 

P241 - Use explosion-proof electrical/ ventilating/ lighting/ 
equipment 

P260 - Do not breathe dust/fume/gas/mist/vapours/spray 

P304 + P340 - IF INHALED: Remove person to fresh air and 
keep comfortable for breathing 

P301 + P310 - IF SWALLOWED: Immediately call a POISON 
CENTER or doctor/physician 

P303 + P361 + P353 - IF ON SKIN (or hair): Remove/Take off 
immediately all contaminated clothing. Rinse skin with 
water/shower 

P403 + P235 - Store in a well-ventilated place. Keep cool 

P501 - Dispose of contents/ container to an approved waste 
disposal plant 

Phosphoric acid   

H290 - May be corrosive to metals 

H314 - Causes severe skin burns and eye damage 

P280 - Wear protective gloves/ protective clothing/ eye 
protection/ face protection 

P301 + P330 + P331 - IF SWALLOWED: Rinse mouth. Do 
NOT induce vomiting 

P303 + P361 + P353 - IF ON SKIN (or hair): Remove/ Take 
off immediately all contaminated clothing. Rinse skin with 
water/shower 

P305 + P351 + P338 - IF IN EYES: Rinse cautiously with 
water for several minutes. Remove contact lenses, if present 
and easy to do. Continue rinsing 

P310 - Immediately call a POISON CENTER or doctor/ 
physician 
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Name  Symbols Hazard Statements (H)/Precautionary Statements (P) 

Sodium Dodecyl 
Sulfate (SDS) 

 

H228 - Flammable solid 

H302 - Harmful if swallowed 

H332 - Harmful if inhaled 

H315 - Causes skin irritation 

H318 - Causes serious eye damage 

H335 - May cause respiratory irritation 

H412 - Harmful to aquatic life with long lasting effects 

P301 + P312 - IF SWALLOWED: Call a POISON CENTRE or 
doctor/physician if you feel unwell 

P302 + P352 - IF ON SKIN: Wash with plenty of soap and 
water 

P305 + P351 + P338 - IF IN EYES: Rinse cautiously with 
water for several minutes. Remove contact lenses, if present 
and easy to do. Continue rinsing 

P304 + P340 - IF INHALED: Remove victim to fresh air and 
keep at rest in a position comfortable for breathing 

P273 - Avoid release to the environment 

P370 + P378 - In case of fire, use water/water spray/water 
jet/carbon dioxide/sand/foam/alcohol resistant 
foam/chemical powder for extinction 

Sodium hydroxide  

H290 - May be corrosive to metals 

H314 - Causes severe skin burns and eye damage 

P280 - Wear protective gloves/ protective clothing/ eye 
protection/ face protection 

P301 + P330 + P331 - IF SWALLOWED: Rinse mouth. Do 
NOT induce vomiting 

P303 + P361 + P353 - IF ON SKIN (or hair): Remove/ Take 
off immediately all contaminated clothing. Rinse skin with 
water/shower 

P305 + P351 + P338 - IF IN EYES: Rinse cautiously with 
water for several minutes. Remove contact lenses, if present 
and easy to do. Continue rinsing 

P310 - Immediately call a POISON CENTER or doctor/ 
physician 
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Name  Symbols Hazard Statements (H)/Precautionary Statements (P) 

N,N,N',N'-Tetramethyl 

ethylenediamine 

(TEMED) 
 

 

H225 - Highly flammable liquid and vapor 

H301 - Toxic if swallowed 

H314 - Causes severe skin burns and eye damage 

H318 - Causes serious eye damage 

H331 - Toxic if inhaled 

P210 - Keep away from heat, hot surfaces, sparks, open 
flames and other ignition sources. No smoking 

P280 - Wear protective gloves/protective clothing/eye 
protection/face protection 

P301 + P310 - IF SWALLOWED: Immediately call a POISON 
CENTRE or doctor/physician 

P303 + P361 + P353 - IF ON SKIN (or hair): Remove/Take off 
immediately all contaminated clothing. Rinse skin with 
water/shower 

P304 + P340 - IF INHALED: Remove victim to fresh air and 
keep at rest in a position comfortable for breathing 

P403 + P235 - Store in a well-ventilated place. Keep cool 

P501 - Dispose of contents/ container to an approved waste 
disposal plant 
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