UNIVERSITAT ZU LUBECK

From the Institute of Chemistry and Metabolomics
of the University of Liibeck

Director: Prof. Dr. rer. nat. Thomas Peters

On the Interaction of Norovirus

Capsid Proteins with Glycans and Bile Acids

Zur Interaktion der Noroviruskapsidproteine

mit Glykanen und Gallensauren

Dissertation
for Fulfillment of
Requirements
for the Doctoral Degree
of the University of Liibeck

from the Department of Natural Sciences

Submitted by
Robert Creutznacher

from Berlin

Liibeck, 2020






First referee: Prof. Dr. Thomas Peters
Second referee: Prof. Dr. Christian Hitbner
Date of oral examination: August 4, 2020

Approved for printing. Liibeck, August 5, 2020






Contents

Acknowledgments & Contributions ix
1 Abstract 1
2 Zusammenfassung 3
3 Introduction 5
3.1 NOroviruses . . . . . . . . . 5
3.1.1 Disease & Epidemiology . . .. ... ... . ... ... ... ... 5

3.1.2  The Norovirus Particle . . . ... ... ... .. ... ... ... ... ... 6

3.1.3  Murine Noroviruses . . . . . . . ... .. oo 8

3.1.4  The Role of Glycans in Norovirus Infections . . . . . .. ... ... ... ... 8

3.1.5 The Role of Bile Acids in Norovirus Infections . . . . . ... ... ... .... 11

3.2 Asparagine Deamidationin Proteins . . . .. ... ... ... .. .. 0L 13

3.3 Biomolecular Nuclear Magnetic Resonance (NMR) Spectroscopy . . . ... ... .. 14
3.3.1 The Chemical Shift . .. ... ... ... ... .. .. .. .. .. .. .. ... 14

3.3.2  Relaxation & Molecular Motion . . . . .. ... ... ... ... ....... 16

333 IsotopicLabeling . .. ... ... ... ... ... ... . .. 17

3.3.4  Protein Signal Assignment - 3D NMR Spectroscopy . . . . . ... ... .. .. 18

3.3.5  Saturation Transfer Difference (STD) NMR Experiments . . . . . .. ... .. 20

3.3.6  Paramagnetic Lanthanides in NMR Spectroscopy . . . . . ... ... .. ... 21

34 Objectives. . . . . . . L e 22

4 Results 23
4.1 NMR Backbone Assignment of a GII.4 NoV Protruding Domain . . . . .. ... ... 23

4.2 A Post-Translational Modification Impairs Glycan Recognition . . . . . .. .. .. .. 28

4.3 A Novel, Low-Affinity Binding Pocket for Bile Acids on GII.4 Norovirus Capsids . . . 37

4.4 Bile Acids Functionalize The Murine Norovirus Protruding Domain in Solution . . . . 41

4.5 Protein-Metal Interactions of Norovirus Capsids . . . . . .. .. ... .. ... .... 50

4.6  Glycan Recognition of Human and Murine NoV Capsid Proteins . . . . . . .. .. .. 55



vi Contents (Contents)

5 Discussion
5.1 Backbone Assignment and Deamidation of Asn373 in Human GII.4 Noroviruses . . .
5.2 Interactions of Norovirus Capsids with Bile Acids . . . . .. ... ... ... .....
5.3  Norovirus Protruding Domains are Metalloproteins . . . . . .. ... .........
5.4 Redefining the Glycan Code of Murine and Human Noroviruses . . . . ... ... ..
5.5 Conclusions & Outlook . . .. ... ... ... ... .. .. .. .. .. .. ...

6 Materials & Methods
6.1 Expression Vectors . . . . . . . . ... L e
6.1.1  Genes . ... ... e
6.1.2  Polymerase Chain Reaction (PCR) . . . . . ... ... ... ... ... .....
6.1.3 Bacterial GrowthMedia . . . . . . ... ... ... .. ... .. L ..
6.1.4 Bacterial Transformation . . . . ... ... ... ... ... ... ... ... .
6.1.5 Bacterial CryoStocks . . . . ... ... ... .. L
6.2 Protein Biosynthesis . . . . ... ... ... . L o o
6.2.1  Unlabeled Protruding Domain . . . . ... ... ... ... ... .......
6.2.2 Isotope-Labeled Protruding Domain . . . . . .. .. ... ... . .......
6.3 Protein Purification & Biochemical Analysis . . . ... ... .. ... .. .. .. ...
631 CellLysis . . . ... ...
6.3.2  Affinity Chromatography & Proteolytic Cleavage . . . ... ... .. ... ..
6.3.3  Size Exclusion Chromatography (SEC) . . . . . ... ... ... ... .. ...
6.3.4 Denaturing Gel Electrophoresis . . . . . .. ... .. ... .. .. .. .....
6.3.5 Chemical Denaturation & Refolding of the GII.4 Protruding Domain . . . . .
6.3.6  Ion Exchange Chromatography (IEX) . . ... ... ... ... ........
6.3.7 Hydrophobic Interaction Chromatography (HIC) . . . . . ... ... ... ..
6.4 Nuclear Magnetic Resonance (NMR) Spectroscopy . . . . .. ... ... ... ....
641 NMRsamples . . . .. ... ..
6.4.2 Chemical Shift Referencing . . . . . . ... ... ... ... ... ... ...
6.4.3 Backbone Amide Signal Assignment - 3D NMR Spectroscopy . . . . ... ..
6.44 Potential Ligand Molecules Used in STD and CSP Experiments . . . ... ..
6.4.5 Chemical Shift Perturbation (CSP) Experiments . . . . . . ... ... ... ..
6.4.6  Saturation Transfer Difference (STD) NMR Spectroscopy . . . . . . . ... ..
6.4.7 >N Backbone Relaxation . . . . . ... ... ... ... . ... .. .. ...
6.4.8 Dimerization & GCDCA-Binding of the Murine NoV P-Domain . . . . . ..
6.5 Software. . . . . . ...
6.6 Data Availability . . . ... ... .

Bibliography

63
63
65
68
70
72

75
75
75
75
76
76
77
77
77
78
78
78
78
79
80
80
80
81
82
82
82
83
84
86
86
87
88
89
89

91



Contents (Contents) vii
Appendix 111
6.7 Protein Biosynthesis and Purification . . . . .. ... ... ... .. L L. 111

6.8 Hydrophobic Interaction Chromatography . . . . . . .. ... ... ... ....... 113

6.9 Simultaneous Deamidation and Dimer Reassembly . . . . .. ... ... ... ... .. 114
6.10 SourceCode . . . .. .. .. ... 115
6.10.1 Chemical Shift Referencing . . . . .. ... ... ... ... ... ... ... 115

6.10.2 Fitting of Simultaneous Deamidation and Dimer Reassembly Reaction Rates . 116

6.10.3 Analysis of TRACT experiments . . . . .. ... ... ... .......... 118

6.10.4 MNV-GCDCA Interaction . . . . ... ... ... ... ... ........ 119

6.10.5 Calcium Contamination . . .. ... ... ... ... ... .......... 121

6.10.6 Pulse program PN Tjtimes . . . . . ... ... ...t 122

6.10.7 Pulse program PN Tj times . . . . . . ..o v it 126

6.11 Curriculum Vitae . . . . . . ... ... . e 130






ix

Acknowledgments & Contributions

First and foremost, I would like to thank Prof. Dr. Thomas Peters for his guidance through the dif-
ferent stages of academic life since I was an undergraduate student. I do not take the given support for
granted and I am grateful for the enjoyable work on the project.

All members of the Institute of Chemistry and Metabolomics are greatly thanked for creating such
a welcoming atmosphere. In particular, I greatly appreciate the unwavering scientific and personal
support from Barbara Richer and Dr. Thorsten Biet. I could not have wished for better colleagues.
Further, I would like to thank Dr. Karsten Seeger and Dr. Alvaro Mallagaray for their practical advice
and our helpful discussions, and Dr. Hanne Peters for managing the laboratory and for an open door
whenever problems arose.

I am grateful for the fruitful collaborations within the DFG research unit ViroCarb, especially with
Prof. Dr. Stefan Taube in murine norovirus research, with Dr. Charlotte Uetrecht in the field of
native mass spectrometry, and with Jasmin Diilfer, Marit Lingemann, and Jan Knickmann in their
groups. Likewise, I appreciate the collaboration with Dr. Matthias Stein and Eric Schulze who pro-
vided molecular dynamics simulations of the norovirus capsid protein.

Finally, I wish to express my gratitude towards Patrick Ogrissek, Georg Wallmann, Thorben
Maaf3, and Clara Feldmann. Supervising their theses was an invaluable lesson for myself and the

source of many fond memories. Their contributions to this thesis are summarized below in Tab. 1.



X

(Acknowledgments & Contributions)

Table 1: Contributions from students to this thesis. Data shown in this thesis that was obtained as part of
supervised Bachelor’s and Master’s theses or during the students’ subsequent work as the author’s research as-
sistants (German: “wissenschaftliche Hilfskraft”) is listed here. A detailed description of the supervised tasks is

given here and, in a shortened version, again in the respective figure and table legends.

student

contribution to

supervised task

Patrick Ogrissek  Fig. 4.4, Fig. 4.18,
Fig. 4.31, Tab. 4.2

denaturation and refolding of isotope
labeled P-domain from strain GII.4 VA387

Fig. 4.5, Tab. 4.1

purification, denaturation, and refolding of
isotope labeled N373D P-domain from strain
GIIL.4 Saga; peak picking of spectra for
measurement of 1°N relaxation data

Fig. 4.8

biosynthesis, purification, denaturation, refolding,
and chromatographic separation of protein species
of isotope labeled P-domain from strain GII.4 Saga

Georg Wallmann

Fig. 4.4, Fig. 4.18,
Tab. 4.2

biosynthesis, purification, denaturation, and refolding
of isotope labeled P-domain from strain GII.4 MI001

Clara Feldmann

Fig. 4.20, Tab. 4.3

biosynthesis and purification of isotope labeled
P-domain from strain GV MNV07; hydrophobic
interaction chromatography experiments

Fig. 4.22, Fig. 6.4

hydrophobic interaction
chromatography experiments

Thorben Maaf3

Tab. 4.4

STD NMR experiments with murine NoV
strain CW1 with GalNAc, A-trisaccharide,
and Forssman-trisaccharide




1. Abstract

Norovirus infections are a major cause for acute gastroenteritis and responsible for over 700 million
illnesses each year worldwide. Like other non-enveloped viruses, noroviruses must interact with their
environment through a proteinaceous shell that consists of 180 copies of the major capsid protein. One
domain of this protein, the protruding domain in its functional, dimeric form, is responsible for cell
surface attachment. Noroviruses from different genogroups are restricted in their host tropism. For
example, some noroviruses only infect rodents but not humans. These murine noroviruses resemble
their human counterparts in terms of capsid structure and are thought to recognize related attachment
factors or ligands. Two classes of ligands have been described for both human and murine norovirus
protruding domain proteins: bile acids and glycans. The biological function of the interactions with
these ligands is poorly understood. Bile acids have been linked to increased viral infectivity and glycans
from the histo-blood group antigen family serve as cell attachment factors for human noroviruses.
Recently, it has been described that both murine and human noroviruses interact with sialic acid-
containing glycans, e.g. gangliosides.

In my thesis, I have characterized murine and human norovirus capsid proteins using nuclear mag-
netic resonance spectroscopy to establish a comprehensive picture of their interactions with ligands in
solution. Chemical shift perturbation experiments revealed that the affinities between human noro-
virus protruding domains and histo-blood group antigens are significantly lower than reported, with
dissociation constants in the mM-range. Spontaneous deamidation of an asparagine residue has been
discovered in a surface loop of GII.4 noroviruses, abrogating glycan binding. This post-translational
transformation of the capsid of the predominant human noroviruses into a binding-incompetent form
has implications for future studies of viral glycan recognition and vaccine development. Surprisingly
and contrary to previous studies, neither human nor murine norovirus capsid proteins were found to
bind sialic acid-bearing glycans such as gangliosides. In fact, murine norovirus protruding domains
do not interact with any of the carbohydrates tested. These findings redefine the glycan binding code
of noroviruses.

Another focus of my thesis is on the role of bile acids. A novel, low-affinity binding site for bile acids
has been identified near the C-terminus of the protruding domains of GII.4 noroviruses. Bile acids
were also found to fulfill an important function for murine noroviruses as their presence is required
for protruding domain dimerization and stability. Binding is also accompanied by major changes in
protein dynamics, possibly linked to viral immune evasion. These unique mechanisms highlight the

importance of bile acids as essential cofactors for norovirus infections.






2. Zusammenfassung

Jahrlich kénnen weltweit iiber 700 Millionen Erkrankungsfille auf Infektionen mit Noroviren zuriick-
gefithrt werden. Noroviren interagieren, wie andere nicht-behiillte Viren auch, mit ihrer Umgebung
mittels einer Proteinhiille. Diese wird aus 180 Kopien des viralen Kapsidproteins gebildet. Eine Do-
maéne dieses Proteins — die protruding domain oder P-Domine - ist verantwortlich fiir die Anheftung
des Virus an Zelloberflachen. Noroviren unterschiedlicher Genogruppen zeigen einen eingeschrank-
ten Wirtstropismus. Beispielhaft zu nennen sind murine Noroviren, die nur Nagetiere aber keine
Menschen infizieren, ihren humanen Gegenstiicken in ihrer Kapsidstruktur jedoch stark dhneln. Es
wird davon ausgegangen, dass die P-Domédnen humaner wie auch muriner Noroviren dhnliche Lig-
anden erkennen. Zwei Arten von Liganden, Gallensduren und Glykane, wurden fiir beide Proteine
beschrieben. Die biologische Bedeutung dieser Interaktionen ist weitestgehend unverstanden; Gallen-
sduren beeinflussen die virale Infektiositdt wiahrend Glykane aus der Gruppe der Histo-Blutgruppen-
antigene als Anheftungsfaktoren fiir humane Noroviren dienen. Dariiber hinaus wurden sialinséure-
haltige Glykane, wie z.B. Ganglioside, als Liganden von murinen und humanen Noroviren beschrieben.
Mithilfe der NMR-Spektroskopie habe ich in dieser Arbeit murine und humane Noroviruskapsid-
proteine charakterisiert, um ein umfassendes Bild ihrer Ligandeninteraktionen in Losung zu erlangen.
Protein-NMR-Experimente zeigten, dass die Affinititen zwischen Histo-Blutgruppenantigenen und
den P-Doménen humaner Noroviren erheblich niedriger sind als bisher angenommen. Die entdeckte
spontane Deamidierung eines Asparagins auf der Oberflache des Proteins fithrt dariiber hinaus zu
einem vollstandigen Verlust der Fahigkeit zur Glykanerkennung. Diese posttranslationale Transfor-
mation des Kapsids humaner Noroviren in eine bindungsunfihige Form ist potentiell bedeutend fiir
zukiinftige Untersuchungen der viralen Glykanerkennung und die Impfstoffentwicklung. Im Gegen-
satz zu Erkenntnissen vorheriger Studien binden sialinsdurehaltige Glykane nicht an die P-Domine
muriner oder humaner Noroviren. Tatsdchlich findet iiberhaupt keine Interaktionen zwischen muri-
nen Noroviruskapsidproteinen und einer Reihe hier getesteter Glykane statt. Daraus folgt, dass bis-
herige Modelle zur Glykanspezifitit der Noroviren grundsitzlich revidiert werden miissen.
Weiterhin wurde in dieser Arbeit eine neue Bindetasche fiir Gallensduren in humanen GII.4 Noro-
viruskapsiden identifiziert. Es zeigte sich dariiber hinaus, dass Gallensduren essentiell fiir die Dimeri-
sierung und Stabilisierung der P-Doméne muriner Noroviren sind. Ihre Bindung geht einher mit um-
fangreichen Anderungen der Proteindynamik, die in moglichem Zusammenhang zur Umgehung des
Wirtsimmunsystems stehen. Diese neuartigen Mechanismen geben einen weiteren Hinweis auf die

Bedeutung von Gallenséuren als Kofaktoren der Norovirusinfektion.






3. Introduction

3.1 Noroviruses

3.1.1 Disease & Epidemiology

Noroviruses (NoV) are non-enveloped, single-stranded RNA viruses and belong to the family of Calici-
viridae (Vinje et al., 2019). An approximately 8 kB large RNA genome serves as mRNA template for six
non-structural proteins, including the RNA-dependent RNA polymerase, in one open-reading frame
(ORF) and the major structural capsid protein VP1 in another. A third ORF encodes the minor struc-
tural protein VP2 with a hypothesized role in the release of the genome upon infection of target cells
(Conley et al., 2019). The major capsid protein VP1 is used for differentiation of members of the genus
Norovirus: phylogenetic analysis based on the VP1 amino acid sequence leads to the clustering of NoV
into ten genogroups (termed GI-GX) which are then subdivided into genotypes (e.g. GII.4) (Chhabra
et al, 2019). Further differentiation is achieved by designation of NoV strains, named after the loca-
tion of their first occurrence (e.g. GII.4 Sydney). NoV can infect a variety of species, with GV NoV
infecting mice and GI, GII and GIV NoV infecting humans. Among human NoV, genotype GII.4 has
been predominant for almost two decades (van Beek et al., 2018).

Infection with NoV is a leading cause for acute gastroenteritis. Commonly, symptoms in otherwise
healthy adults are mostly diarrhea and vomiting (Robilotti et al., 2015). NoV gastroenteritis is generally
of a short duration, and most patients recover after 96 h. However, complications - including fatal
outcomes — may arise in elderly patients, immunocompromised hosts, or very young children. This
amounts to an estimate of 700 million illnesses worldwide each year, including 70,000 deaths among
children below an age of 5 years (Bartsch et al., 2016). In Germany, NoV gastroenteritis ranked second
among the most common infectious diseases in 2017 (Hofmann et al., 2020). The large case number
is thought to be responsible for a global annual economic burden of about $60 billion through health
system and societal costs (Bartsch et al., 2016). NoV outbreaks are mostly food-borne or arise from
contaminated water sources (Robilotti et al., 2015). Especially in living situations with closed-space
environments — cruise-ships, schools, military sites - NoV are easily transmitted through the fecal-
oral route. NoV particles are environmentally stable and exposure to a single particle is estimated to
carry a 50 % risk of infection (Teunis et al., 2008).

Treatment of NoV infections is focused on reducing dehydration. No antiviral agents or vaccines
are commercially available (Cortes-Penfield et al., 2017, Mattison et al., 2018). Vaccine development is

impaired by viral antigenic diversity and short-term strain-specific natural immunity. Research in this
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area is mostly focused on non-replicating virus-like particles. Traditional vaccines based on attenuated
viruses could not be developed due to the lack of cell culture systems for human NoV until recently.

Human NoV have been successfully cultivated in B cells (Jones et al., 2014) and human intestinal
enteroids (Ettayebi et al., 2016). The latter are derived from intestinal stem cells and, after differen-
tiation into a multicellular epithelium, support both infection and replication of a variety of human
NoV strains, including the predominant ones (Estes et al., 2019). The enteroid system is, however, ex-
perimentally challenging, expensive, and sustained passaging of NoV is impaired. The lack of suitable
animal models is equally challenging for research in NoV biology (Todd and Tripp, 2019), although
experiments with primates, gnotobiotic pigs, immunocompromised mice (Taube et al., 2013), and ze-
brafish (Van Dycke et al., 2019) have been reported.

Human NoV appear to primarily infect cells in the small intestine, giving rise to the gastrointestinal
symptoms of infection. However, the actual cell type targeted by NoV remains elusive. Reports on
immune cells as the target cells (Jones et al., 2014, 2015) are controversial and intestinal enterocytes
have been proposed as the most likely alternative (Atmar et al., 2018). No proteinaceous cell surface
receptor for human NoV is currently known and the viral cell attachment process remains poorly

understood (cf. chapter 3.1.4).

3.1.2 The Norovirus Particle

All Caliciviridae, including NoV, are non-enveloped viruses, i.e. their proteinaceous viral capsid is
not surrounded by an additional membrane layer. Thus, the viral capsid itself must fulfill a variety of
functions in the viral infection cycle (Flint et al., 2003). First and foremost, capsids serve to protect
the viral genome from its environment. Some capsids not only encapsulate but also organize the viral
genome at the interior face. After infection, the attachment to cell surface receptors, and thereby in a
broader sense the viral tropism itself, is mediated by the capsid. Finally, the capsid must allow for the
controlled release of the viral genome at the appropriate point in time.

The infectious NoV virion is thought to contain only three different elements: the RNA genome
itself, linked to the VPg protein, and a small number of copies of the minor structural protein VP2,
hypothesized to be important in the release of the viral genome (Sosnovtsev and Green, 2000, Conley
et al,, 2019). The capsid itself is formed by assembly of 180 copies of the 60 kDa major structural
protein VP1 as shown in Fig. 3.1a (Vinje et al., 2019). The VP1 protein is comprised of two domains,
separated by a flexible hinge (Prasad et al., 1999). The interior shell-domain (S-domain) is responsible
for the overall icosahedral symmetry of the viral capsid by making intersubunit contacts with other S-
domains. Three connected S-domains form one face of the icosahedron and, thereby, the asymmetrical
unit that is repeated 60-times. Accordingly, the NoV capsid has a triangulation number of 7' = 3. Of
note, a polymorphism of NoV capsids has recently been observed indicating that NoV capsids might
also adopt 7' = 1 or T' = 4 capsid symmetries (Jung et al., 2019).

The second domain of the VP1 protein is the protruding domain (P-domain). Two P-domains in-
teract with each other and form 90 dimeric protrusions on top of the capsid’s shell (Fig. 3.1b). Due to

the icosahedral nature of the capsid, two different kinds of P-domain interaction can occur in the con-
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Figure 3.1: The norovirus capsid. Norovirus particles are assembled from 180 copies of the major structural
protein VP1 and adopt a T=3 icosahedral symmetry (a, pdb 1IHM). The viral capsid presented in a is color-
coded according to the sequence of the VP1 protein: the shell domain, forming a hollow sphere, appears in
yellow and the N-terminal protruding domain in orange and red. An enlarged part of the capsid is shown in b.
The VP1 shell domains (yellow) are arranged as a continuous surface that encapsulates the viral genome. The
protruding domains are organized as homodimers, two of which are depicted here (red). Shell and protruding
domains are separated by a flexible linker peptide. Here, both domains adopt a contracted conformation but
other structures show protruding domains elevated from the shell domain.

text of the assembled particle (termed AB or CC dimers). In most NoV strains, the P-domains appear
to rest on the shell domains. However, in some NoV the P-domain has been found to be "floating”
above the shell in an extended conformation (Smith and Smith, 2019). The biological function of this
apparent flexibility of the NoV capsid remains unknown. Interactions of the capsid with the environ-
ment occur at the outward facing part of the P-domain dimers. Interactions with cell surface proteins
and carbohydrates, responsible for cell attachment, are subject of chapters 3.1.3 - 3.1.4. The P-domain
also harbors binding sites for antibodies of the host immune system and is, therefore, subject to high
selection pressure that drives the VP1 sequence divergence and the emergence of new NoV strains
(Mallory et al., 2019).

Several studies have addressed the inherent flexibility of the NoV P-domain. Access to some anti-
body epitopes was found to be limited by temperature-dependent protein dynamics (Lindesmith et al.,
2018). Antibody binding might also be subject to allosteric regulation within the P-domain of human
GIL4 NoV (Lindesmith et al., 2014) and murine NoV (Kolawole et al., 2017). Several surface loops
on the apex of the murine NoV P-domain can adopt both ‘open’ and ‘closed’ conformations that were
linked to the occlusion of another antibody binding site (Taube et al., 2010, Sherman et al., 2019).

Empty virus-like particles can be produced cell-free (Sheng et al., 2017), in insect cells (Jiang et al.,
1992), or in plant cells (Diamos and Mason, 2018) by expression of the VP1 protein and subsequent
self-assembly. These particles appear to maintain the native structure, antigenicity and carbohydrate
binding activity of natural, infectious NoV (Pogan et al., 2018). The P-domain of human NoV can be
synthesized recombinantly in Escherichia coli and appears to readily adopt its native, dimeric struc-
ture (68 kDa) without being attached to the S-domain (Tan et al., 2004). Again, both antibody and

carbohydrate binding appear to be unaffected by bacterial expression of the soluble P-domain.
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3.1.3 Murine Noroviruses

Murine NoV have been proposed as a model system to study NoV biology in general (Wobus et al.,
2006). In the time period between their discovery (Karst et al., 2003, Wobus et al., 2004) and the devel-
opment of the human intestinal enteroid system for human NoV (Estes et al., 2019), murine NoV were
the only members of the genus Norovirus that readily replicated in cell culture. Additionally, the ability
to use laboratory mice as an animal model is a unique advantage of murine NoV. The murine NoV
genome is similar to that of other NoV, including the major capsid protein VP1, but has an additional
ORF encoding a virulence factor (Vinje et al., 2019). Murine NoV can infect both immunocompro-
mised and wild-type mice but remain fully asymptomatic in the latter (Baldridge et al., 2016). The
cell tropism of murine NoV appears to differ from human NoV as they target intestinal macrophages,
B cells, and dendritic cells and not enterocytes (Wobus, 2018).

Murine NoV are less genetically diverse than human NoV and comprise a single genogroup. The
murine NoV does not appear to be able to overcome the species-barrier and has not been found in
humans (Smith et al., 2012). Notably, a protein cell-surface receptor has been found that is essential
for attachment and cell entry of murine NoV (Haga et al., 2016, Orchard et al., 2016). The CD300If
protein belongs to a large family of transmembrane receptors associated with regulation of the immune
system and binding of lipids (Borrego, 2013). The binding site of the CD300lf protein was found on
the top side of the murine NoV protruding domain (Kilic et al., 2018, Nelson et al., 2018). The murine
NoV particle engages the same binding pocket as CD300lf’s natural phospholipid ligand, described
as an act of viral mimicry. Multivalency increases the strength of the capsid-receptor interaction as
multiple CD300lf molecules are able to bind to the viral capsid simultaneously (Sherman et al., 2019).
However, CD300lf appears not to be relevant for infections with human NoV. Two distinct binding
sites for bivalent metal ions (Mg?*, Ca®") have been identified on the murine NoV P-domain and their

occupation was associated with increased viral infectivity (Nelson et al., 2018).

3.1.4 The Role of Glycans in Norovirus Infections

Glycans are currently described as attachment factors, but not receptors, of NoV (Tan and Jiang, 2014,
Graziano et al., 2019). Attachment factors are considered non-essential, but beneficial for the infec-
tion event and concentrate viruses on cell surfaces without triggering the actual entry process. As
required for a non-enveloped virus, NoV attachment is mediated by the viral capsid through protein-
carbohydrate interactions. Among these glycan interactions, the binding of certain carbohydrates
termed histo-blood group antigens (HBGAs) is best characterized. HBGAs are synthesized by stepwise,
enzymatic linkage of monosaccharide subunits (Nordgren and Svensson, 2019). The HBGA family
is comprised of both the ABO and Lewis carbohydrates, with an «(1,2)-fucosyltransferase (FUT2) or
an o(1,3/4)-fucosyltransferase (FUT3) responsible for the attachment of the respective characteristic
fucose molecules. Expression of the active FUT2 glycosyltransferase results in the formation of the
H antigen core structure (blood group O) that can be further elongated to yield blood group A or B
antigens. HBGAs are abundant on epithelial cell surfaces in the form of glycolipids or glycoproteins,

especially in the gastrointestinal mucosa, but can also be secreted as soluble carbohydrates into body
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fluids (Heggelund et al., 2017).

Biological evidence for the importance of HBGAs in human NoV infections comes from a variety
of findings. In challenge studies with human volunteers, the susceptibility towards infection with a
GI.1 NoV strain was linked to the ABO blood type: individuals with blood type B were found to have
a decreased risk in infection (Hutson et al., 2002). In addition, humans that are homozygous recessive
for the functional FUT?2, termed non-secretors, are fully resistant against GI.1 and GII.4 NoV infections
(Lindesmith et al., 2003, Frenck et al., 2012). However, the protection of non-secretors appears to be
strongly dependent on the NoV genotype: susceptibility for GI.3 and GIL.2 NoV strains did not de-
pend on the secretor status (Lindesmith et al., 2005, Nordgren et al., 2010). The presence of antibodies
blocking the interaction of the NoV capsid with HBGAs is correlated with protection from NoV in-
fection (Cortes-Penfield et al., 2017). In the human intestinal enteroid cell culture, replication of GII.4

NoV only occurred in cells with a functional FUT2 (Estes et al., 2019).

a B-trisaccharide b B-trisaccharide
(side view) (top view)

P-domain
(dimer)

- shell domain

Gal
N HO OH
\ Gal Q

4436 Puc "8

44% s I 9 N3
. ! | H3C o)
d4 W OH on

Figure 3.2: The glycan binding pocket of the GIL.4 NoV protruding domain. A large number of human NoV
strains interacts with carbohydrates from the histo blood group antigen (HBGA) family. Here, the HBGA bind-
ing pocket of GII.4 NoV is shown with the representative GII.4 Saga strain in complex with the blood group
B-trisaccharide, shown in green (pdb 4X06). The two glycan binding sites are located at the outward facing part
of the protruding domain homodimer (a, monomers depicted in orange and red, respectively). The N-terminal
part of the proteins is shown at the bottom and would connect the protruding domain with the inner shell do-
main in the full virus capsid. HBGAs bind at the interface of both monomers (b) and have essential interactions
with amino acids from both protein chains (c). The amino acids that comprise the canonical HBGA bind-
ing pocket are indicated with the color of their respective monomer chain. Most interactions are made with the
a(1,2)-linked fucose moiety that is present in all HBGAs. This interaction is essential for HBGA recognition and
makes fucose the minimal binding motif that is recognized by GII.4 NoV. The structure of the B-trisaccharide
used in this thesis for interaction studies is shown in d, with an unnatural a-linked azide group in the second
galactose preventing mutarotation.
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Molecular details of the interactions between the viral capsid and HBGAs have been obtained by
co-crystallization of HBGAs and recombinant P-domains (Tan and Jiang, 2011). Notably, analogous
HBGA binding sites exist in GI and GII NoV as a result of convergent evolution but have distinct
locations and amino acid compositions (Tan et al., 2009). Additional HBGA binding sites have been
identified in some rare NoV strains (Liu etal., 2015, Qian et al., 2019). In GII.4 NoV, the HBGA binding
site is located at the outward-facing part of the P-domain (Fig. 3.2). A P-domain dimer can engage
two HBGA molecules with contributions from both monomers to each binding pocket. A variety of
different HBGAs can access these binding pockets, as most interactions occur with the L-fucose moiety
that is present in all HBGAs. This has lead to the identification of (1,2)-linked L-fucose as the essential,
minimal binding motif (Fiege et al., 2012).

It remains unclear whether soluble or surface-anchored HBGAs are responsible for the viral at-
tachment process in vivo. In glycosphingolipids, HBGAs are linked to a ceramide that serves as a
membrane anchor. In vitro, HBGAs are restricted in their conformational flexibility in the context of
such glycosphingolipids (Nasir et al., 2017). Accordingly, the viral capsid’s engagement of membrane
embedded and soluble HBGAs might differ. As one NoV particle has a total of 180 binding pockets
for HBGAs, multivalent interactions with several HBGA molecules can compensate for low intrinsic
carbohydrate binding affinities and lead to firm surface attachment (Parveen et al., 2019). Another
layer of complexity is added by the observation that NoV particles can interact with enteric bacteria
that present HBGA-like carbohydrates on their outer surfaces (Jones et al., 2014, Li et al., 2015). Re-
cently, it was proposed that the gastrointestinal microbiome of the host is critically involved in NoV
infections (Walker and Baldridge, 2019, Karst and Wobus, 2015). Human milk contains a variety of sol-
uble carbohydrates, some of which structurally mimic HBGAs including their essential a(1,2)-linked
fucose moiety (Taube et al., 2018). Milk oligosaccharides have been shown to bind to the HBGA bind-

ing pocket in the NoV P-domain and might have antiviral properties (Koromyslova et al., 2017).

Capsid-glycan affinities have been investigated with a variety of biophysical techniques, including
native mass spectrometry (Han et al., 2013, 2015), nuclear magnetic resonance spectroscopy (Hansman
etal.,, 2012, Mallagaray et al., 2015, 2017), surface plasmon resonance (de Rougemont et al., 2011, We-
gener et al., 2017), and a quartz crystal microbalance (Parveen et al., 2019). The monovalent protein-
glycan interaction is generally considered to be weak. However, actual binding energies obtained in
these studies vary considerably. As an example, the dissociation constant of the protein complex with
the blood group B trisaccharide has been reported to be both 40 um and 1.25 mm in GIL.4 NoV (We-
gener et al,, 2017, Han et al., 2015).

The glycan specificity of NoV can vary substantially between genogroups but also between related
genotypes (de Rougemont et al., 2011). For instance, GIII bovine NoV do not bind HBGAs but recog-
nize the oGal (Galili)-epitope that is not present in humans (Zakhour et al., 2009). Some rare human
NoV were found to interact with terminal galactose moieties or heparan sulfates (Cong et al., 2019,
Tamura et al., 2004). Sialic acid-containing glycans of the ganglioside family have been described as
ligands for both human and murine NoV P-domains. Sialic acids are commonly found on cell surfaces

and are being recognized as the most common attachment factor for pathogens, especially viruses
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(Lehmann et al., 2006). Three other members of the Caliciviridae family are known to use sialic acid
molecules for cell attachment (Kim et al., 2014, Stuart and Brown, 2007, Tan et al., 2015). Reports on
interactions of NoV with sialic acids are contradictory and no structural model of the binding pocket
is available yet. Two studies showed that 3’-sialyllactose, the oligosaccharide portion of the GM3 gan-
glioside, did not bind to human GII.4 NoV P-domains using nuclear magnetic resonance spectroscopy
and native mass spectrometry (Fiege et al., 2012, Han et al., 2013). However, later studies did report
binding using very similar experimental setups (Wegener et al., 2017, Han et al., 2014). As of now,
the discrepancy between these experimental results has not been resolved. Of note, the recognition of
sialic acid-containing glycans from the Lewis family by human NoV capsids is well established. How-
ever, this interaction does not involve the sialic acid molecule itself as it sticks out of the binding pocket
(Singh et al., 2015, Fiege et al., 2012).

Similarly, there is cell culture-based evidence that murine NoV P-domains engage gangliosides as
well (Taube et al., 2009, 2012). The infectivity of some murine NoV strains was found to be sensitive
towards enzymatic cleavage of sialic acids from cell surfaces. Cell treatment with sialic-acid binding
antibodies or lectins reduced attachment of murine NoV. As other, highly similar, murine NoV strains
did not show this behavior, it was concluded that a binding pocket for sialic acids must exist on the top
side of the P-domain based on an amino acid sequence comparison. This putative binding site would
be located in a similar position as the HBGA binding pocket in structurally homologous human NoV

P-domains. HBGAs were found to be not relevant in murine NoV infections (Nelson et al., 2018).

3.1.5 The Role of Bile Acids in Norovirus Infections

Bile acids are cholesterol-derived, amphipathic molecules that fulfill an essential role in the digestion of
dietary lipids in the gastrointestinal tract (Payne et al., 2008). Synthesis of primary bile acids occurs in
the liver where the hydrophobic steroid nucleus is hydroxylated and then conjugated with hydrophilic
glycine or taurine head groups (Fig. 3.3).

CA DCA CDCA GCDCA

R, OH H OH OH
OH OH H H
25
R, OH OH OH NH-CH,-COOH

Figure 3.3: Bile acid structure. All human bile acids share the same steroid ring system but differ in three po-
sitions R;.3. Bile acids are hydroxylated to different degrees, with cholic acid (CA) carrying the maximum of
three hydroxyl groups at positions 3, 7 and 12. Hydroxylation occurs only on one side of the rigid steroid rings,
producing a more hydrophilic face in all bile acid molecules. Other bile acids such as deoxycholic acid (DCA)
and chenodeoxycholic acid (CDCA) are only hydroxylated twice and, therefore, less water-soluble. Glycocheno-
deoxycholic acid (GCDCA) is conjugated with a glycine molecule as a hydrophilic head group.
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Hydroxylation occurs only on one side of the rigid steroid ring system, leading to the formation of
a hydrophilic and a hydrophobic face. All bile acids are weak acids and are prone to micelle-formation
or precipitation in aqueous solutions depending on environmental conditions such as pH or ionic
strength (Hofmann and Mysels, 1992). Major primary bile acids in humans are cholic acid (CA) and
chenodeoxycholic acid (CDCA). Conjugated bile acids are secreted by the gall bladder into the small
intestine. There, their primary function is the solubilization of dietary lipids in mixed micelles. After
passage through the small intestine, bile acids are deconjugated, converted into secondary bile acids
as e.g. deoxycholic acid (DCA), reabsorbed, and recycled in the liver. Bile acid concentrations in the
small intestine are, depending on the dietary status, in the mm-range (McLeod and Wiggins, 1968). In
addition to their role in digestion, bile acids have more recently been described as ligands for membrane

and nuclear receptors with complex roles in inflammation and metabolic processes (Chiang, 2013).

With the emergence of an in vitro cultivation system for human NoV, it was reported that bile is
a necessary cofactor for successful replication of some NoV in human intestinal enteroid cell culture
(Ettayebi et al., 2016). Bile was found to be essential for replication of GI.1, GI1.3 and GII.17 NoV. Bile
was, however, not required for replication of the epidemiologically predominant GII.4 strains, but did
increase their replication efficiency. A similar role of bile was described previously for another mem-
ber of the Caliciviridae family, the porcine enteric calicivirus (Chang et al., 2004). It remains unclear
whether the requirement of bile for NoV replication is due to an effect on the infected cells or the NoV
particle itself. Bile acids were found to mediate GI1.3 NoV replication by multiple effects on a cellular
level, including stimulation of a membrane receptor and changes in cell membrane composition (Mu-
rakami et al., 2020). A link between the cellular immune response and the processing of bile acids by

the gut microbiome has been proposed to be relevant for murine NoV infections (Grau et al., 2020).

Complementary to these findings on a cellular level, bile acids were also shown to be ligands of the
NoV capsid itself (Fig. 3.4).

human NoV P-domain (dimer) murine NoV P-domain (dimer)

Figure 3.4: Bile acid binding pockets in rare human NoV and murine NoV P-domains. Human NoV P-
domains of the rare GII.10 Vietnam strain have a binding pocket for glycochenodeoxycholic acid (GCDCA,
green) on top of the P-domain (a, pdb 6GW1). Two symmetrical binding sites have been identified in close
proximity to the glycan binding pockets (cf. Fig. 3.2). The respective P-domain monomers are depicted in or-
ange and red. In contrast, murine NoV P-domains possess a structurally distinct binding pocket for GCDCA
(b, pdb 6E47). Here, the binding sites are located between the two P-domain monomers (shown in purple and
blue). Each GCDCA molecule makes essential interactions with amino acids from both monomers.
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A high-affinity binding site for bile acids was found in rare human NoV strains near the glycan
binding pocket but was absent in the prevalent GI.1, GIL.4 and GII.17 strains (Kilic et al., 2019). In
murine NoV, another binding pocket for glycochenodeoxycholic acid (GCDCA) was identified by both
crystallography and cryo electron microscopy (Nelson et al., 2018, Sherman et al., 2019). This bind-
ing pocket is located at the interface of two monomers in the P-domain dimer (Fig. 3.4b). GCDCA
was reported to increase the infectivity of murine NoV through enhancement of the affinity for the
proteinaceous receptor CD300lf. Additionally, bile acids were shown to cause dramatic morpholog-
ical changes in assembled murine NoV particles (Sherman et al., 2019). In the absence of bile acids,
P-domains were elevated from the S-domain but collapsed onto the S-domain upon bile acid addi-
tion. Minor structural rearrangements within surface-exposed loops of the murine NoV P-domain

are thought to be important for evasion of the host immune system.

3.2 Asparagine Deamidation in Proteins

Asparagine (Asn) residues in proteins and peptides can undergo a spontaneous post-translational
cyclization reaction and subsequently form either aspartate (Asp) or iso-aspartate (isoAsp) (Miiller,
2018). Cyclization occurs via a nucleophilic attack of a backbone amide nitrogen on a favorably ori-
ented carbonyl group of a preceding Asn residue (Fig. 3.5). The succinimide intermediate undergoes
rapid hydrolysis which results in the formation of isoAsp or Asp, typically with a ratio of 3:1 in model
peptides (Nowak et al., 2018). This process increases a proteins negative charge and, in the case of
isoAsp, introduces an isopeptide bond in the protein backbone. The deamidation of Asn is irreversible,
whereas Asp and isoAsp can interconvert in an equilibrium reaction. In addition, racemization can oc-

cur, leading to the formation of unnatural, p-configurated reaction products (Radkiewicz et al., 1996).
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Figure 3.5: Deamidation of asparagine residues in proteins. A backbone amide nitrogen in a polypeptide chain
can, under favorable circumstances, perform a nucleophilic attack on the C,, atom of a preceding asparagine side
chain, accompanied by the irreversible loss of ammonia. The cyclic succinimide intermediate is unstable and
undergoes hydrolysis. Depending on the position of the water attack, one of two possible products is formed:
either aspartate or iso-aspartate. In case of iso-aspartate formation, the backbone of the polypeptide chain (in-
dicated by red bonds) now incorporates an additional carbon atom - the Cg of the former Asn side chain. The
ring-opening reaction is reversible and, consequently, aspartate and iso-aspartate are in equilibrium with iso-
aspartate being the predominant product.
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Deamidation reactions have mostly been described in the context of aging or degraded proteins.
The most eminent examples of such a loss-of-function are found in therapeutic monoclonal antibodies
that can potentially lose antigen binding capabilities (Harris et al., 2001, Phillips et al., 2017, Nowak
etal., 2018). On the contrary, a gain-of-function from Asn deamidation has rarely been observed with
one example being the activation of a fibronectin-integrin binding site (Corti and Curnis, 2011). The
rate of the deamidation reaction can vary dramatically depending on the Asn microenvironment. In
order for the nucleophilic attack to occur, the Asn side chain must adopt a reactive conformation that
minimizes the distance between nucleophile and electrophile (Plotnikov et al., 2017). Accordingly, the
reaction rate depends on the conformational flexibility in the context of the polypeptide chain. This led
first to the development of sequence-based prediction rules for deamidation that were mostly derived
from model peptides (Robinson and Robinson, 2001a, Lorenzo et al., 2015). Attempts to account for
the influence of a protein’s tertiary structure resulted in structure-based algorithms (Jia and Sun, 2017,
Sydow et al., 2014), supported by molecular and quantum mechanics approaches (Plotnikov et al.,
2017). Additionally, deamidation rates are also influenced by environmental conditions such as ionic
strength, pH, or temperature (Robinson and Robinson, 2001b, Stratton et al., 2001). Considering the
wide range of the reaction’s accessible time scales, it has been hypothesized that Asn deamidation can
serve as a “molecular clock” in a variety of cellular processes (Robinson and Robinson, 2004).

Detection of a specific deamidation event in a given protein remains analytically challenging. Mass
spectrometry allows for detection of the mass difference between Asn and isoAsp/Asp but cannot be
used routinely for differentiation between both reaction products (Hao et al., 2017). Liquid chro-
matography techniques can be used for separation of the involved molecules based on their charge
difference (Harris et al., 2001, Sandra et al., 2014). Nuclear magnetic resonance (NMR) spectroscopy
has been used to characterize the properties of the respective molecular species, including the short-

lived succinimide (Grassi et al., 2017, Tugarinov et al., 2002, Hagan et al., 2010).

3.3 Biomolecular Nuclear Magnetic Resonance (NMR) Spectroscopy

3.3.1 The Chemical Shift

The chemical shift is the fundamental physical quantity of nuclear magnetic resonance (NMR) spec-
troscopy. It originates in the property of certain nuclei to have a non-zero spin angular momentum
and, thus, a magnetic moment. In an external magnetic field, the different spin states adopt differ-
ent energies and corresponding energy levels are populated differently, giving rise to an observable
net magnetization vector (Keeler, 2010). The energy difference between these spin states can be easily
expressed in terms of a frequency, the Larmor frequency. In classical terms, this corresponds to the
precession frequency the net magnetization vector adopts when it is moved away from the static mag-
netic field axis. Because of the spins’ angular momentum, the net magnetization vector does not simply
realign with the external field after this perturbation. Instead, the magnetic field imparts a torque on
the tilted magnetization vector, causing a precession movement (Neuhaus and Williamson, 2000). In

NMR spectroscopy, manipulation of the macroscopic magnetization vector is achieved by application
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of short radio-frequency pulses perpendicular to the static magnetic field.

Circulations of surrounding electrons induce a secondary magnetic field that can exert a shielding
effect on a given nucleus, modifying its precession frequency depending on its electronic environment
(Facelli, 2011). This modified frequency, in relation to a reference frequency and expressed in a field-
independent unit, is the chemical shift. Magnetic shielding is, among others, influenced by diamagnetic
contributions of spherical electron clouds and paramagnetic effects from non-spherical distributions,
e.g. of p-electrons. In a biological molecule such as a protein, 'H, °N, and 3C chemical shifts are
the most relevant. An accurate ab-initio calculation of shielding tensors and the accurate prediction
of chemical shifts remains challenging even for small molecules and is an unsolved problem for more
complex entities such as proteins (Krivdin, 2017). However, with growing databases of protein struc-
ture models linked to experimental NMR chemical shift data, empirical prediction methods have im-
proved in quality but are far from allowing a structure-based prediction of an NMR spectrum (Shen
and Bax, 2010). Still, protein chemical shift data can report reliably on structural features of a protein
as typical electronic arrangements are imposed upon a given nucleus by the geometric requirements of
a folded protein (Saito et al., 2010). This is why backbone and some side chain torsion angles — and thus
the secondary structure — can be accurately predicted from chemical shift data (Shen and Bax, 2013).
This empirical knowledge has led to attempts for de novo predictions of entire protein structures based

on chemical shifts (Shen et al., 2008, Berjanskii et al., 2015, Shen and Bax, 2015).

Not only its geometry but also environmental effects can have pronounced, although poorly un-
derstood, effects on a protein’s chemical shifts. For example, temperature (Tomlinson and Williamson,
2012), solvent conditions (e.g. salt content) (An et al., 2014), and single ionization events (e.g. through
pH changes) (Platzer et al., 2014) all can cause unanticipated chemical shift changes that impair chem-

ical shift predictions.

Protein chemical shift data is most useful for the characterization of protein-ligand interactions.
Binding ligand molecules influence the electronic environment of the protein's NMR-active nuclei that
are close to the respective binding site. If the identity of an NMR signal is known, i.e. the signal has
been assigned to the nucleus that is causing it (cf. chapter 3.3.4), a ligand titration can reveal the bind-
ing epitope on the protein surface (Williamson, 2013). Experimental restraints of this type have been
used for NMR-driven docking procedures to obtain structural models of protein-ligand complexes
(van Zundert et al., 2016). Importantly, quantitative data about binding affinity (i.e. Kp values) can
be derived from ligand titration experiments (Markin and Spyracopoulos, 2012). These chemical shift
perturbation (CSP) experiments are currently the only biophysical technique that is capable of simul-
taneously characterizing binding sites with atomic resolution and obtaining quantitative binding data.
Depending on the time scale of exchange between bound and unbound states and the chemical shift
difference associated with these states, ligand binding can cause different spectral effects. In the slow
exchange regime, the exchange rate constant key is much smaller than the chemical shift difference,
resulting in the observation of two separate NMR signals — one for each state. The intensity of each
signal reports on the population of the respective state in the protein ensemble. Under fast exchange

conditions, only one signal with an intermediate chemical shift can be observed because ke is greater
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than the chemical shift difference. Its position is determined by the population-weighted average of
bound and unbound states. Consequently, the observed shift reports on the fractional occupation of
the binding pocket. Assuming a two-state binding model, the signal is expected to shift along a straight
line connecting the signals belonging to the apo and saturated state depending on the ligand concen-
tration. This relationship can be used to obtain binding isotherms by observation of the change in
signal position (the CSP) in a series of ligand titration steps. If the exchange rate is of similar magni-
tude as the chemical shift difference (intermediate exchange), signals become broadened, sometimes
even beyond detection.

It has been noted that ligand binding not only causes CSPs in spatial proximity to the binding
pocket but potentially also in distant regions of the protein (Boulton et al., 2015). These long-range
effects are poorly understood but are thought to encode, sometimes subtle, allosteric effects (Aoto et al.,
2016).

3.3.2 Relaxation & Molecular Motion

Relaxation describes the process by which a spin system returns to its equilibrium state, i.e. the net
transverse magnetization (perpendicular to the external field) is lost and longitudinal magnetization
assumes its thermal equilibrium value again after an external perturbation (Charlier et al., 2016). The
time constants T, and T; give a phenomenological description of the time-dependency of the two
respective processes.

On a microscopic level, a spin ensemble can exchange energy with the solution environment
through local magnetic fields (Keeler, 2010). Local fields originate from a variety of mechanisms and
are generally short-ranged and weaker than the external magnetic field but can still interact with a
given spin’s magnetic moment. As a consequence, not all spins of an ensemble are experiencing the
same local fields at the same time and, therefore, are subject to random reorientations that finally lead
to aloss in net magnetization. In semi-classical relaxation theory, the entirety of a spin ensemble’s local
fields are described with a continuous function, the spectral density function (Luginbiithl and Wiithrich,
2002). A prerequisite for relaxation due to interactions with a local field is that the local field must os-
cillate with a similar frequency as that of a given spin’s precession movement. The most important
source of these field fluctuations in solution is thermal, and thus random, rotational movement char-
acterized by the rotational correlation time t.. The availability of random field fluctuations of a certain
frequency in the ensemble that are able to relax a perturbed nuclear spin is described by the spec-
tral density function. In flexible biomolecules such as proteins, another source of field fluctuations
becomes important: intramolecular protein dynamics, i.e. the interconversion between structurally
distinct states (Jarymowycz and Stone, 2006). This constitutes a fundamental link between a protein’s
internal motions and its NMR-observable relaxation properties.

Two physical phenomena are the most important origins of local magnetic fields. As detailed in
chapter 3.3.1, asymmetrically distributed electrons with their own magnetic moments induce a mag-
netic field at the position of the nucleus (Saitd et al., 2010). The asymmetry causes the local magnetic

field to be orientation-dependent with regard to the external field. As a consequence, the chemical



Biomolecular Nuclear Magnetic Resonance (NMR) Spectroscopy (Introduction) 17

shift itself depends on its spin’s orientation but is ensemble-averaged in solution due to thermal mo-
tion. In biomolecules, this chemical shift anisotropy influences mostly 1°N and '*C nuclei. Dipolar
interactions occurring between NMR-active nuclei are another source of local fields. This type of in-
teraction has a moderate distance dependency of 7~ but several spins in close spatial proximity can
act simultaneously on one receiving spin, leading to efficient relaxation in dense spin networks.

For large, slowly tumbling molecules, low frequency fluctuations dominate the spectral density
function (Neuhaus and Williamson, 2000). This leads to fast transverse relaxation as motions of this
frequency are efficient in causing dephasing of transverse magnetization (Luginbiihl and Wiithrich,
2002). The respective time constant T, decreases linearly with an increasing rotational correlation
time and, thus, approximately with increasing molecular weight. As T, is inherently linked with the
line width of an NMR signal, large proteins have broad signals, challenging to detect. As T; relax-
ation depends mostly on local field contributions at other frequencies, the ratio of T;/T for a given
signal reports semi-quantitatively on the presence of intramolecular motions on the ps to ns time scale
(Jarymowycz and Stone, 2006).

Under certain circumstances, dipolar interactions and chemical shift anisotropy are not indepen-
dent from each other as their time-dependent field fluctuations are fundamentally correlated via the
rotational movement of the molecule (Keeler, 2010). This is the case for 'H-!°N spin pairs as found in
a protein backbone’s amide groups in which the >N nucleus is mostly relaxed through its own chem-
ical shift anisotropy and the dipolar interaction with the proton. This cross-correlation between both
types of field fluctuations can lead to both destructive and constructive interference effects. The °N
spin undergoes scalar coupling with the attached proton and, therefore, its NMR signal is split into two
lines — one associated with each spin state of the proton. As the spin state of the proton determines the
direction of the local magnetic field it causes, one half of the 1°N doublet experiences constructive in-
terference and the other one destructive interference. Consequently, one NMR signal has a decreased
relaxation rate as both relaxation mechanisms partially cancel out each other which results in a sharp-
ened NMR signal (Fernandez and Wider, 2003). Similar mechanisms are operative on the doublet
signal of the attached proton. That is why in the two-dimensional spectrum of a 'H-'°N spin pair, one
of the four signal components has a very small linewidth whereas the others are severely broadened.
Selection of only the sharp signal component allows for the acquisition of transverse-relaxation opti-
mized heteronuclear experiments (TROSY HSQC) in which all amide resonances give only one very
sharp signal (Pervushin et al., 1997). Together with new isotopic labeling strategies (cf. chapter 3.3.3)
and advances in spectrometer technology, TROSY-type NMR experiments have enabled the study of
high-molecular weight proteins (Wider and Wiithrich, 1999).

3.3.3 Isotopic Labeling

Protein NMR spectroscopy is mostly based on two-dimensional, heteronuclear experiments. Conse-
quently, the presence of at least two different NMR-active spin 1/2 nuclei is required. Whereas protons
(*H) are found ubiquitously in a protein, NMR-active '*C or >N nuclei have to be introduced artifi-

cially into a protein during its biosynthesis as their natural abundance is typically too low for detection
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(Haynes, 2011) (1.1 % and 0.4 %, respectively).

The majority of protein NMR studies relies on recombinant bacterial expression of the target pro-
tein. In these systems, isotopic labeling can be achieved easily by using bacterial growth media that
contain only one type of nutrient molecule as a carbon and nitrogen source, most often commercially
available 1*C-glucose or 1>’N-ammonium chloride (Tugarinov et al., 2006). *C and '°N are then in-
corporated into every cellular molecule, including the over-expressed target proteins. In cases, where
bacterial expression is not possible, e.g. for reasons of toxicity or the requirement of post-translational
modifications, more elaborate labeling techniques in other organisms have to be used at the cost of
much lower yields (Goto and Kay, 2000).

As outlined in chapter 3.3.2, strong dipolar couplings to surrounding protons leads to fast relax-
ation of perturbed nuclei, severely impairing NMR experiments with proteins > 25 kDa (Venters et al.,
1996). To circumvent this problem, the proton density and, thus, the number of relaxation sources in
a protein can be minimized by exchanging them with 2H nuclei. This can be achieved by bacterial
growth in deuterated water and additional 2H-labeling of the glucose used as a carbon source. Pro-
tein deuteration results in great improvements in signal intensity and resolution, but limits the yield
of bacterial expressions as isotope effects decrease the catalytic activity of bacterial metabolic enzymes
(Gardner and Kay, 1998).

It should be noted that isotopic labeling is no strict requirement for protein NMR studies any-
more as technical advances have made measurements of medium-sized proteins at natural *C and

>N abundance feasible (Arbogast et al., 2016).

3.3.4 Protein Signal Assignment - 3D NMR Spectroscopy

A major bottle neck in structural studies on proteins with NMR spectroscopy is the signal assignment,
i.e. finding the link between experimentally observable chemical shifts and the actual nucleus in the
protein that is causing it. In large proteins, a backbone signal assignment aims at identifying the amide
group that belongs to a certain 'H,!>N cross peak in a TROSY HSQC spectrum (cf. chapter 3.3.2).
This process typically requires [U-'*C,!°N]-labeled samples and the acquisition of three-dimensional
(3D) NMR experiments (Cavanagh et al., 1995). In a first step, these experiments are used to link
neighboring amino acids via sequential cross peaks. The actual identity of the involved amino acids
remains unknown during this process. Sequences of connected signals are generated with the help of
the 1*C chemical shift of their corresponding amino acids’ Cq, Cg, or carbonyl atom. This process is
illustrated in detail in Fig. 3.6. Some amino acids (Thr, Ser, Ala, Gly) have unique 13C chemical shifts
(Saitod et al., 2010) that allow for assignment of an amino acid type to the respective signal. There is a
high probability that in long, connected series of signals, a combination of identifiable amino acids will
occur that is unique in the protein sequence. At this point, all signals in the chain can be assigned to
their corresponding amino acid, including the signals with ambiguous '*C chemical shifts in between.

Sequential magnetization transfer between an amide’s 1°N nucleus and the carbon atom of choice
is realized through suitable polarization transfers steps with delays in the pulse sequence matching

the scalar coupling constants corresponding to the targeted connection. For instance, the respective
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Figure 3.6: Principles of protein backbone signal assignment using 3D NMR spectroscopy. Here, one se-
quential assignment strategy based on two types of 3D experiments, the HN(CO)CA and HNCA experiments
(a and b, respectively), is shown. For simplicity only two neighboring amino acids of the polypeptide chain are
being considered (labeled 1 and 2). Magnetization can be transferred step-wise from the amide proton to the
directly linked '°N and then onto neighboring '*C atoms (indicated by arrows). 3D experiments differ in the
kind of 1*C atom to which magnetization is being transferred. In the HN(CO)CA experiment, magnetization
passes through the carbonyl atom (CO) onto the C, (CA) of the preceding amino acid. Thus, in a HN(CO)CA
experiment each amide HN resonance is being labeled with exactly one *C chemical shift - that of the C,, of the
amino acid on its N-terminal side (i-1). A simplified view of the respective 3D spectrum is shown at the bottom
in which the *C dimension is depicted only as strips perpendicular to the 'H,'°N plane. Of course, it is not
known a priori that amino acid 1 causes amide signal 1. In the HNCA experiment, magnetization is not routed
through the carbonyl atom but directly onto neighboring C, atoms. In this case, each amide resonance is labeled
with two *C chemical shifts, the one of its preceding (i-1) and of its own (i) C,. An overlay (c) of the respective
13C strips for each amide signal can be used to distinguish its C,, ; and C, ;.; signals. Matching the Cy; ; shift of
one strip with the C,; shift of another strip identifies amino acids that are neighbors in the polypeptide chain.
This process can be continued to yield extended series of connected amino acids through sequential linkage of
their 1*C atoms (indicated by light blue and red colors).

J(PN,13C0O) and J(*°N,13C,) coupling constants differ by a factor of 1.5 (Schmidt et al., 2011), en-
abling selective transfer to either carbon by adjustment of the respective delay (Salzmann et al., 1998).
For reasons of sensitivity, the magnetization transfer starts at the amide proton and, in the absence of
any other proton in a deuterated protein, is later transferred back to the same proton in an out-and-
back’ manner. This is indicated by the double-headed arrows in Fig. 3.6.

In practice, signal overlap of 'H,'°N resonances limits the size of proteins amenable to a backbone
assignment because the number of expected signals scales with the length of the peptide chain. As
the spectral dispersion is limited in both dimensions, a practical size limit of approximately 80 kDa
currently exists (Tugarinov et al., 2002). Recent advances in computational power, the field strength
of NMR spectrometers, and the availability of higher-dimensional pulse sequences are challenging
this limit. Spectra can be potentially detected with much higher resolution using processing methods
that do not rely on classical Fourier transformation approaches (Hyberts et al., 2014). Direct detection
methods can lead to resolution improvements in the N dimension which might lead to reduced spec-
tral crowding in some cases (Takeuchi et al., 2016). Ubiquitous protein deuteration is a prerequisite
for the study of high-molecular weight proteins but poses another challenge when a backbone assign-
ment is attempted (Tugarinov et al., 2006). After expression, most deuterons in amide groups readily

exchange with protons as soon as they are exposed to aqueous buffers, causing an observable 'H,'°N
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signal. However, especially in large proteins some deuterons may be protected from solvent-exchange
by secondary and tertiary structure elements — the respective amide groups stays invisible. In this case,
the sequential linking of signals with 3D NMR spectra is prohibited in certain parts of the structure,

severely impairing any assignment attempts.

3.3.5 Saturation Transfer Difference (STD) NMR Experiments

Saturation transfer difference (STD) NMR is a spectroscopic method that is used to characterize the
interaction between small molecules and a protein (Mayer and Meyer, 1999). As a ligand-based NMR
technique, typically only 1D proton NMR spectra have to be acquired and no expensive isotope-
labeling of the protein is required.

Some protons of folded proteins, especially methyl group protons, have chemical shifts that rarely
occur in most small molecules. This spectral window can be used to selectively irradiate protein reso-
nances without affecting any signal of the putative ligand. This irradiation leads to saturation of certain
protein signals, i.e. equalization of the populations of different spin energy levels and, thus, the disap-
pearance of observable steady-state z-magnetization (Neuhaus and Williamson, 2000). Consequently,
no resulting NMR signal is detected. Saturation is achieved by application of a long cascade of low-
power radio-frequency pulses at the desired frequency (the on-resonance experiment). Within a spin
network, saturation spreads quickly via a process called spin diffusion onto other, not directly irradiated
spins as a consequence of efficient cross-relaxation in the slow tumbling limit. As saturation transfer
occurs through space and not through bonds, bound ligand molecules can undergo intermolecular
saturation transfer as well. Under favorable circumstances, saturated molecules will dissociate rapidly
and, as the ligand is in large excess, other non-saturated molecules will enter the binding pocket (Meyer
and Peters, 2003). In this way, a high number of saturated molecules can accumulate in solution and
the effect is only lost slowly via relaxation processes. The reduction in signal intensity can be detected
by subtraction of the on-resonance spectrum from a reference spectrum in which the irradiation fre-
quency is placed far away from any protein or ligand resonance (the off-resonance experiment). Thus,
an STD effect appears as a positive signal in a difference spectrum.

Originally, STD NMR has been developed for the quick identification of binders from mixtures of
small molecules and a protein, as only the binding molecules would show an intensity decrease (Mayer
and Meyer, 1999). Within one ligand molecule, protons can receive different amounts of saturation
transfer depending on their orientation towards the protein. This allows to quantitatively describe
binding epitopes on the ligand (Mayer and Meyer, 2001) and was later extended to validate and predict
models of the bound ligand within its binding pocket (Jayalakshmi and Krishna, 2002). STD NMR is
applied routinely in pharmaceutical research as a screening method (Gossert and Jahnke, 2016).

As too strong binding, characterized by low dissociation rates, prevents the accumulation of sat-
urated molecules in solution, STD NMR is limited in the affinity range in which interactions can be
studied. Typically, dissociation constants should be at least in the low pm range of dissociation con-
stants. Direct irradiation of ligand signals can lead to false-positive identification of binding molecules.

Therefore, negative control experiments are essential using ligand samples lacking the protein.
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3.3.6 Paramagnetic Lanthanides in NMR Spectroscopy

Lanthanides are rare-earth metals and most of them have unpaired electrons rendering them param-
agnetic. Due to the large magnetic moment of electrons, paramagnetic lanthanide ions as used as tags
in protein NMR spectroscopy, especially when investigating metal-binding proteins (Otting, 2010).
Two paramagnetic effects are of special importance: paramagnetic relaxation enhancements (PRE)
and pseudocontact shifts (PCS).

Depending on the lanthanide’s electronic configuration, PRE effects in metal-protein complexes
are due to different mechanisms. All cause increased nuclear transverse relaxation through dipolar
interactions between the nucleus and the unpaired electrons. This leads to NMR signals that are sig-
nificantly broadened, sometimes beyond detection (Liu et al., 2014). When bound to a much larger
protein, two different fluctuating fields originate from a paramagnetic ion that lead to nuclear relax-
ation (cf. chapter 3.3.2): one due to molecular motion and another due to electronic spin relaxation
(Gueron, 1975). The PRE effect has a strong distance dependency of 5.

In an external magnetic field, the magnitude of the magnetic moment of some paramagnetic ions
is anisotropic, i.e. it depends on the orientation in the external field (John and Otting, 2007). In a
tumbling molecule, resulting dipolar interactions with a nuclear spin are consequently not averaged
to zero and cause a changed effective magnetic field at the position of the nucleus. This results in an
altered Larmor frequency of the nucleus and, hence, an observable chemical shift difference compared
to a state in which the paramagnetic ion is absent — the PCS. In a fixed frame, e.g. a paramagnetic
ion bound to a protein, different nuclei will experience different effects depending on their distance
and orientation towards the metal (Liu et al., 2014). Paramagnetic ions have very different anisotropic
components of their magnetic susceptibility tensors Ay. This can be exploited to experimentally derive
structural restraints in a protein as PCS effects have a moderate distance dependency of 73, and the
type of metal determines the range in which effects can be observed: short-range effects for cerium or
europium (< 15 A) or long-range effects up to 40 A with dysprosium (Allegrozzi et al., 2000).

Both PCS and PRE effects have found numerous applications (Otting, 2008): assignment of NMR
spectra in case of existing structural models (or the inverse: structure-determination if assigned spectra

are available), characterization of ligand binding, protein dynamics or protein-protein interactions.
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3.4 Objectives

This thesis aims at a comprehensive characterization of the interactions of murine and human NoV
capsid proteins with various soluble ligands that were shown to influence the viral infection process.

Specifically, questions from three areas of NoV biology had been identified:

Which glycans are being recognized by human and murine NoV? Where are the respective bind-

ing pockets for sialic-acid containing glycans such as gangliosides?

Is the bile-dependent cell culture behavior of the prevailing GII.4 NoV caused by binding of bile
acids to a so far unknown binding pocket in the viral capsid? What is the link between bile acid

binding of murine NoV capsids and bile’s postulated role in viral immune escape?

Is the binding of metal ions, described as cofactors for murine and some human NoV, a general

feature of NoV capsid proteins? If so, does it modify their interactions with glycans and bile acids?

The protruding domain proteins from several strains of both the predominant human GII.4 NoV
and of murine NoV have been selected to address the above questions. NMR spectroscopy is well-
suited for studies into interactions of NoV capsids with glycans, bile acids, and metal ions. Using this
approach, a wide range of affinities are experimentally accessible, including low affinity carbohydrate
binding. Ligand-based STD NMR and protein-based NMR approaches can be combined to screen for
binding molecules but also perform in-depth characterization of selected interactions. Most impor-
tantly, chemical shift perturbation experiments can be used to elucidate so far unknown binding sites
with atomic resolution under quasi-physiological conditions.

Chemical shifts of backbone amide groups are most sensitive towards environmental changes and
give access to well-distributed reporter groups across a protein. Accordingly, a'H-!>N isotopic labeling
with a TROSY HSQC read-out can be employed for NMR studies of proteins smaller than 80 kDa.
For one of the selected strains, GII.4 Saga, recombinant expression of the protruding domain and its
isotopic labeling had already been achieved (Mallagaray et al., 2015). However, the identification of
novel binding pockets requires the backbone signal assignment of the protruding domain. Considering
the high molecular weight of the dimeric protruding domain (73 kDa), a full backbone assignment is
experimentally challenging. Protruding domains from two highly related GII.4 NoV strains, MI001
and VA387, as well as from the murine NoV strain CW1 had been previously described as ganglioside
binders (Wegener et al., 2017, Han et al., 2014) but attempts to determine the corresponding binding
pocket had not been successful. Establishing an isotopic labeling strategy is required as a first step to
allow for protein-based NMR binding studies of these strains.

It is conspicuous that murine and human NoV are reported to share a number of features - bile acid
and glycan binding to the capsid among them - but both viruses differ in their host and cell tropism
and are linked to very different disease patterns. Thus, in a broader sense this thesis tries to contribute

to the question to which extent murine NoV are a suitable model system for human NoV infections.
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4. Results

4.1 NMR Backbone Assignment of a Gll.4 NoV Protruding Domain

Isotope labeling of a protein’s backbone amide groups allows for the acquisition of 'H,'>N TROSY
HSQC NMR spectra, showing one signal for each '"H-1°N spin pair (Fig. 4.1a). However, it is not
known a priori which amide signal corresponds to which amino acid in the protein sequence. In
order to achieve a backbone signal assignment, 3D NMR spectra are commonly employed to sequen-
tially connect NH signals of neighboring amino acids through the protein’s carbon atoms (cf. chapter
3.6). Here, TROSY versions of 3D NMR spectra correlating NH cross peaks with carbonyl, C, or Cg
nuclei (or combinations thereof) were acquired with a sample of [U-?H,'*C,!°N]-labeled GII.4 Saga

P-domain.
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Figure 4.1: Assignment of backbone amide resonances using 3D NMR experiments. 3D protein NMR spectra
correlate 'H'>N cross peaks (a) with a third carbon dimension. The nature of the visible carbon resonance
depends on the type of 3D spectrum chosen. Here, exemplary strips of HNCA spectra (b, black) show the
C, signal of the i and i-1 residue for each "H'*N signal of [U-*H,*C,'>N]-labeled GII.4 Saga P-domain dimers
(73 kDa) indicated. HN(CO)CA spectra (red) only display C, signals of the preceding, i-1, amino acid. Matching
i-1 cross peaks of one strip with the i cross peaks of another yields a sequence of connected amino acids (dashed
lines). The connectivities identified from different types of 3D NMR spectra can be used to assign NH signals
to their corresponding amino acids. Using this method, an almost complete backbone assignment of the GII.4
Saga P-domain has been obtained (86 % of assignable amino acids). The TROSY HSQC and the HN(CO)CA
spectrum have been acquired at 500 MHz, the HNCA spectrum at 900 MHz with a protein concentration of
360 uM in 20 mM sodium phosphate buffer (pH* 7.3). Protein concentrations given here and in the following
chapters refer to the concentrations of the monomeric protruding domain species.



24 NMR Backbone Assignment of a GII.4 NoV Protruding Domain (Results)

Fig. 4.1b shows exemplary data that connects five amino acids via their C, nuclei in HNCA and
HN(CO)CA experiments. Connections to neighboring amino acids were made only when each con-
nection was supported by at least two different carbon atoms with matching chemical shifts. Unique
combinations of amino acids with distinct chemical shifts (i.e. Gly, Ala, Ser, Thr) within chains of
connected signals served as starting points and were used to assign amino acids in between. Some
series of connected amino acids were obtained not containing unique combinations of identifiable
amino acids either due to the given primary sequence or incomplete spectral information. In these
cases, assignments where made only if at least five connected signals had C, and Cg chemical shifts
matching their amino acids’ expected values (available from a chemical shift data base, see below).
Using this approach, 243 (86 %) of the protruding domain’s backbone amides have been assigned to a
corresponding signal. Unassigned amino acids are mostly found within some surface-exposed loops.

In order to validate the signal assignment, obtained chemical shift information of 'H, '°N, and *C
nuclei was used to predict the local secondary structure of the polypeptide chain using the TALOS-
N web server (Fig. 4.2). Predictions based on the NMR assignment are in excellent agreement with
the crystal structure, correctly mapping o-helix and 3-sheet regions. Carbon chemical shifts were also
compared to reference data for the different amino acid types deposited in the Biological Magnetic
Resonance Bank (BMRB)!. Three outliers were identified (336Q, 349A, 400P) which can be explained
by shielding and deshielding effects of nearby aromatic amino acid side chains.

crystal structure: v - - - — — - — — sy - — - —
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Figure 4.2: Chemical shift-based secondary structure prediction. Chemical shift information of assigned H,
N, and C nuclei has been used to predict the local secondary structure for each residue using the TALOS-N web
server. a-helices are depicted in red, 3-sheets in blue. Asterisks indicate amino acids with missing assignment.
Predictions are in good agreement with a crystal structure model (pdb 4X06), thereby validating the obtained
chemical shift assignment. Chemical shift data was corrected for the deuterium isotope effect. Figure adapted
from Fig. S10 in Mallagaray et al. (2019).

For a high-molecular weight protein such as the NoV protruding domain (73 kDa), backbone sig-
nal assignment is far from being trivial. It is imperative to deuterate the protein during its biosynthesis
in order to reduce the number of relaxation sources. In turn, 2H nuclei (deuterons) in the backbone
amides must later be back-exchanged to observable 'H nuclei (protons). Most amides’ deuterium
atoms readily exchange with protons from aqueous buffers and a high number of signals can be ob-
served immediately after a buffer exchange (Fig. 4.3a, black spectrum). However, following a protocol
for controlled chemical denaturation and refolding of the P-domain leads to the appearance of about
40 new NH signals (Fig. 4.3a, red spectrum). A complete backbone assignment was only possible
employing a protein sample treated in this manner as the 3D experimental approach critically relies
on sequential magnetization transfer through observable nuclei. Using this assignment, the resonances
emerging after renaturation can be mapped on a crystal structure model (Fig. 4.3b). All affected amino

acids can be found in regions of the protein protected from solvent exchange, mostly through intra-

www.bmrb.wisc.edu, queried in March 2018
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molecular hydrogen bonds in buried secondary structure elements such as o-helices and 3-sheets. It is
noteworthy that amino acids at the dimer interface do not exhibit significant protection from solvent

exchange, indicating at least slow monomer-dimer exchange kinetics.
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Figure 4.3: Backbone assignment reveals amino acids protected from DH exchange. Protein biosynthesis in
deuterated media leads to ubiquitous incorporation of deuterons into the protein. 'H'*N signals only become
visible in TROSY HSQC spectra (a, black) after buffer exchange to aqueous buffers due to rapid exchange of
amide deuterons with protons from the solvent. Denaturation and refolding of [U-*H,'°N]-labeled GI1.4 Saga
P-domains in aqueous buffers leads to the appearance of approx. 40 additional 'H'>N cross peaks (red). Based
on the backbone signal assignment, these emerging resonances can be localized in regions of the protein with
secondary structure elements (b, pdb 4X06) where hydrogen bonds protect deuterons from solvent exchange
in the native structure. Samples contained 20 mm sodium phosphate buffer (pH* 7.3) with 360-600 pm protein
concentration. Due to the different protein concentrations used, emerging signals have been identified in a non-
quantitative approach by scaling of the spectra, using the signal of a surface-exposed amino acid (8 / 130 ppm).
The denaturation-refolding protocol was developed in-house by Dr. Alvaro Mallagaray (Mallagaray et al., 2019).

The highly homologous P-domains of the strains GI1.4 MI001 and GII.4 VA387 were synthesized,
isotope labeled and refolded with similar yields (approximately 15 mg [U->H,°N]-labeled protein after
refolding from one liter of cell culture). Data on the synthesis and purification of human NoV P-
domains is given in chapter 6.7 of the appendix. Both strains have more than 90 % sequence identity
compared to the reference strain GII.4 Saga. For GII.4 VA387, an identical overall protein fold is found
as judged from an existing crystal structure with an RMSD value of 0.8 A (pdb entries 20BR, 400X). A
backbone signal assignment was obtained for the P-domain of the NoV strain GII.4 Saga only. Despite
their high overall similarity, TROSY HSQC spectra of [U-2H,'>N]-labeled samples of the respective
P-domains do not allow for the transfer of assignments (Fig. 4.4). The signal assignment can only
be transferred onto the homologous strains for some isolated signals. Interestingly, chemical shift
differences can be identified even in regions without any sequence variation (Fig. 4.4, bottom). In the
case of the conserved hexapeptide around Ile293, a variation in the ¢ + 3 position apparently suffices
to cause measurable chemical shift differences for I1e293. This demonstrates the sensitivity of I, 15N
chemical shifts towards subtle changes in their electronic environment.

I5N relaxation rates can be measured to probe an amino acid’s dynamics on a ps- to ns-time scale
(cf. chapter 3.3.2). In these experiments, a variable delay T is introduced into the TROSY HSQC pulse

sequence allowing for relaxation to occur. The resulting decrease in signal intensity as a function of
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Figure 4.4: TROSY HSQC spectra of [U->H,'>N]-labeled P-domains of different GII.4 NoV strains. Isotope-
labeled P-domains of the strains Saga (red), MI001 (blue) and VA387 (orange) can be synthesized recombinantly
and display highly diverse HSQC fingerprint spectra (a) despite a sequence identity larger than 90 % (b). Each
signal corresponds to one amide group of the protein backbone. Proteins were measured in 75 mm sodium phos-
phate buffer, 100 mm NaCl (pH* 7.3) with the following protein concentrations: 300 um GII.4 Saga, 170 um GII.4
VA387, and 240 um GIL.4 MI001. GII.4 MI001 P-domains were produced as part of the supervised Bachelor’s
thesis of G. Wallmann (Wallmann, 2019). GII.4 VA387 P-domains were denatured and refolded by P. Ogrissek
as part of supervised work as a research assistant.

T can be fitted to an exponential decay model for each signal, yielding characteristic relaxation times
for almost all residues (Fig. 4.5a). The ratio of the relaxation times T} and T, is sensitive towards
motions on the ps- to ns-time scale. Plotting this ratio against the amino acid sequence (Fig. 4.5b)
reveals overall homogeneous relaxation times as expected for an isotropically tumbling rigid rotor in
solution. Notably, some amino acid stretches display extraordinarily low T;/T, values, indicative of
high-frequency motions. The distribution of T;/T, ratios in a protein is non-Gaussian. Accordingly,
the (Qo.16 quantile has been selected as a threshold for T} /T, minima as it corresponds to approximately
one standard deviation in normally distributed data. Experimental relaxation data has been compared
with data from a 1 ps molecular dynamics simulation (MD) (Fig. 4.5b bottom)?. The root mean square
fluctuation (RMSF) of atomic positions, i.e. the deviation from their average positions over time, in
the MD trajectory was used to identify regions of high flexibility. Indeed, RMSF maxima coincide
with minima in T;/T, values. All of the respective residues can be found in solvent-exposed, mobile
loops or the termini of the polypeptide chain (Fig. 4.5c). Average >N Tj and T, relaxation times
are given in Tab. 4.1. A TRACT NMR experiment was used to obtain a lower limit for the rotational
correlation time 1. of the 73 kDa GII.4 Saga P-domain dimers. t. was found to be 34 ns and can be
used to estimate the molecular weight of the protein as larger than 60 kDa as explained in detail in

chapter 6.4.7, corroborating the dimeric nature of the protein.

*provided by Dr. M. Stein and E. Schulze, Max Planck Institute of Complex Technical Systems Magdeburg as published
in Creutznacher et al. (2019)
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Table 4.1: Average '°N relaxation times of GIL.4 Saga. Residue-specific T and T, relaxation times were ob-
tained for 207 amino acids (cf. Fig. 4.5). The average values are reported here. A TRACT experiment of 360 pm
[U-*H,">N]-labeled GII.4 Saga in 75 mm sodium phosphate buffer, 100 mm NaCl (pH 7.3) was used to derive
rotational correlation times <.
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Figure 4.5: I5N relaxation times and local protein dynamics. Characteristic T, and Ty, relaxation times of
individual "N backbone atoms can be extracted by fitting of signal intensities in a series of 2D TROSY HSQC
spectra with increasing time delays t to an exponential decay model. In T, experiments, signal decay is probed
in the presence of a static spin lock. Exemplary data for one amino acid is shown in a. Site-specific T, values can
be calculated from the respective T; and T, values according to Eq. 6.11. The ratio T,/T is sensitive towards
local protein dynamics (b). Amino acids with T, /T, ratios smaller than the ()y.16 quantile are depicted in red.
Such residues are highly dynamic on a ps- to ns-time scale and can be found in solvent-exposed loops (c, pdb
4X06). The relaxation behavior in regions with secondary structure elements matches that of a rigid rotor. NMR
relaxation data is in excellent agreement with data from a 1 us molecular dynamics (MD) simulation. Root
mean squared fluctuations (RMSF) of the backbone atoms during the simulation give another measure for local
flexibility (b, bottom). Monomer-averaged RMSF maxima coincide with T}/T, minima. MD data has been
provided by Dr. M. Stein and E. Schulze, Max Planck Institute of Complex Technical Systems Magdeburg and
was published in Creutznacher et al. (2019). °N relaxation data has been acquired at 500 MHz with a sample
containing 340 um [U-*H,">N]-labeled Saga 373D P-domain in 20 mm sodium phosphate buffer (pH* 7.3) with
contributions from P. Ogrissek as part of supervised work as a research assistant.
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4.2 A Post-Translational Modification Impairs Glycan Recognition

TROSY HSQC spectra of GII.4 Saga P-domains acquired immediately after purification and some time
thereafter show major differences (Fig. 4.6a). A large number of signals decrease in intensity with new
signals arising at a different position. The spectral changes are irreversible, indicating covalent post-
translational changes to the protein. In order to localize the source of the effect, Euclidean chemical
shift differences between corresponding signals of the two species were calculated (Fig. 4.6b) and
were mapped on a crystal structure model using the signal assignment (Fig. 4.6¢c). Chemical shift

perturbations are centered in the outward-facing part of the P-domain near the glycan binding site.

a c d
. © E isoAsp373
E 105 /
4 E 30
o © °® 0 3
° 2y ¢ o ®° Ein
[ ° E
8o ) L J P '0 ° 0 E
- © ‘. ® N 4 E c
[ J E
o.’ L X 4 ',t... Se g F11s 5
. $ ‘% S0 *P*° . E c
° 4 ’ .‘ ® oF =
¢ '0’ o’ _ %9° ." . E120 Z 35
Q FEZ
. 0“ % “\ E 5 G
..'* ® ©o ° e ° E
T ) ° } ® [ 4 E-125
> » s
¢ E
o A "& oo E 130 £
[ ° [ 4 ° E aQ
et [ 3 a
................ [T T T T T T T T T | 40.S
110 105 100 95 90 85 80 75 70 65 o
S('H) in ppm T
("H) in pp b
b
150
N 55
100 =
éw
- ______ 504
1 PO RPN T I Py e S TN ™ N I I S
220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 isgﬁp /3\23 SKZ

Amino acid sequence

Figure 4.6: NMR experiments reveal spontaneous deamidation of an Asn residue within the HBGA bind-
ing pocket. Comparison of TROSY HSQC spectra (a) of freshly synthesized [U-H,*N]-labeled GIL.4 Saga
P-domains (red) with those of aged samples (blue) shows the emergence of a second characteristic set of sig-
nals. This process is irreversible and is caused by the post-translational conversion of the protein into a different
species. Using the backbone signal assignment, Euclidean chemical shift differences between corresponding
signals can be calculated for almost all amino acids (b). Perturbations larger than 8 Hz are considered signifi-
cant (orange), CSPs larger than two standard deviations are indicated in red. These affected amino acids are all
located in the outward facing part of the protruding domain (c, pdb 4X06) in close proximity to the canonical
glycan binding pocket. Inspection of strips (d) from the 3D HNCACB (black) and HN(CO)CACB (blue and
red) spectra reveals an unusual phase inversion for one set of C, and Cg signals, demonstrating the formation
of an isopeptide bond at position 373 as a result of Asn deamidation. This is in excellent agreement with the
observed chemical shift perturbations within the protein. Spectra were acquired with 210-300 um P-domain in
75 mM sodium phosphate buffer, 100 mm NaCl (pH* 7.3). Figure adapted from Fig. 2 in Mallagaray et al. (2019).

Inspection of the 3D HN(CO)CACB spectrum in the affected region reveals the underlying molec-
ular cause of this effect (Fig. 4.6d). Usually in this type of experiment, C, and Cg signals can be dis-

tinguished by their phase, with one set of carbons giving positive signals and the other negative signals
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(indicated by red and blue color in Fig. 4.6d). However, at position 374 the carbon signals of the
preceding amino acid Asn373 display a peculiar phase inversion. This is unambiguous proof for the
formation of an isopeptide bond at position 373 (Tugarinov et al., 2002). The asparagine residue 373
deamidates and forms an iso-aspartate (isoAsp) residue via a cyclic succinimide intermediate, intro-
ducing the former side chain Cg atom into the protein backbone. As this interchanges the order of C,
and Cg as seen from the following residue 374, step-wise magnetization transfer in the HN(CO)CACB
experiment causes the observed phase inversion (cf. Fig. 3.6). Formation of an isoAsp residue at
position 373 is in excellent agreement with the experimental CSPs. Interestingly, significant pertur-
bations can still be detected 20 A apart from the new isopeptide bond. Signals from the loop carrying
the deamidation site (370-375) only become visible after deamidation. This indicates that the post-
translational modification also significantly alters local protein dynamics.

In order to properly characterize wild type and deamidated protein species, a separation protocol
based on cation exchange chromatography (IEX) has been developed. Deamidation of Asn373 (N)
and subsequent formation of an iso-aspartate (iD) residue introduces a new negative charge into the
protein. Due to this charge difference, both species can be eluted separately from the IEX resin with
an increasing salt gradient (Fig. 4.7a). As the GII.4 P-domain forms stable homodimers (cf. Fig. 4.12)
up to three different species can be detected: wild type protein, carrying Asn in each monomer (N/N);
a mixed dimer with one isoAsp and one Asn (iD/N); and a fully deamidated dimer (iD/iD). Prolonged
incubation of the protein at 37 °C shows that, as expected, the three species form consecutively and each
new negative charge shifts the elution volume further to the left. The integral of the UV absorbance
was used to quantify the amounts of each species during the incubation experiment (Fig. 4.7b). Fitting

the decrease in N/N dimers to an exponential decay model yields a half-life of 1.6 d.
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Figure 4.7: Deamidation kinetics of the GII.4 Saga P-domain determined by ion exchange chromatography.
Deamidation of 373N and the subsequent formation of an iso-aspartate (iD) residue increases the net negative
charge of the protein. Up to two deamidation reactions can occur within the homodimeric protein complex.
Protein species with different charge states can be separated via cation exchange chromatography (IEX) and
elute in order of decreasing negative charge (a) in a salt gradient (dashed line). The P-domain was incubated
in 75 mM sodium phosphate buffer, 100 mm NaCl, pH 7.3 at 37 °C. Three major species can be identified upon
prolonged incubation - wild type (N/N), once (iD/N) and fully deamidated (iD/iD) dimers. Relative amounts
of these species can been quantified by integration of their respective UV absorbance at 214 nm. Data has been
fitted to an exponential decay model (b), yielding a half-life of 1.6 d of the wild-type protein species at 37 °C.
Figure adapted from Fig. S21 in Mallagaray et al. (2019).



30 A Post-Translational Modification Impairs Glycan Recognition (Results)

Surprisingly, cross peaks in a TROSY HSQC spectrum of the purified asymmetrical iD/N dimer do
not completely match those of the symmetrical N/N or iD/iD counterparts (Fig. 4.8a). Some signals
of the iD/N species have unique chemical shifts, not matching the chemicals shifts of the same amino
acid in the N/N or iD/iD species. This observation implies that the electronic environment of some
amino acids in the non-deamidated monomer is influenced by deamidation of the respective other
monomer. As the involved distances are approximately 20 A, this represents, direct or indirect, long-
range effects. Amino acids with even greater distances do not show this behavior and their signals in

the corresponding spectra are symmetrical (Fig. 4.8b).
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Figure 4.8: Asymmetrically deamidated GII.4 Saga P-domains give unique signals in TROSY HSQC spectra.
Some signals (a) of the iD/N dimers (orange) do not match their counterparts in spectra of N/N (red) and iD/iD
dimers (blue). This indicates an effect of the deamidation of one monomer on the electronic environment of the
non-deamidated monomer despite distances larger than 20 A (indicated in the corresponding crystal structure,
pdb 4X06). However, signals of other amino acids with larger distances are symmetrical (b). Data was obtained
at 293 Kin 75 mm sodium phosphate buffer, 100 mm NaCl (pH* 7.3) as part of the supervised Bachelor’s thesis of
P. Ogrissek (Ogrissek, 2018). Concentrations were 360 um for N/N and iD/iD and 270 pum for iD/N P-domains.

Asp374, the amino acid neighboring the deamidation site, is critically involved in glycan recogni-
tion. It forms a bidentate hydrogen bond with the fucose moiety that is an essential part of all histo-
blood group antigens (HBGAs, cf. chapter 3.1.4). One model HBGA, the B-trisaccharide (cf. Fig. 3.2),
has been titrated to [U->H,'>N]-labeled GII.4 Saga P-domain to characterize the impact of deamidation
on ligand recognition. Titrating the non-deamidated wild type protein causes fast-exchange chemical
shift perturbations (CSPs) (Fig. 4.9a) centered around the canonical glycan binding pocket (Fig. 4.9¢
and d). The largest CSPs have been fitted to the law of mass action to yield a Kp value of 5.6 mm (Fig.
4.9b). Repeating the experiment with an aged sample that was mostly deamidated reveals a dramatic
decrease in affinity: the Kp value increases by an order of magnitude. Titration of the freshly purified
protein was completed within less than four days in order to minimize the impact of the on-going
deamidation reaction on the binding behavior. Ligand saturation of the binding pockets of the deami-
dated protein could not be achieved as it would require impractical amounts of ligand. Therefore, the

derived Kp value of 60 mM has to be understood as an estimate.
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Figure 4.9: Glycan binding to a GI1.4 NoV P-domain. Titration of [U-*H,'°N]-labeled GII.4 Saga P-domains
with increasing amounts of blood group B-trisaccharide — a model histo-blood group antigen (HBGA) - leads
to chemical shift perturbations (CSPs) in TROSY HSQC spectra (a). Data for the non-deamidated protein is
depicted in red, data for the fully deamidated protein in blue. Significant Euclidean CSPs can be fitted to the law
of mass action to yield dissociation constants Kp for both protein species (b). The affinity of the wild type protein
species was found to be in the low mM-range. The affinity for HBGAs decreases by an order of magnitude upon
protein deamidation. The Kp, for the deamidated protein is only an estimate as saturation of the binding pocket
could not be reached. CSPs are centered around the known HBGA binding pocket (c and d, pdb 4X06). CSPs
larger than one standard deviation are considered significant (orange), CSPs larger than two standard deviations
were used for curve fitting (red and blue, respectively). NMR signals of the loop carrying the deamidation
site (370-375) cannot be observed in the wild type protein possibly due to unfavorable relaxation properties or
conformational exchange. NMR samples contained 210-300 um P-domain in 75 mm sodium phosphate buffer,
100 mm NaCl (pH* 7.3). Figure adapted from Fig. 5 in Mallagaray et al. (2019).
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Asparagine deamidation occurs via a cyclic succinimide intermediate (cf. Fig. 3.5). In principle,
the ring-opening reaction can lead to the formation of either aspartate or iso-aspartate. Both species
are expected to form as this reaction is reversible. However, only the iso-aspartate product could be
detected in NMR spectra and IEX chromatograms (cf. Figs. 4.6 and 4.7). Site-directed mutagenesis
was used to generate a GIL.4 Saga point mutant that contains an aspartate at position 373. An NMR
spectrum of the N373D mutant confirms that aspartate is, indeed, not formed as a product of this
deamidation reaction in detectable quantities. A number of characteristic amide signals of 373D can
be identified that do not overlap with signals of the 373N or 373iD proteins (Fig. 4.10a, red boxes).
These signals can be used as a read-out for aspartate formation and could not be observed at any point in
time during experiments with either 373N or 373iD. Additionally, the 373D mutant itself is stable and
does not produce any NMR signals that correspond to 373iD over time. Incubation of the 373D protein
at 25 °C for 2 weeks and subsequent IEX analysis reveals only a minor secondary species, populated
less than 5 %. Consequently, the deamidation of Asn373 appears to be under strong kinetic control in
favor of iso-aspartate formation. The 373D P-domain has a similar affinity for glycans as the Asn wild
type (cf. Fig. 4.9). Fitting CSP data from a titration of the model HBGA B-trisaccharide results in a
Kp value of 2.44 £ 0.05 mm (Fig. 4.10b). Affected signals correspond to amino acids surrounding the

canonical glycan binding pocket identified in crystal structures.
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Figure 4.10: Deamidation reaction favors iso-aspartate, not aspartate formation. TROSY HSQC spectra of
[U-*H,">N]-labeled GII.4 Saga P-domain reveal that the product of the deamidation reaction is solely isoAsp
(a). An N373D point mutant of the protein (red) produces characteristic signals that do not overlap with any
of the 373N (black) or 373iD (grey) signals (red boxes). These signals are never found in any of the spectra of
the deamidating protein, thus indicating that the reaction equilibrium is strongly shifted towards isoAsp with
Asp being below the limit of detection (< 10%). Likewise, spectra of the 373D mutant do not display signals
attributed to 373iD. A titration of a-N3-B-trisaccharide to the 373D P-domain shows that the binding affinity
for HBGAs is similar to that of the wild type 373N protein (b). The 373D P-domain can be used as a stable
model system for ligand interaction studies. Spectra were acquired with 210-300 um P-domain in 75 mm sodium
phosphate buffer, 100 mm NaCl (pH* 7.3). The sample used for titration contained 240 um GII.4 N373D Saga
P-domain.
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In order to determine whether the deamidation reaction at position 373 is specific for the P-domain
of GIL.4 Saga, other NoV P-domains were subjected to incubation experiments with subsequent IEX
analysis as well (Fig. 4.11a and b). GIL.4 MIO0O01 is closely related to GII.4 Saga and has a very similar
amino acid sequence in positions 370-376 (Fig. 4.11c), including Asn373. GII.10 Vietnam belongs to a
different genotype and contains a longer glutamine residue instead. The local loop structure as well as
the overall protein fold appear to be conserved between all strains as judged from the crystallographic
models (Fig. 4.11c, right). Only GII.4 MI001 shows the characteristic pattern of three peaks in the
IEX chromatogram, indicating deamidation (cf. Fig. 4.7). Apparently, the glutamine residue in GII.10

Vietnam cannot undergo deamidation and cyclization on the same time scale as a shorter asparagine

residue.
. fter 3 weeks
freshly purified a
a yP of incubation at 25 °C
GlL.4 MI0O1
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Figure 4.11: Deamidation of P-domains from different human NoV strains. GII1.4 MI001 (a) and GII.10 Viet-
nam P-domains (b) were subjected to IEX chromatography directly after expression (left). The major protein
species was purified, and re-analyzed after three weeks of incubation at 25 °C (right). Only the GIL.4 MI001
P-domain shows the three distinct charge states indicative of deamidation after incubation. Solid black lines
indicate solvent conductivity, dashed black lines mark the elution conductivity of the wild type protein species.
Elution volumes cannot be compared due to slight changes in salt content in different buffer batches. The GII.4
Saga and GII.4 MI001 P-domain have high sequence similarity in the loop carrying the deamidation site 373N
(c, pdb 4X06). The homologous loop in the GIL.10 Vietnam P-domain displays the same overall conforma-
tion (right, pdb 3Q38) but carries a longer glutamine residue instead of an asparagine. Vietnam and MI001
P-domains were provided by Dr. Alvaro Mallagaray. Figure adapted from Fig. S22 in Mallagaray et al. (2019).

The time-dependent evolution of N/N into iD/N, and then iD/iD dimers as identified by IEX chro-
matography (cf. Fig. 4.7) can be used to determine reaction rates £ of the macroscopic reaction
Asn —— isoAsp. The involved short-lived succinimide intermediate must be omitted as it cannot
be detected in IEX chromatograms. Deamidation of the dimeric P-domain can then be thought of as

. . . . k . k R, . . .
an irreversible, consecutive reaction NN —— iDN —= iDiD. The system of differential equations
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describing the evolution of such a system has an analytical solution (Laidler, 1987). However, IEX data
can only be fitted if it is assumed that k; # kg, i.e. the second deamidation reaction progresses with a
different rate than the first. As it appears counter-intuitive that the deamidation reaction rates of the
first monomer should differ dramatically from that of the second monomer, further experiments were

conducted to test the simple model of consecutive deamidation reactions.

The model presented above assumes that the P-domain remains an intact dimer until the deamida-
tion reaction has been completed. Dissociation and re-assembly of dimer molecules could obscure the
deamidation reaction kinetics as, for example, N/N dimers could re-form from two dissociated iD/N
molecules. To study the possibility of monomer-dimer exchange kinetics independently, two stable,
i.e. not deamidating, variants of the GII.4 Saga P-domain were produced. A 373Q point mutant can be
assumed to not undergo deamidation (cf. Fig. 4.11) and fully deamidated iD/iD dimers do not revert
back into any other species. Both protein species were mixed 1:1, incubated at 25 °C, and subjected to
IEX analysis in regular time intervals. 373Q/Q and 373iD/iD have a charge difference of 2 and, there-
fore, can be separated via IEX. If monomer-dimer exchange occurs, a mixed iD/Q species will form
over time with an intermediate charge and elution behavior. Indeed, over the course of 40 days, mixed
iD/Q dimers formed and the system reached the expected 1:2:1 equilibrium. Data can be fitted to expo-
nential decay models and the dimer dissociation rate can be obtained as ko = 1.5140.02 x 1076571,
This corresponds to a dimer half-life of 5.3 d. It has been assumed that neither the 373Q point mutation

nor the isopeptide bond influence the dissociation and association reaction.
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Figure 4.12: Dimer exchange kinetics of human NoV GII.4 Saga. Protruding domain samples which were
deamidated at position 373 into a negatively charged iso-aspartate (iD) residue and point mutants with a neutral
glutamine (Q) at this position were mixed 1:1 and incubated at 25 °C in 75 mM sodium phosphate buffer, 100 mm
NaCl (pH 7.3). Exchange of monomer subunits between these otherwise stable dimers could be observed. The
fraction of mixed 373 iD/Q dimers was quantified by ion exchange chromatography at selected time intervals
(a). Homo- and mixed dimer fractions reached the expected 1:2:1 ratio after approx. 40 d (b). Curve fitting
yields a dimer dissociation constant kg of 1.5 x 1076571,
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The following set of reaction equations describes the system of irreversibly deamidating 373N pro-

teins with simultaneous monomer-dimer exchange:

NN 255 iDN X, iDiD

kon . Zkon . . . kon . .
N +N —= NN,iD + N ——iDN, iD + iD —— iDiD
Koft koft Koft

N 5D

Here, deamidation of the first and second monomer has been assumed to have the same reaction
rate constant k1. An additional correction factor of 2 is introduced in terms describing the deamida-
tion of N/N dimers accounting for a probability argument. There are two possibilities how one iD/N
molecule can form out of one N/N dimer, but only one possibility to form iD/iD out of one iD/N
molecule. Similarly, the association constant for the formation of asymmetric iD/N dimers has to be
modified. For large numbers of molecules N, it is twice as likely to form heterodimers than homod-
imers (N2 and w possible combinations, respectively, cf. Goulet (2016) and chapter 6.3.6). The

ordinary differential equations 4.1 - 4.5 describe the kinetics of this system of coupled reactions.

AN — (21 + ko) INN] + KonlN]? (4.1

d[icll)t N o, [NN] — (k1 + ko) iDN] + 2kon[iD][N] (42)
d[ﬂ;ﬂ)] = k1 [iDN] — ko [iDiD] + kon[iD]? (4.3)

dg;” = — k1 [N] = 2kon[N]? + 2kog[NN] — 2kon[iD][N] 4 kog[iDN] (4.4)
dg?] = k1[N] = 2kon[iD]? + 2kog[iDiD] — 2kon [iD][N] + kog[iDN] (4.5)

Two incubation experiments were performed to test this model: one starting with isolated N/N
and one with asymmetrical iD/N dimers (Fig. 4.13). IEX experiments were performed after selected
timer intervals. Re-formation of N/N dimers can be observed in the iD/N incubation experiment, con-
firming that monomer-dimer exchange is, indeed, occurring on a similar time scale as the deamidation
reaction. The system of ordinary differential equations 4.1 - 4.5 was solved numerically using kg de-
rived in Fig. 4.12. Initial concentration values at ¢ = 0 were set to 1 for the isolated starting species
N/N or iD/N and zero for all the other species. Monomer concentrations [N] and [iD] remain negligibly
small for ko, = 10% — 10~ 1571, i.e. the equilibrium lies almost completely on the side of the dimers
in an affinity range of 1.5 nm to 1.5 pM. Accordingly, varying ko, in the given range has no discernible
effect on the solution and residuals of the curve fitting do not form a narrow minimum (shown in

—1S—1

chapter 6.9). Thus, ko, was set arbitrarily to 103m as this is the order of magnitude determined

in this thesis for the homologous murine NoV protruding domain (cf. chapter 4.4). The deamida-
tion reaction rate k; was determined by least squares minimization with the data of both independent

experiments. Data is in good agreement with the fit and k; was found to be 4.2 — 4.5 x 10~7s7 1,
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Figure 4.13: Deamidation reaction rate of the GII.4 Saga P-domain. Relative populations of protein species
during incubation experiments at 25 °C in 75 mm sodium phosphate buffer, 100 mm NaCl (pH 7.3) were quan-
tified by IEX. Two incubation experiments were performed: starting with wild type N/N dimers (left) or asym-
metrically deamidated iD/N dimers (right). Emergence of the N/N species in the latter experiment is the result
of on-going monomer-dimer exchange as the deamidation reaction itself is irreversible. Global fitting of experi-
mental data to the numerical solution of the system of differential equations 4.1-4.5 (using the dimer dissociation
rate obtained in Fig. 4.12) yields a deamidation reaction rate k; = 4.5 x 10775~ 1. Residuals of the curve fitting
are shown in chapter 6.9.

The exponential decay rate of N/N dimers strongly depends on the bufter composition (Fig. 4.14).
At neutral pH, higher sodium chloride concentrations favor deamidation whereas the effect of the
phosphate buffer concentration was found to be negligible. Acidic pH values increase the half-life of
the N/N species dramatically. Accordingly, GII1.4 P-domains were stored in 20 mM sodium acetate
buffer, 100 mm NaCl (pH 4.9) at 4 °C after purification to prevent deamidation. The observed decay
rate of N/N dimers is determined both by the deamidation and the dimer dissociation reaction with
the macroscopic rate constant being 2k; + ko (cf. Eq. 4.1). Arguably, the dissociation rate constant
kof cannot be assumed to be independent of the buffer composition and, accordingly, the previously
derived value (cf. Fig. 4.12) cannot be used to dissect k; from the “observable” macroscopic constant
2k1+kog. Thus, only the half-life of the Asn373 wild-type species in different buffers has been reported.

Asn373 half-lifeat 25°Cind

0 50 100 150

75 mM NaP, 0.1 M NaCl (pH 7.3)
75 mM NaP (pH 7.3)
20 mM NaP (pH 7.3)
20 mM NaAc, 0.1 M NaCl (pH 4.9)

Figure 4.14: The half-life of non-deamidated GII.4 Saga P-domains depends on the buffer composition. Incu-
bation experiments of the GII.4 Saga P-domain at 25 °C in different buffers and subsequent IEX analysis reveal
strong pH and ionic strength dependencies of the half-life of the wild type N/N species. Neutral pH and high
salt content favor the decay of the wild type species. The influence of the sodium phosphate buffer (NaP) itself
is negligible. Half-lives are longest under acidic conditions in sodium acetate (NaAc) buffer. Deamidation reac-
tion rates k; cannot be calculated because the dimer dissociation rate k.4 cannot be assumed to be independent
of the buffer composition. Therefore, only half-lives [n(2)/(2k; + ko) can be given as obtained from applying
an exponential decay model to the decrease in N/N dimers.



A Novel, Low-Affinity Binding Pocket for Bile Acids on GII.4 Norovirus Capsids (Results) 37

4.3 A Novel, Low-Affinity Binding Pocket for Bile Acids on Gll.4 Noro-

virus Capsids

GII.4 Saga P-domains bind cholic acid, a representative bile acid (cf. Fig. 3.3), as evidenced by signif-
icant chemical shift perturbations (CSPs) upon titration to [U->H,!°N]-labeled protein (Fig. 4.15a).
With an almost complete backbone signal assignment at hand, Euclidean CSPs can be mapped onto a
crystallographic model of the P-domain dimer (Fig. 4.15c). CSPs are centered near the C-terminus of
the protein with significant effects in three different peptide stretches of the protein (Fig. 4.15b). The
largest CSPs can be found in signals from the surface-exposed amino acids 503-509, revealing a new
binding pocket for bile acids on the human NoV capsid surface 30 A apart from the HBGA binding
site. The symmetry of the dimeric P-domain is not being broken by cholic acid-binding, as evident
from the TROSY HSQC spectra. Therefore, it can be assumed that there are two symmetrical binding

pockets per dimer.
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Figure 4.15: GII.4 NoV P-domains bind cholic acid. Addition of 8 mm cholic acid (CA) to the [U-*H,'*N]-
labeled GII.4 Saga P-domain causes significant chemical shift perturbations (a, spectrum after ligand addition
in red). Exemplary regions are shown with arrows denoting the direction of CSPs. Euclidean CSPs can be
calculated (b) and were mapped on a crystallographic model using the signal assignment (c, pdb 4X06). CSPs
larger than one standard deviation are indicated in orange, those larger than two standard deviations in red.
CSPs are centered around a region near the C-terminus of the protein, indicating a well-defined binding pocket
for CA. For orientation, the canonical glycan binding pocket is depicted as a blue sphere, marking C6 of the
bound fucose. The CSP experiment was performed in 75 mm sodium phosphate buffer, 100 mm NaCl (pH* 7.3)
with a protein concentration of 200 um. Figure adapted from Fig. 1 in Creutznacher et al. (2019).
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As a complementary technique, saturation transfer difference experiments (STD) have been em-
ployed to verify cholic acid binding (Fig. 4.16). Observation of intensity changes of ligand signals
upon saturation of protein resonances yields the binding epitope of the ligand. A STD spectrum of
cholic acid in the presence of GII.4 Saga P-domains shows saturation transfer to almost all cholic acid
signals (Fig. 4.16b). As seen in a 1D reference spectrum (Fig. 4.16a), most cholic acid signals show
strong overlap and, thus, no attempt was made to map quantitative STD effects onto the ligand. How-
ever, it is evident that the complete cholic acid molecule makes contact with the protein surface - the
affected, isolated signals indicated in Fig. 4.16a are well-distributed across the the ligand structure (cf.
Fig 3.3). A negative control experiment without protein shows almost no STD effects (Fig. 4.16c),

corroborating a specific interaction between cholic acid and the human NoV P-domain.

H19 H18
a
ref H21
H12
H7
b
+CA
Mﬂ

C
+CA X200
- t i
protein y 9 " L
s 4 3 ; 1 0

2
S8('H) in ppm

Figure 4.16: A saturation transfer difference (STD) NMR experiment confirms cholic acid binding. Com-
parison of a reference spectrum (a) with the STD spectrum (b) shows that almost all cholic acid (CA) protons
receive saturation. A negative control without protein shows almost no direct irradiation effects (c). Spectra
were acquired at 298 K with 90 pm GII.4 Saga 373D P-domain in 20 mm deuterated sodium phosphate buffer
and 1 mm CA at 600 MHz for 17 h (4240 scans). Figure adapted from Fig. S10 in Creutznacher et al. (2019).

To test, whether the identified binding pocket is specific for cholic acid, other bile acids have been
titrated to the [U-?H,"*N]-labeled GI1.4 Saga P-domain as well (Fig. 4.17). A selection of primary
and secondary bile acids (cf. chapter 3.1.5) causes almost identical CSP profiles as cholic acid (cf.
Fig. 4.15). Deoxycholic acid (Fig. 4.17a), glycochenodeoxycholic acid (GCDCA, Fig. 4.17b), and
chenodeoxycholic acid (Fig. 4.17¢) are all recognized by the protein and share the same binding pocket.

Titration experiments with different GIL.4 NoV strains show that bile acid recognition is a con-
served feature among NoV of this genogroup. Experiments have been performed with P-domains
from the homologous human NoV strains GII.4 VA387 and GII.4 MI001 (Fig. 4.18). Protein back-
bone assignments cannot be readily transferred onto other proteins even in situations of high sequence
identity (cf. Fig. 4.4). Comparison with the cholic acid titration to GII.4 Saga reveals an overall simi-
lar magnitude of CSPs, hinting at similar ligand affinities in all strains. In an isolated region of 'H,">N
TROSY HSQC spectra of the respective NoV strains, a very similar CSP pattern can be discerned. The
signals, most likely corresponding to 486L in all three strains, shift in a similar direction after bile acid
addition as in the assigned reference strain GII.4 Saga. All amino acids with significant CSPs in the

GII.4 Saga reference experiment are conserved in the other GII.4 strains investigated (Fig. 4.18b).
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Figure 4.17: The NoV P-domain recognizes a variety of different bile acids. 2 mm deoxycholic acid (DCA,
a), glycochenodeoxycholic acid (GCDCA, b) and chenodeoxycholic acid (CDCA, c) have been titrated to the
[U-*H,">N]-labeled GI1.4 Saga P-domain and Euclidean CSPs have been calculated. CSPs larger than two stan-
dard deviations are depicted in red. All bile acids cause a very similar CSP profile and, therefore, likely share the
same binding pocket near the protein’s C-terminus. Corresponding NMR spectra have been acquired in 75 mm
sodium phosphate buffer, 100 mm NaCl (pH* 7.3) and a protein concentration of 100 um. Figure adapted from
Fig. S1 in Creutznacher et al. (2019).
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Figure 4.18: Low-affinity bile acid recognition is a conserved feature among GII.4 P-domains. P-domains
from the different NoV strains GII.4 Saga, GII.4 VA387 and GII.4 MI001 all show similar CSPs when titrated
with cholic acid or glycochenodeoxycholic acid (a). A signal assignment is only available for GII.4 Saga but can
be transferred onto the other strains for some isolated signals (cf. Fig. 4.4). The amide signal of 486L appears
at the same position in all different protein spectra and is part of the bile acid binding pocket in GII.4 Saga.
Titration of bile acids causes CSPs similar in magnitude and direction in the other GII.4 strains as well, indicating
a conserved binding pocket. All amino acids with significant CSPs in a cholic acid titration (cf. Fig. 4.15) are
conserved among the three strains and are highlighted in red in a sequence alignment (b). Data was acquired
in 75 mM sodium phosphate buffer, 100 mm NaCl (pH* 7.3) with the following protein concentrations: 200 um
GII.4 Saga, 170 um GII.4 VA387, and 240 um GII.4 MI001. GII.4 MI001 P-domains were produced as part of the
supervised Bachelor’s thesis of G. Wallmann (Wallmann, 2019). GIL.4 VA387 P-domains were denatured and
refolded by P. Ogrissek as part of supervised work as a research assistant.
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The affinity of the GII.4 Saga P-domain towards cholic acid and GCDCA has been investigated
with titration experiments (Fig. 4.19). Both molecules are low-affinity ligands with dissociation con-
stants Kp in the mm-range. A similar Kp value of 9 mm for cholic acid can be derived by both CSP
and STD titration experiments (Fig. 4.19a and b). GCDCA appears to have a slightly higher affin-
ity with a Kp of 1.6 mm (Fig. 4.19d). However, both ligands have a tendency for self-aggregation at
higher concentrations as evidenced by concentration-dependent chemical shift changes in the ligands’
1D proton signals (Fig. 4.19c and e). The bile acid concentrations at which chemical shift changes
first appear, approximately 1-4 mm, can be interpreted as critical micelle concentrations (CMC) above
which bile acid molecules exist as a mixture of monomers and higher-order aggregates. As it cannot
be ruled out that binding of bile acid aggregates occurs in parallel, all Kp values reported here should
be considered as apparent Kp values. It is noteworthy that chemical shift perturbations and saturation

transfer already occur at bile acid concentrations well below the CMC.
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Figure 4.19: Bile acids are low-affinity ligands of GII.4 NoV. Cholic acid (CA) and glycochenodeoxycholic acid
(GCDCA) have been titrated to the GII.4 Saga P-domain to characterize their binding affinity. CA binds with a
weak affinity of Kp = 9 mm as judged from independent global fitting of data from CSP and STD experiments
(a and b, respectively). GCDCA shows a slightly higher affinity Kp = 1.6mm (d). Both CA and GCDCA
show concentration-dependent chemical shift perturbations in their proton NMR signals. This indicates micelle
formation at higher ligand concentrations. Critical micelle concentrations (CMC) can be derived from their H19
ligand-signal CSPs and were found to be 4 mm and 1 mm for CA and GCDCA, respectively (c, e). Affinity data
can only give apparent Kp values as both binding and ligand-aggregation occur in similar concentration ranges.
CSP experiments were acquired with 100 um (d) or 200 um (a) protein samples in 75 mm sodium phosphate
buffer, 100 mm NaCl (pH 7.3). STD experiments were performed at 278 K on a 600 MHz NMR spectrometer
with 90 um GII.4 Saga 373D P-domain in 20 mMm fully deuterated sodium phosphate buffer (pH* 7.47). STD
amplification factors have been calculated for protons H7 and H12 of CA. CSP experiments for CA and GCDCA
were performed at 298 K on a 500 MHz NMR spectrometer. CSP data for CA larger than two standard deviations
was used for global fitting. CSPs for GCDCA were found to be of lower overall magnitude and only the strongest
CSP has been used for data fitting. Figure adapted from Figs. 3, S4, and S9 in Creutznacher et al. (2019).
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4.4 Bile Acids Functionalize The Murine Norovirus Protruding Domain

in Solution

Protruding domains of the murine NoV capsid can be synthesized and isotope-labeled similarly to
the homologous P-domains of human NoV. However, acquisition of a 'H,">N TROSY HSQC spec-
trum of the murine NoV P-domain reveals poor protein stability: whereas the human NoV P-domain
is stable for prolonged periods of time in buffers at neutral pH, the murine NoV P-domain rapidly
degrades under these conditions (Fig. 4.20). The protein yield after purification decreases accord-
ingly (3 mg [U-?H,'>N]-labeled protein per liter cell culture). The respective TROSY HSQC spectrum
shows almost no dispersed backbone amide signals and substantial line broadening (Fig. 4.20a). Pro-
ton chemical shifts are mostly centered around the random coil-value of 8.3 ppm (Rehm et al., 2002),
indicating the lack of a stable tertiary structure. In addition, repeated measurements of a single NMR
sample reveal ongoing protein unfolding and aggregation as evident from further irreversible losses in
chemical shift dispersion. Surprisingly, the stability of the murine NoV P-domain strongly depends on
the buffer pH. Lowering the sample pH to 6.0 enables the acquisition of well-dispersed TROSY HSQC

spectra with little signs of protein aggregation even after several measurements (Fig. 4.20Db).

a pH 7.3 b pH 6.0 c
o [} % e ° o >
= T o - 210
' * n. .' B
Lo . L . © = —g [
- L R T P !
° :-,” ‘;".#-.l-." Y ‘o OE gOS-
[ et 8T 5 .
vW o . | ® S
[ © 'f, . * 9ce ° e} — °
= bl r0 0 ¢ [F 0 Tools —*
Y LA™ 6 7 8
X .
q £ R VAT d pH
10 9 8 7 10 9 8 7

S('H) in ppm

Figure 4.20: pH-dependent stability of murine NoV P-domains. Purification of murine NoV P-domains in
buffers at pH 7.3 leads to irreversible protein unfolding and aggregation (a). A TROSY HSQC spectrum of
[U-2H,*N]-labeled MNV07 P-domain in 20 mm sodium phosphate buffer (pH* 7.3) shows little chemical shift
dispersion and strong line broadening. In contrast, samples at pH* 6 give spectra with dispersed, sharp NH sig-
nals indicating a well-ordered and stable protein (b). The thermal stability of murine NoV P-domains decreases
with increasing pH (c). P-domains from the strain CR10 were subjected to isothermal denaturation in 75 mm
sodium phosphate buffer, 100 mm NaCl at different pH values at 45 °C and subsequent hydrophobic interaction
chromatography (HIC). The UV absorption in HIC experiments can be used to quantify the amount of non-
denatured protein. UV integrals were normalized against a non-heat-treated control. Data shown here were
acquired as part of the supervised Bachelor’s thesis and work as a research assistant of C. Feldmann (Feldmann,
2019). Protein concentrations were 15 puM (a) and 30 pum (b).

To investigate the apparent pH-dependent stability systematically, the murine NoV P-domain was
subjected to isothermal denaturation experiments (Fig. 4.20c). Incubation of the P-domain at 45 °C
for 10 min in phosphate buffers with pH-values ranging from 5.7 to 8.0 leads to protein degradation.
The residual amount of natively folded protein can be quantified by subjecting the protein sample to

hydrophobic interaction chromatography (HIC) experiments after the forced denaturation (cf. chapter
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6.8 for exemplary HIC data). Indeed, thermal stability sharply decreases when the buffer pH is in-
creased from slightly acidic conditions to neutral values and above. Further NMR experiments were

thus performed under acidic conditions in acetate buffers at pH 5.3.

TROSY HSQC spectra of the murine NoV P-domain change with protein concentration (Fig.
4.21). Higher protein concentrations lead to the appearance of new 'H,!°N signals not visible at
lower concentrations. Likewise, other signals decrease in relative intensity at higher concentrations.
The spectra remain well-dispersed with none of the spectral characteristics of protein aggregation (cf.
Fig. 4.20). This concentration-dependent behavior indicates homodimerization of the murine NoV
P-domain at high protein concentrations. This is in stark contrast to human NoV P-domains which
readily dimerize almost independent of the protein concentration used (cf. Fig. 4.12). Inspection of
the TROSY HSQC spectra reveals several signal pairs in close proximity in which one signal decreases
and the other signal increases in relative intensity (Fig. 4.21a, right). These signals can be attributed
to the respective monomeric and dimeric protein species. The appearance of separate resonances for
monomers and dimers in slow exchange can be used to estimate an upper limit for the monomer-dimer

exchange rate of kex << 10 Hz based on the respective chemical shift differences (cf. chapter 3.3.1).

Size exclusion chromatography (SEC) experiments corroborate the existence of a concentration-
dependent dimerization reaction (Fig. 4.21b). Samples of the murine NoV P-domain were subjected
to SEC experiments at different concentrations. Higher protein concentrations lead to a shift of the
protein’s UV absorption maximum to smaller elution volumes, i.e. larger hydrodynamic radii. Appar-
ently, monomers and dimers interconvert too fast to be separated by SEC experiments and elute with
an intermediate elution volume instead. Normalization of UV chromatograms shows that, in addition
to the elution volume, the peak shape also changes at higher protein concentrations (Fig. 4.21 right).
A noticeable peak tailing occurs at concentrations higher than 6 um. This concentration can be used

to derive an estimate for the dimer association rate ko, of 860 M~ ! s~! as explained in chapter 6.3.3.

Using the SEC elution behavior of standard proteins, a linear relationship can be derived between
elution volumes and apparent molecular weights. The apparent molecular weight of the murine NoV
P-domain species shifts from 39.6kDa at the lowest protein concentration to 58.4kDa at the high-
est concentration used (Fig. 4.21c). This is in good agreement with the molecular weights of the
monomeric and dimeric P-domain (33.2kDa and 66.4 kDa, respectively). The relationship between
the concentration of the protein sample loaded onto the column and the apparent molecular weight
can be used to derive the dissociation constant Kp of the dimerization reaction based on the law of
mass action, resulting in an apparent Kp value of 40 um. Similarly, the absolute intensity of dimer
signals in TROSY HSQC spectra at different total protein concentrations can be used to obtain an in-
dependent estimate of the dissociation constant (Fig. 4.21c, right). Intensity data of nine dimer signals
were used to derive a Kp value of 31 um (cf. chapter 6.4.8 for details). Using the value for the associ-
ation rate constant k,, obtained above by chromatography, a monomer-dimer exchange rate kex can
be estimated (Eq. 6.5). For the NMR experiment series, the total protein concentration was varied
between 25 and 200 um. In this range, k. is 0.4-0.7 Hz and, thus, in good agreement with the upper

limit for kex based on the chemical shift difference.
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Figure 4.21: Concentration-dependent dimerization of the murine NoV P-domain in solution. TROSY HSQC
spectra of the [U-*H,'*N]-labeled CW1 P-domain show protein concentration-dependent changes (a, black:
25 pM, red: 200 pum). Several new backbone NH resonances appear with increasing protein concentrations while
others decrease in relative intensity. These signals can be assigned to the homodimer (D) or the monomer (M),
respectively. Two such signal pairs are marked by asterisks and are shown in detail (right). The murine NoV
P-domain has been subjected to size exclusion chromatography at increasing concentrations (b), ranging from
250nM (red) to 270 um (blue). The elution volume strongly depends on the protein concentration and can
be associated with an increase of apparent molecular weights from 39.6 kDa (monomer) to 58.4 kDa (dimer).
Normalized chromatograms (right) reveal a noticeable peak tailing at higher concentrations, indicating ongo-
ing monomer-dimer exchange on the time scale of the chromatographic separation. Fitting the concentration-
dependent apparent molecular weight against the law of mass action yields an apparent Kp value of the dimer-
ization reaction of 40 um (c), matching the fit of the averaged NMR dimer signal intensity (n = 9) that results
in Kp = 31 & 13 um. To obtain the Kp from NMR data, normalized intensities were divided by the photomet-
rically determined protein concentration and fitted to the law of mass action (Eq. 6.12). Spectra were acquired
in 20 mM sodium acetate, 100 mm NaCl (pH* 5.3).
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As the murine NoV P-domain does not readily dimerize in solution, it was necessary to investi-
gate whether the isolated P-domain is actually able to adopt its functional, binding-competent form
in solution. The bile acid glycochenodeoxycholic acid (GCDCA) is a known ligand of the murine
NoV P-domain with two binding pockets per P-domain dimer (cf. chapter 3.1.5). The presence of
GCDCA dramatically changes various biophysical properties of the P-domain, thereby verifying that
the protein is indeed able to recognize its ligand in solution (Fig. 4.22). Addition of GCDCA to the
running buffer in size exclusion experiments prevents the protein concentration-dependent elution
behavior described above (Fig. 4.22a). The apparent molecular weight of the P-domain remains con-
stant at 64 kDa independent of the protein concentration used. This experimental value matches the
molecular weight of the dimer, 66 kDa, very well. The binding of GCDCA appears to shift the homo-
dimerization equilibrium almost completely to the side of the dimeric protein species. Consequently,

peak tailing - indicating fast monomer-dimer exchange — cannot be observed anymore.
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Figure 4.22: Murine NoV P-domains readily dimerize in presence of glycochenodeoxycholic acid (GCDCA).
Size exclusion chromatograms of the CW1 P-domain in the presence and absence of GCDCA at varying protein
concentrations (a, red and black curves, respectively) reveal a major change in elution behavior. The presence
of saturating amounts of GCDCA shifts the apparent molecular weight of the P-domain to that of the dimer
(64 kDa) regardless of the protein concentration used (250 nM, 12.5 pm, and 50 um). The disappearance of the
protein concentration-dependent elution behavior indicates a dramatic stabilization of the dimeric protein in
presence of GCDCA. TRACT NMR experiments measure average '°N relaxation rates of backbone amide sig-
nals (b, black and gray curves, respectively) and, thereby, rotational correlation times .. In the absence of
GCDCA, 75 um [U-?H,'*N]-labeled murine NoV P-domains form a mixture of monomers and dimers at a ratio
of 1:1 (using a Kp value of 31 um, cf. Fig. 4.21). Accordingly, the measured t. corresponds to the averaged
value of monomers and dimers. Adding saturating amounts of GCDCA leads to an increase in t. corroborating
the complete dimerization of the P-domain sample through GCDCA addition. GCDCA increases the thermal
stability of the P-domain in a concentration-dependent manner (c). Performing isothermal denaturation for 30
min at 45 °C and analysis of non-denatured P-domain via HIC shows complete protection with 1 mm GCDCA
when compared to a non-heat-treated control. HIC data were acquired by C. Feldmann as part of supervised
work as a research assistant. NMR samples for TRACT experiments contained 20 mm sodium acetate, 100 mm
NaCl (pH* 5.3).



Bile Acids Functionalize The Murine Norovirus Protruding Domain in Solution (Results) 45

The average rotational correlation time t. of [U-*H,'°N]-labeled proteins can be measured via
TRACT NMR experiments and is sensitive towards changes in hydrodynamic radius and thereby to
changes in molecular weight. Indeed, addition of GCDCA shifts the average t. of a 75 um protein
solution from 17 ns to 25ns (Fig. 4.22b). As the protein forms a mixture of monomers and dimers
in the absence of GCDCA of approximately 1:1 (assuming a dimerization Kp of 31 um, cf. Fig. 4.21),
the respective correlation time of 17 ns is only a description of the ensemble average. In contrast,
the measured value in the presence of GCDCA should almost exclusively reflect the properties of the

dimeric, ligand-bound protein.

The thermal stability of the murine NoV P-domain under different solution conditions can be
assessed by isothermal denaturation and subsequent quantification of residual non-denatured pro-
tein using hydrophobic interaction chromatography (cf. Fig. 4.20 and chapter 6.8). Incubating the
protein under acidic conditions with increasing amounts of GCDCA shows a strong protection of
ligand-binding against thermal denaturation (Fig. 4.22¢c). The protective effect is dose-dependent; at a
GCDCA concentration of 1 mM the P-domain is able to withstand thermal denaturation for 30 min at
45 °C without losses. Qualitatively, heightened protein stability in presence of GCDCA can also be ob-
served at lower temperatures: prolonged NMR experiments with the unbound protein result in visible
precipitation, limiting the lifetime of these protein samples even under stabilizing acidic conditions.

No such denaturation could be observed after NMR experiments in the presence of GCDCA.

To further elucidate the molecular basis of these phenomena, GCDCA was titrated stepwise to
[U-?H,">N]-labeled murine NoV P-domains and a series of TROSY HSQC spectra was acquired (Fig.
4.23). At the given protein concentration of 100 uM, the P-domain forms a mixture of monomers
and dimers with a ratio of 1:2 in the absence of GCDCA (again, assuming a Kp; of 31 um). When
comparing the beginning and end point of the GCDCA titration, it is evident that, without exception,
all backbone amide signals are subject to major changes in either signal position, signal intensity or
both (Fig. 4.23a). Particularly, all dimer signals increase in signal intensity with increasing GCDCA
concentrations until a stationary value is reached. A small subset of dimer signals additionally displays
chemical shift perturbations (CSPs) (Fig. 4.23b). In contrast, all signals attributed to the monomer
decrease in intensity until they are no longer visible (Fig. 4.23b, c). Monomer signals were not found

to show CSPs.

Taken together, this suggests a coupled equilibrium of dimerization and two consecutive, inde-
pendent ligand-binding reactions as the simplest possible model (Fig. 4.23d). The exchange between
monomers and dimers is slow on the proton chemical shift time scale. In contrast, ligand-binding
induces CSPs and is, therefore, a fast-exchange process. A number of signals only become visible
after GCDCA is added (Fig. 4.23c). These signals reflect only the bound dimer species as the cor-
responding unbound dimer signals are invisible. The monomeric P-domain does not appear to be
binding-competent as only dimer signals display CSPs. This is in agreement with the observed dis-
appearance of monomer signals when an equimolar protein to ligand ratio is reached. Removal of
unbound dimers from the reaction equilibrium by binding causes further monomers to dimerize until

they become completely depleted.
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Figure 4.23: Coupled equilibria of dimerization and ligand binding of murine NoV P-domains. TROSY
HSQC spectra of 100 um [U-*H,'*N]-labeled CW1 P-domains with and without GCDCA show major over-
all changes (a). Exemplary sections of the spectra are shown in b and c. Signals attributable to the monomer
(M) disappear with increasing GCDCA concentrations, whereas dimer signals (D) show an increase in signal
intensity. This is indicated by upward and downward facing arrows. Additionally, some dimer signals display
chemical shift perturbations (CSPs) with increasing GCDCA concentrations (b). CSP and signal intensity data
can be explained with a coupled equilibrium of dimerization and consecutive, independent ligand binding reac-
tions (d). As visible in the apo spectrum (black), monomers and unbound dimers are in slow exchange and cause
separate signals. The occurrence of CSPs upon ligand addition is indicative of a fast exchange ligand binding
process. Spectra were acquired with samples in 20 mm sodium acetate, 100 mm NaCl (pH* 5.3)

To obtain the GCDCA dissociation constant Kpy, it is necessary to derive an equation that de-
scribes the momentary concentration of one involved protein species as a function of the total ligand

concentration using the dimerization and ligand-binding dissociation constants.

IM+2L =28 D421 =22 DL+ L =2 DI,
Here, M represents monomeric P-domains, L is the ligand GCDCA, and D is the P-domain dimer.

The dissociation constants Kp; and Kp; can then be defined according to the respective equilibria:

[M]° [DI[L] _ [DL][L]
Kpi = 0 Kpy = - 4.6
Eq. 4.7-4.8 describe the mass balance of ligand and protein molecules.
Li = [L] + [DL] + 2[DLy) (47)
Py = [M] 4 2[D] + 2[DL] + 2[D L] (4.8)
Rearranging Eq. 4.6 and substituting the [DL] and [D Lo] terms in Eq. 4.7 yields:
2[D][L]? < [D] >
0=—F5—+|14+—||L]-L 4.9
K%Q KDQ [ ] t ( )
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Substitution of [D] in Eq. 4.9 with the dimerization term of Eq. 4.6 results in an equation describing
the free ligand concentration [L] as a function of Kp, values, the total ligand concentration L; and the

monomer concentration [M].

2 2\ 2
Kpy+ “8000 | (Kpo+ “275\" | LK}
L) = ———5 > o IR (4.10)
Kp1 Kp1 Kp1
Similarly, substitution of [D], [DL], and [D L] terms in Eq. 4.8 leads to Eq. 4.11.
2[M)? | 2[M]? 2[M]?
0=[M]+ [M] ME [M] [L]? - P, (4.11)

Kpi  KpiKp Kp1K}y,

In Eq. 4.11, [L] can be substituted with Eq. 4.10 to obtain a function that relates the monomer
concentration with the Kp values and the known concentrations L; and P,. This equation can be
solved numerically for [M] as detailed in chapter 6.4.8. This approach can be used to simulate the
concentrations of the different protein species as a function of the total ligand concentration if Kp,
and Kp; are known (Fig. 4.24). As expected from the NMR data, both monomer and unbound dimer
concentrations approach zero (black and orange curves) when protein and ligand molecules are present
in equimolar amounts.
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Figure 4.24: Simulation of a coupled dimerization and ligand binding equilibrium. Using the numerical so-
lution of Eq. 4.11, the concentrations of the different protein species were determined in dependence of an
increasing total ligand concentration. Simulation parameters were as follows: a total protein concentration of
100 um, a Kp; of 31 pm, and a Kp;, of 5 pm.

In order to obtain a Kp, value from the NMR data presented in Fig. 4.23, it is necessary to convert
the two experimental NMR observables, signal intensity and signal position, into actual concentrations
of the different protein species. These experimental protein concentrations can then be used for a least-
squares minimization against the numerical solution of the equations derived above. However, linking
NMR data to real protein concentrations is not straightforward.

As Kp, is known from previous experiments, so is the concentration of monomers at the begin-

ning of the titration. Accordingly, experimental monomer concentrations [M] can be obtained by
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normalization of the respective monomer signal intensity at the beginning of the titration to 32 pm.
All monomer signals have disappeared at the highest GCDCA concentration and all dimer signals
have reached their maximum intensity as the system is saturated with the ligand. Therefore, dimer
signal intensities at the titration end point reflect a dimer concentration of 50 um. However, no class
of NMR signals solely reflects the concentration of a single dimer species (D, DL, or DL,). Instead,
some dimer signal intensities contain information on the sum of concentrations of dimers bound once
and twice , i.e. [D L]+ [DLs]. This information comes from the dimer signals that only become visible
after GCDCA addition (Fig. 4.25a). Consequently, the unbound dimer species D does not contribute
to the overall intensity of these signals. In fact, the concentration of the asymmetrically bound DL

species needs to be modified with a factor of 0.5 to account for its invisible, unbound monomer.

With these experimental protein concentrations at hand, the data can now be used for curve fitting
to derive the ligand dissociation constant Kp,. Monomer and bound dimer intensity data were used
for global fitting to the numerical solution of Eq. 4.10-4.11 independently. As Kp, was varied, squared
residuals were calculated for data from the individual signals and then summed for all signals in a
data class (Fig. 4.25b). Summed residuals form a narrow minimum around a Kp, of 5 um for both
monomer and dimer intensity data sets. Averaged intensity data sets are in good agreement with the

numerical solution assuming a Kp; of 31 um and a Kp; of 5 um (Fig. 4.25c¢).
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Figure 4.25: Global fitting of experimental NMR intensity data yields a ligand dissociation constant. Fitting
of intensity data of the different species (M or DL/DL;) (a) yields a Kp of 5 um for GCDCA binding with steep
minima in the respective sum of squared residuals (b). Assuming Kp,= 5 um, fits are in good agreement with
averaged experimental intensity data of the different signal species (d). Error bars reflect the standard deviations
of the averaged signals from each data class. The NMR data shown in a are identical to data shown in Fig. 4.23.

Without a backbone signal assignment, the interpretation of CSP data is more complicated (Fig.
4.26a). There are different population-weighted averages a given CSP could potentially reflect. Chem-
ical shift perturbations are influenced by the position of an amino acid relative to the ligand binding
pocket. The geometry of the murine NoV P-domain and its two symmetrical GCDCA binding pockets

(cf. Fig. 3.4) allows for two possible scenarios. Some signals will be influenced by the occupation of
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both pockets corresponding to amino acids located in between them. Other amino acids will be located
such that only the occupation of the closest binding pocket causes a CSP. Without a backbone signal
assignment available, it is not known a priori to which of these two classes a particular signal belongs.
Thus, data can only be interpreted in relation to these two boundary scenarios as described in detail in
chapter 6.4.8 (Fig. 4.23d, red). Again, data were normalized to 50 um at the end point. Residuals for
CSP data were calculated according to the two boundary cases outlined above (Fig. 4.26b). Depending
on the model, the minimum of the summed residuals appears at 1-13 um. As expected, averaged CSP

data points lie in between the two boundary curves (Fig. 4.26¢).
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Figure 4.26: Global fitting of experimental NMR CSP data confirms the ligand dissociation constant. As
there is no signal assignment available, only boundary cases can be described for CSP data: depending on their
position in relation to the two GCDCA binding pockets some nuclei will experience perturbations by occupation
of only one binding pocket (model 1) while others can be influenced by occupation of both pockets (model 2, cf.
chapter 6.4.8). Depending on the chosen model, global fitting of CSP data gives Kp values of either 1 um or 13 um
(b). As expected, averaged CSP data (c) lies between the theoretical curves of the two boundary cases (dashed
lines). Notably, Kp values derived from intensity data (cf. Fig. 4.25) lie between these two CSP boundary values.
The NMR data shown in a are identical to data shown in Fig. 4.23.
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4.5 Protein-Metal Interactions of Norovirus Capsids

Both human and murine [U-*H,'>N]-labeled NoV P-domains were subjected to titration experiments
with various metal salts to investigate the interactions of the NoV capsid with metal ions. First, the
human NoV P-domain from GII.4 Saga was titrated with an equimolar amount of ZnCl, leading to

major overall changes in a TROSY HSQC spectrum (Fig. 4.27a).
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Figure 4.27: The human NoV P-domain binds Zn?*. Titration of 120 um ZnCl, to 120 um [U-*H,">N]-labeled
GIL.4 Saga 373D P-domain (one equivalent assuming one binding pocket per monomer) leads to the disappear-
ance of several NH signals (a). One region of the respective spectra is shown in detail in b. Signals of the amino
acids 501-509 are no longer visible after Zn?*-titration but can be recovered by complexation of Zn** with 2 mm
EDTA. Calculating intensity differences between the apo and Zn** spectrum reveals at least two affected regions
(c and d, pdb 4X06). Differences larger than one standard deviation are indicated in orange and those larger
than two standard deviations in red. Most prominent effects can be seen near the C-terminus of the protein
revealing a well-defined Zn?* binding pocket. A secondary, lower affinity binding pocket can be found at the
top of the GIL.4 P-domain near the canonical HBGA binding pocket. For orientation, a bound B-trisaccharide
molecule is depicted in green. Spectra were acquired in 75 mM Tris, 100 mm NaCl (pH* 7.3).
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An appreciable number of signals is strongly reduced in intensity (Fig. 4.27b). No new resonances
appear in the spectrum. This effect was quantified by calculating intensity differences AI between
the respective spectra (Fig. 4.27c). The effects are localized in a C-terminal region of the P-domain
(Fig. 4.27d) in close proximity to, but not identical with, the novel bile acid binding pocket described
in chapter 4.3. Apparently, there is also a secondary, lower-affinity Zn**-binding site near the HBGA
binding pocket at the outward facing part of the protruding domain showing minor effects. Complex-

ation of Zn?* with the chelating agent EDTA reverses the effects and restores signal intensities.

Similarly, the murine NoV P-domain has been titrated with both MgCl, and CaCl,. The experi-
ment was performed in presence of saturating amounts of the bile acid GCDCA to ensure complete
dimerization of the protein (cf. chapter 4.4). Several amide resonances display strong CSPs upon ad-
dition of either Mg?* or Ca?* (Fig. 4.28, red and blue spectra, respectively). Both metal ions affect an
identical set of signals, indicating that both metals likely share a binding pocket. CaCl, was titrated
to a [U-2H,'>N]-labeled sample to derive the dissociation constant Kp of the MNV-Ca?* interaction.
Signals shift in a linear fashion as expected for a protein-ligand system in fast exchange starting from

the GCDCA-saturated apo state.
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Figure 4.28: The murine NoV P-domain binds bivalent cations. Titration of 5 mm MgCl, or CaCl, to 150 pm,
GCDCA-saturated [U-*H,">N]-labeled CW1 P-domain shows chemical shift perturbations in TROSY HSQC
spectra (a). Identical signals are affected by both Mg?* (red) and Ca* (blue) indicating a shared binding pocket.
Chelation of all bivalent metals with 2 mm EDTA shifts signals in the opposite direction as the Ca** titration
with the signal from the GCDCA-bound starting points in between (b). Apparently, GCDCA contains a high
amount of contaminating calcium salts. Therefore, all GCDCA-treated samples inadvertently contain an appre-
ciable amount of Ca** as well. Euclidean CSPs can be calculated from a Ca?* titration series with the EDTA-state
considered as the starting point. Due to the Ca?*-contamination, the total Ca?* concentration during the titra-
tion is not known precisely. Using the amount of added Ca** ions, a global least-squares minimization of CSP
data larger than two standard deviations can be used to derive both the amount of initial contaminants and the
dissociation constant Kp, of the interaction. This approach yields a Kp of 118 um. With 300 um GCDCA, the
initial Ca?* contamination was found to be 140 um. Spectra were acquired in 20 mm sodium acetate, 100 mm
NaCl (pH* 5.3), Ca* was titrated to a sample containing 250 um P-domain.
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However, complexation of Ca?* with EDTA does not restore the original apo’ spectrum. Instead,
all affected signals are shifted further into the opposite direction (Fig. 4.28b). This is clear evidence for
a fundamental contamination with Ca* ions originating from the GCDCA stock solution. Indeed,
revisiting the GCDCA titration experiment (cf. Fig. 4.23) reveals a secondary set of fast-exchange
CSPs that is distinct from those from GCDCA binding. The respective signals do not reach saturation
and correspond to those signals further affected by the dedicated Ca?*-titration. This corroborates that
GCDCA stock solutions contain a large amount of Ca?* ions. To quantify the amount of contaminating
Ca?* as well as the Kp of the interaction itself, CSP data were fitted to the law of mass action while
simultaneously fitting the amount of unknown, additional Ca** from the GCDCA stock solution (Fig.
4.28c). Peak positions from the EDTA-spectrum have been used as the starting point for the CSP

calculation. Fitting yields a Kp of 118 um and an initial Ca®* concentration of 140 pm.

To test whether the binding pocket for bivalent metals in the murine NoV P-domain also accepts
paramagnetic, trivalent metals, different lanthanide salts have been titrated (Fig. 4.29). Again, spectra
were acquired while saturating amounts of GCDCA were present. La** has been used as a diamagnetic
reference ion with similar chemical properties. Titration of LaCl; leads to chemical shift perturbations

indicative of fast-exchange between metal-bound and unbound protein species.
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Figure 4.29: The calcium binding pocket of the murine NoV P-domain accepts paramagnetic metals. Titration
of the paramagnetic lanthanide ions Eu** and Ce®" to [U->H,'°N]-labeled CW1 P-domain causes pseudocon-
tact shifts (PCS, black arrows) and paramagnetic relaxation enhancement (PRE, black boxes) in a TROSY HSQC
spectrum. A spectrum with the diamagnetic La®* ions was used as a reference. PRE effects lead to the disap-
pearance of signals previously identified to constitute the binding pocket for Ca** ions, demonstrating that both
lanthanides and bivalent metals share the same binding pocket. Spectra were acquired on a 600 MHz NMR
spectrometer. Samples contained 50 um protein, 300 um GCDCA, 840 um CaCl,, and 300 pum LaCls, EuCls, or
CeCl;, respectively, in 20 mm sodium acetate, 100 mm NaCl (pH* 5.3).
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The two paramagnetic ions Ce®* and Eu’* bind specifically as well and produce characteristic
paramagnetic effects. Some signals are broadened beyond detection due to paramagnetic relaxation
enhancement (PRE, black boxes), coinciding with those signals affected by Mg?*- and Ca**-addition
(cf. Fig. 4.28). As PRE effects have a strong distance dependence, signals of amino acids close to the
paramagnetic ion are affected most. Thus, it can be concluded that lanthanide ions and bivalent metal
ions share the same binding pocket. All samples were prepared with close to saturating amounts of
CaCl,. Considering the pronounced effects of lanthanide addition, it appears likely that lanthanide
binding occurs with higher affinity than Ca?* binding and that lanthanides are able to displace Ca®*
from its binding pocket.

A large number of signals is shifted in opposing directions by Ce** and Eu®*, demonstrating pseu-
docontact shifts (PCS, black arrows). The magnitude of a PCS in an amide resonance is both distance-
and orientation-dependent in relation to the bound metal. Both lanthanides are expected to cause PCS
on the same line but in different directions based on their respective magnetic susceptibility anisotropy
tensors Ay. The magnitude of the PCS also depends on the degree of saturation of the binding pocket
as binding occurs on the fast exchange time scale. Almost all PCS effects occur along parallel lines
as the orientations and distances relative to the bound lanthanide ion of attached 'H and '°N nuclei,
separated by only one bond, are highly similar. As the dimeric P-domain contains two metal binding
pockets, PCS may also occur between the two monomeric units.

PCS effects can also be identified in 1D proton NMR spectra of the ligand molecule GCDCA (Fig.
4.30). In presence of the murine NoV P-domain, titration of paramagnetic lanthanide ions leads to
shifts of up to 5 Hz in 'H signals of GCDCA. As the ligand GCDCA is in fast exchange, the position of
its 'H signals corresponds to the position of the population-weighted average of bound and unbound
ligand molecules. Apparently, the bound GCDCA comes close to the coordinated lanthanide ions and,
thus, experiences PCS effects from both paramagnetic Ce** and Eu®* ions. Despite the 6-fold excess
of the ligand, the magnitude of the PCS effect on the bound species is large enough to be still visible in
the averaged chemical shift. Again, due to the different signs of the respective A x-tensors, signals shift
in opposite directions with both ions. Not all GCDCA 'H signals are subject to PCS effects: whereas
the signal of H25 displays clear PCS, the neighboring signal of H7 is not affected (Fig. 4.30a). This
can be explained qualitatively by a crystal structure model of the murine NoV P-domain and GCDCA
obtained in the presence of Mg>" (Fig. 4.30b, pdb: 6E47). As lanthanide ions and Mg?* share the same
binding pocket, atomic distances between the lanthanide ions and GCDCA can be estimated. H25 has
a distance of 13 A to the metal binding site, while H7 is further apart (16 A). These distances are in
very good agreement with the NMR data, as the maximum distance at which PCS effects with Ce>*
and Eu®* are observable is thought to be 15 A (cf. chapter 3.3.6). This experiment also corroborates
that the neighboring binding pockets for metals and GCDCA identified by crystallography are also

those that are being occupied in solution and have been characterized here.



54 Protein-Metal Interactions of Norovirus Capsids (Results)

+La3*

H7 H25
3.90 3.85 3.80 3.75
S8('H) in ppm

Figure 4.30: Paramagnetic effects reveal the spatial proximity between metal- and bile acid-binding sites in
the murine NoV P-domain in solution. Inspection of 1D proton NMR spectra of GCDCA in the presence of the
murine NoV P-domain and paramagnetic ions shows pseudo-contact shifts (PCS) in some GCDCA 'H signals
(a). The chemical shift of GCDCA signals reflects the average chemical shifts of bound and unbound species.
Apparently, PCS effects in the bound state are still visible in the population-weighted average. Thus, GCDCA
and the metal ions must come into close proximity (< 15 A) when both molecules are bound by the P-domain.
Comparison with an existing crystal structure model of the murine P-domain with GCDCA and MgCl, shows a
distance of 13 A between H25 and Mg2+ (b, pdb: 6E47, Nelson et al. (2018)). Lanthanide ions have been shown
to occupy the same binding pocket as Mg®" in Fig. 4.29. NMR samples were identical to those described in Fig.
4.29 and were measured at 600 MHz.
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4.6 Glycan Recognition of Human and Murine NoV Capsid Proteins

The glycan binding specificity of human and murine NoV capsid proteins was investigated with protein-
based CSP as well as ligand-based STD experiments. A detailed list of carbohydrates investigated here
is given in Tab. 6.6 and Fig. 6.1 including their structural formulas and a description of the abbreviated
glycan notation used throughout this chapter.

Human GII.4 NoV P-domains recognize fucose-containing HBGAs as already shown in Fig. 4.9 for
the blood group B-trisaccharide. The affinity is significantly attenuated by spontaneous deamidation
of Asn373 (cf. chapter 4.2). Binding of the blood group A-trisaccharide to [U-H,!*N]-labeled, N/N
P-domains causes CSPs similar to the ones observed upon addition of B-trisaccharide (Fig. 4.31a). The
dissociation constant Kp for the A-trisaccharide has been obtained from global fitting of CSP data and

was found to be 4.3 mm (Fig. 4.31d), almost identical to that of the B-trisaccharide (cf. Fig. 4.9).
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Figure 4.31: HBGA binding of human GII.4 P-domains. Titration of the blood group A-trisaccharide (b) to
[U-*H,">N]-labeled P-domains from GII.4 Saga results in significant CSPs of signals of amino acids located in
the the HBGA binding pocket (a). A representative section of the spectra is shown in ¢, highlighting significant
CSPs of some signals. Global fitting of significant CSPs to the law of mass action yields a Kp value of 4.3 mm
(d). The sample has been prepared in 75 mm sodium phosphate buffer, 100 mm NaCl (pH* 7.3) with a protein
concentration of 230 pm.

In contrast, all GI1.4 NoV P-domains fail to recognize any sialic acid-containing glycan. Titration
of 3’-sialyllactose (hereafter abbreviated as 3’SL) to GII.4 VA387 does not cause any chemical shift
perturbations, unambiguously demonstrating that there is no protein-ligand interaction (Fig. 4.32a).
CSP experiments have been performed under a large number of experimental conditions, to rule out
that binding might be dependent on the GIL.4 NoV strain investigated, or the sialylated glycan used
for titration, or the sample buffer (Tab. 4.2). None of the P-domains from the three GII.4 strains
Saga, MI001 and VA387 binds 3’SL. Also, spectra from the fully deamidated P-domain of GII.4 Saga
do not show any CSPs. Sialic acid (a-D-Neu5Ac-OMe) is not recognized either. Finally, it was shown
that there is also no binding under acidic conditions using sodium acetate buffer, or under neutral

conditions using ammonium acetate buffer as used for native mass spectrometry.
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Figure 4.32: There is no interaction of human GII.4 P-domains with sialylated glycans. 3’-sialyllactose (the
glycan moiety of the GM3 ganglioside, b) does not cause any CSPs of signals of [U-2H,'*N]-labeled GI1.4 VA387
P-domains (a). An enlarged section of the spectra is shown in c. Samples conditions are described in Tab. 4.2.

Table 4.2: GII.4 NoV P-domains do not bind sialic acid-containing glycans. Titrations of sialic acid (a-D-
Neu5Ac-OMe) or 3’-sialyllactose (3’SL) to [U-*H,'°N]-labeled GII.4 NoV P-domains do not lead to any changes
in respective TROSY HSQC spectra regardless of buffer conditions, deamidation status (estimated on basis of the
spectra), or strain investigated. Data described previously in the author’s Master’s thesis (Creutznacher, 2016) or
in the supervised Bachelor’s thesis of G. Wallmann (Wallmann, 2019) are indicated by  and ®, respectively. The
VA387 P-domain (°) was denatured and refolded by P. Ogrissek during supervised work as a research assistant.

NoV strain carbohydrate carbohydrate
(deamidation status) (concentration) buffer binding
GIIL.4 Saga o-D-Neu5Ac-OMe 20 mM sodium phosphate, no binding
(>90 % 373N, 600 um)? (5mm) pH 7.4
GIL.4 Saga 3’SL 75 mMm sodium phosphate, no binding
(>90 % 373N, 860 um) (10 mm) 100 mm NaCl, pH 7.3
GIIL.4 Saga 3’SL 100 mM sodium acetate, no binding
(>80 % 373N, 250 i) (16 mm) pH 4.6
GII.4 Saga 3°SL 200 mM ammonium acetate,  no binding
(>90 % 373N, 110 um) (10 mm) pH7.3
GIIL.4 Saga 3°SL 75 mM sodium phosphate, no binding
(>90 % 373iD, 100 um) (10 mm) 100 mm NaCl, pH 7.3
GIIL.4 MI001 3’SL 50 mMm sodium phosphate, no binding
(>90 % 373N, 80 um)° (5 mm) 20 mm NaCl, pH 7.4
GIL.4 MI001 o-D-Neu5Ac-OMe 75 mM sodium phosphate, no binding
(>90 % 373N, 180 pM)b (8 mm) 100 mm NaCl, pH 7.3
GII.4 VA387 3’SL 75 mMm sodium phosphate, no binding
(>90 % 373N, 170 um)© (5 mm) 100 mm NaCl, pH 7.3
GII1.4 VA387 3’SL 5mmMm GCDCA, no binding
(>90 % 373N, 170 pum)* (5mm) 75 mM sodium phosphate,
100 mm NaCl, pH 7.3
GIIL.4 VA387 3’SL 20 mM sodium acetate, no binding
(>90 % 373N, 170 um)© (5 mm) 100 mm NaCl, pH 5.3
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Murine NoV P-domains do not form stable dimers in the absence of GCDCA (cf. chapter 4.4).
Therefore, binding of fucosylated or sialylated glycans to mixtures of monomers and homodimers was
first tested with no GCDCA being present (Tab. 4.3). Ligand-based STD experiments did not show
binding of the respective fucose or sialic acid monosaccharides (a-L-Fuc-OMe, a-D-Neu5Ac-OMe)
to P-domains from the MNVO07 strain. Protein-based CSP experiments were then used to test for
interactions with more complex carbohydrates. No ligand-specific CSPs could be detected in exper-
iments with the GM3 trisaccharide, the GD1a hexasaccharide, or the blood group B-trisaccharide.
As the stability of the murine NoV P-domain is strongly dependent on the buffer pH (cf. Fig. 4.20),
binding was only investigated under acidic pH values in sodium acetate or sodium phosphate buffers.
The B-trisaccharide solution used for titration was found to contain Mn?* impurities arising from the
chemo-enzymatic synthesis. This results in changes of TROSY HSQC spectra as bivalent metal ions
have been shown to bind to the murine NoV P-domain (cf. Fig. 4.28). Specifically, Mn?* causes para-
magnetic relaxation enhancements in signals belonging to the metal ion binding pocket (cf. Fig. 4.29).
No additional effects indicative of actual glycan binding were detected.

Table 4.3: The murine NoV P-domain does not recognize fucosylated or sialylated glycans in the absence of
GCDCA. Murine NoV P-domains form mixtures of monomers and homodimers in the absence of GCDCA
depending on the protein concentration (cf. chapter 4.4). Neither monomers nor homodimers bind sialic acid-
or fucose-containing glycans. Carbohydrate binding has been investigated using ligand-based STD and protein-
based CSP experiments for different murine NoV strains under different buffer conditions. Data obtained as

part of the supervised Bachelor’s thesis of C. Feldmann are indicated by * (Feldmann, 2019). CSP data showing
binding of Mn**-impurities, but not glycans, are labeled with °.

NoV strain carbohydrate experiment  carbohydrate
(concentration) (concentration) buffer (temperature) binding
MNVO07? a-D-Neu5Ac-OMe 20 mm sodium phosphate, STD no binding
(24 um) (2 mm) 100 mm NacCl, (277 K)
pH6
CW1 3’SL 20 mMm sodium acetate, CSP no binding
(200 um) (10 mmMm) 100 mMm NaCl, (298 K)
pH 5.3
MNV07? GD1a (glycan) 20 mMm sodium phosphate, CSp no binding
(28 um) (2.5mm) 100 mm NacCl, (293 K)
pH6
CW1 a-L-Fuc-OMe 20 mm sodium acetate, STD no binding
(40 um) (4 mmMm) 100 mm NacCl, (298 K)
pH 5.3
MNV07 B-trisaccharide 20 mMm sodium acetate, CSP no binding b
(41 um) (5mm) 100 mm NaCl, (298 K)
pH5.3
CW1 B-trisaccharide 20 mM sodium acetate, CSP no binding ®
(200 pm) (10 mm) 100 mm NaCl, (298 K)

pH5.3
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Bile acid-binding shifts the dimerization equilibrium of the murine NoV P-domain almost quan-
titatively towards the dimeric state. Additionally, the binding of bile acids is accompanied by changes
in structural equilibria within the P-domain itself (cf. chapter 4.4). To test whether the murine NoV
P-domain can interact with glycans in its bile acid-bound state, CSP and STD experiments have been
performed in the presence of saturating amounts of GCDCA (Tab. 4.4). No binding could be de-
tected for any sialylated glycan (Neu5Ac, 3’SL, the GM1a glycan) or HBGA (fucose, H-disaccharide,
A-trisaccharide, B-trisaccharide). In addition, there is no interaction with galactose-based carbohy-
drates from other glycan epitopes (galactose, GalNAc, Forssman-trisaccharide, Galili-disaccharide).
Again, contaminations of glycans with bivalent metal ions causes CSPs not due to glycan binding. Par-
ticularly, 3’SL was found to contain appreciable amounts of Ca** ions. All significant CSPs can be
explained by metal-binding as evident from dedicated metal ion-titration experiments (cf. Fig 4.28).
STD experiments do not suffer from limitations by inadvertent addition of metal ions. None of the
STD experiments show any saturation transfer from the P-domain to the tested glycans (Fig. 4.33).
However, signals from the simultaneously present GCDCA do undergo saturation transfer from the

protein, corroborating the existence of a GCDCA-P-domain interaction.
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Figure 4.33: Murine NoV P-domains do not interact with the carbohydrate moiety of GM3 (3’SL) in the
presence of GCDCA. The 3’SL carbohydrate does not receive saturation from the murine MNV07 P-domain.
Comparison of a reference proton spectrum (a) with a STD spectrum (b) shows only saturation transfer to pro-
tons of GCDCA. None of the 3°SL signals show any response (prominent signals from all three monosaccharide
units are indicated in a). The sample was prepared with a P-domain concentration of 80 uM in 20 mm sodium
phosphate buffer, 100 mm NaCl (pH 5.3) with 2 mm 3’-sialyllactose (3’SL) and 250 um GCDCA. STD spectra
were acquired with an on-resonance frequency of -3 ppm and a measurement time of 14 h on a 600 MHz NMR
spectrometer at 298 K. Bile acid and 3°SL signal assignments have been obtained from Jjare et al. (2005) and
Wegener et al. (2017), respectively. High intensity signals from acetate, the 3’SL N-acetyl group and DSS-dg
have been cropped.
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Table 4.4: Murine NoV P-domains do not bind carbohydrates in the presence of GCDCA. GCDCA binding
shifts the homo-dimerization equilibrium of the murine NoV P-domain towards the dimeric state (cf. chap-
ter 4.4). Using STD and CSP experiments, a variety of potential glycan ligands has been tested: fucosylated
HBGAEs, sialylated gangliosides, the Galili- and Forssman-epitopes. No binding could be detected for any of
these carbohydrates for different murine NoV strains. CSP data interpretation requires caution as various gly-
cans were found to contain appreciable amounts of bivalent metals that are bound by the murine NoV P-domain
(cf. chapter 4.5). Respective metal contaminants are indicated as follows: *: Mg**, ®: Ca**, ©: Mn®*. CSP data
was compared with dedicated metal ion titrations (cf. Fig. 4.28) to rule out simultaneous binding of both con-
taminants and carbohydrates. Data indicated by ¢ were obtained as part of the supervised Master’s thesis of T.
Maafs (Maaf3, 2019).

carbohydrate experiment  carbohydrate
NoV strain  (concentration) buffer (temperature) binding
CW1 a-D-Neu5Ac-OMe 300 um GCDCA, CSP no binding ?
(72 um) (40 mm) 20 mM sodium acetate, (298 K)
100 mm NacCl,
pH 5.3
MNV07 3’SL 250 um GCDCA, STD no binding
(80 um) (2 mm) 20 mMm sodium acetate, (277 K &
100 mm NaCl, 298 K)
pH 5.3
CW1 3'SL 300 um GCDCA, CSP no binding °
(72 um) (50 mm) 20 mMm sodium acetate, (298 K)
100 mm NaCl,
pH 5.3
CW1 GMI1a (glycan) 300 um GCDCA, CSP no binding °
(100 um) (4 mm) 20 mMm sodium acetate, (298 K)
100 mm NaCl,
pH 5.3
cwid GalNAc 300 um GCDCA, STD no binding
(50 um) (4 mm) 20 mMm sodium acetate, (298 K)
100 mm NaCl,
pH 5.3 (D,0)
CW1 o-L-Fuc-OMe 300 um GCDCA, CSP no binding
(100 pm) (12mm) 20 mM sodium acetate, (298 K)
Galactose 100 mm NacCl,
(20 mm) pH 5.3
CW1 Galili- 300 um GCDCA, CSP no binding ?
(100 um) Disaccharide 20 mM sodium acetate, (298 K)
(50 mm) 100 mM NaCl,
pH 5.3
CW1 H-Disaccharide 300 um GCDCA, CSPp no binding ?
(100 um) (50 mMm) 20 mMm sodium acetate, (298 K)
100 mm NacCl,
pH 5.3
MNV07 B-trisaccharide 140 um GCDCA, STD no binding
(73 um) (1.8 mm) 20 mM sodium acetate, (277 K)
100 mm NaCl,
pH 5.3
CW1 B-trisaccharide 300 um GCDCA, CSp no binding ©
(200 um) (0.5mm) 20 mMm sodium acetate, (298 K)
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Table 4.4: (continued)
carbohydrate experiment  carbohydrate
NoV strain  (concentration) buffer (temperature) binding
100 mm NaCl,
pH 5.3
cwid A-trisacchararide 300 pm GCDCA, STD no binding
(50 um) (2 mm) 20 mMm sodium acetate, (298 K)
100 mm NaCl,
pH 5.3 (D,0)
cwid Forssman- 300 pm GCDCA, STD no binding
(50 um) trisacchararide 20 mM sodium acetate, (298 K)
(2mm) 100 mM NaCl,
pH 5.3 (D,0)

To rule out any interdependence between metal and glycan binding, CSP experiments with HBGAs

and gangliosides where performed with deliberately saturated or depleted metal ion-binding pockets

(Tab. 4.5). Titration of sialic acid or 3’SL does not result in any spectral changes in the presence of

saturating amounts of CaCl,. Chelation of bivalent metals with EDTA does not impact glycan recogni-

tion either. Specifically, EDTA suppresses the disappearance of signals upon B-trisaccharide titration

linked to paramagnetic relaxation enhancement due to a contamination with Mn?* ions (cf. Tab. 4.3).
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Table 4.5: Saturation with or depletion of metal ions, or buffer pH cannot induce glycan recognition of murine
NoV P-domains. Neither saturating amounts of Ca** nor metal chelation using EDTA do not enable HBGA or
sialoside recognition. No binding could be detected using protein-based CSP experiments.

NoV strain carbohydrate experiment  carbohydrate
(concentration) (concentration) buffer (temperature) binding
CW1 a-D-Neu5Ac-OMe 300 um GCDCA, CSp no binding
(70 um) (10 mm) 75 mM sodium phosphate, (298 K)
100 mm NaCl,
1 mm CaCl,,
pH6
CW1 3’SL 300 um GCDCA, CSp no binding
(70 um) (10 mm) 20 mMm sodium acetate, (298 K)
100 mM NaCl,
1 mm CaCl,,
pH 5.3
CW1 a-D-Neu5Ac-OMe 600 um GCDCA, CSp no binding
(190 um) (19 mm) 20 mM sodium acetate, (298 K)
100 mM NaCl,
3mm EDTA,
pH 5.3
CW1 3’SL 300 um GCDCA, CSP no binding
(70 um) (10 mm) 20 mM sodium acetate, (298 K)
100 mM NaCl,
1 mm CaCl,,
2mmMm EDTA,
pH5.3
CW1 B-trisaccharide 600 um GCDCA, CSP no binding
(190 um) (10 mm) 20 mMm sodium acetate, (298 K)
100 mm NaCl,
3.4mm EDTA,

pH5.3
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5. Discussion

5.1 Backbone Assignment and Deamidation of Asn373 in Human Gll.4

Noroviruses

The 73 kDa dimer of the human GII.4 NoV P-domain is among the largest protein complexes for which
an NMR backbone signal assignment has been obtained. The current record in this regard is set by the
81 kDa malate synthase G (Tugarinov et al., 2002). Assignment of the GII.4 P-domain dimer clearly
benefited from the homodimeric nature of the complex, reducing the number of expected signals and,
thus, potential signal overlap compared to a single-chain protein of this size. For very large molecules,
selective isotope labeling of methyl groups is a powerful alternative to backbone labeling (Schiitz and
Sprangers, 2020). This extends the molecular weight limit of solution NMR spectroscopy well beyond
the 100 kDa mark albeit at the cost of a reduced number of atomic probes .

Interestingly, the above-mentioned, backbone assigned malate synthase G was also found to con-
tain an Asn deamidation site. This raises the intricate question, how often Asn deamidation occurs in
proteins and has gone unnoticed due to the limited number of analytical techniques capable of detect-
ing this reaction. Asn deamidation in malate synthase G had only very subtle effects on 'H,'"> N TROSY
HSQC spectra. Only four signals were found to be influenced by this reaction. In contrast, a much
larger number of signals was affected in the GII.4 P-domain (cf. Fig 4.6a) indicating that deamidation
causes long-range, indirect structural changes in this case. In the wild-type protein, no 'H,'°N sig-
nals could be identified that belong to the loop carrying the deamidation site. In contrast, all of these
amino acids gave high intensity signals after deamidation hinting at a major change in loop dynamics.
This is in good agreement with findings from hydrogen-deuterium exchange mass spectrometry that
revealed an increase in protein flexibility in the entire upper P-domain after deamidation (Mallagaray
et al., 2019).

How can the accompanying decrease in HBGA binding affinity by one order of magnitude be
explained? A recently obtained crystal structure model of the deamidated P-domain in complex with
fucose shows that the immediate neighbor of Asn373 changes its orientation towards the bound carbo-
hydrate (Fig. 5.1). Asp374 is critically involved in HBGA recognition of the wild-type protein (cf. Fig.
3.2) as it forms a bidentate hydrogen bond with the fucose OH-2 and OH-3 hydroxyl groups. For-
mation of an isopeptide bond leads to rotation of the Asp sidechain and the subsequent loss of one
hydrogen bond. Taken together with the observed change in protein dynamics, this might - at least

partially — explain, why Asn deamidation impairs glycan recognition. Consequently, previously re-
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Figure 5.1: Deamidation of Asn373 causes structural changes in the HBGA binding pocket. A crystal structure
model of the deamidated P-domain of GII.4 Saga (pdb 6H9V) reveals the reorientation of Asp374, the amino
acid directly neighboring the deamidation site. Comparing the orientation of the Asp sidechain in the wild-type
protein (a) with the deamidated protein (b) shows that deamidation results in the loss of a hydrogen bond with
the fucose moiety (dashed lines). To some extent, this might explain the observed loss in binding affinity for
HBGAs upon deamidation. The Cg atom of the Asn373 sidechain has become a part of the protein backbone,
corroborating that iso-aspartate is the major, likely exclusive, deamidation reaction product.

ported affinity values are potentially incorrect as deamidated proteins could accumulate over time and
experiments were then performed on undefined mixtures of different protein species with varying
affinities. In my thesis, I have shown that the N373D point mutant of the P-domain is also capable of
binding HBGAs. This mutant is stable for prolonged periods of time, making it the preferred protein

for future affinity studies.

Although deamidation occurs in a surface-exposed loop, the observed reaction rate is 20-times
faster in the context of an entire protein than for a comparable model peptide under similar buffer
conditions (Robinson et al., 2004). At 37 °C, the Asn in the pentapeptide GENDG has a half-life time
of 32 d, whereas 1.6 d have been observed for the respective Asn in the GII.4 NoV P-domain. As a
protein’s tertiary structure has been considered to slow down, not enhance, the deamidation reaction
rate (Robinson and Robinson, 2008), this finding strengthens the emerging view that peptide-derived
empirical rules cannot predict actual deamidation rates in proteins (Plotnikov et al., 2017). In addition,
in peptides both Asp and isoAsp are expected to form in a ratio of 1:3 and subsequently interconvert
in an equilibrium reaction (Robinson and Robinson, 2004). In the P-domain, however, Asp is no
detectable reaction product at pH 7.3 and an Asp point mutant at position 373 does not show signs of

interconversion into isoAsp.

The biological importance of the capsid’s deamidation for the viral life cycle remains unknown.
Approximately two thirds of all GII.4 NoV strains contain an Asn in position 373 of their capsid and
are, therefore, likely to deamidate (Mallagaray et al., 2019). It was shown here that at least two of these
GIL.4 strains, Saga and MI001, are undergoing this reaction. Considering the fast deamidation reaction
rate and long environmental stability of NoV particles (Robilotti et al., 2015), it appears plausible that
deamidated capsids can occur during the infection process. As GI1.4 NoV undergo fast epochal evo-
lution, it is worthwhile speculating if the continued presence of an Asn residue in position 373 might
be evidence of some beneficial function. Asn373 has been described as part of the immunodominant
antibody epitope A in GII.4 NoV (Mallory et al., 2019). Antibody recognition is known to be sensitive

towards minor changes in this epitope and position 373 in particular has been identified as critical
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for binding of some antibodies (Lindesmith et al., 2017). A major structural change by means of a
newly formed isopeptide bond at this position might, therefore, lead to evasion from the host immune
system. Asn deamidation might have further consequences for vaccine development. As most vac-
cine candidates are based on recombinant, non-infectious GII.4 virus-like particles (Cortes-Penfield
etal., 2017), it appears critical to identify whether non-deamidated or deamidated particles are actually

required to elicit an effective immune response.

5.2 Interactions of Norovirus Capsids with Bile Acids

Using chemical shift perturbation (CSP) experiments, a previously unknown, low-affinity binding
pocket for bile acids has been identified in GII.4 NoV capsids. The existence of this binding site was
validated by both protein-based and ligand-based NMR experiments and it has been located near the
C-terminus of the protein. This binding pocket was shown to be permissive for primary and secondary
bile acids and exists in at least three different GI1.4 NoV strains (Saga, MI001 and VA387). Binding to
a previously reported, high-affinity binding site for bile acids in rare human NoV strains (cf. Fig. 3.4)
can be excluded as no CSPs could be observed at the outward-facing part of the P-domain.

The interaction was found to be of low affinity in the mm-range, similar to that of HBGAs. This
raises the question of the relevance of such a binding pocket in a biological context. Whereas low-
affinity glycan binding can be compensated for by multivalent interactions leading to firm surface
attachment (Parveen et al.,, 2019), such a mechanism appears unlikely for soluble bile acids in binding
pockets that are much less exposed to the exterior. However, bile acid concentrations in the gastroin-
testinal tract are very high and certainly in the same order of magnitude as the Kp of the interaction
(cf. chapter 3.1.5). This makes — at least partial — occupation of this binding pocket upon viral passage
of the small intestine likely. How and whether this process is linked to the observed increase in GII.4
NoV replication efficiency upon bile acid treatment in cell culture experiments (Ettayebi et al., 2016)
remains unclear.

The biophysical properties of bile acids complicate the determination of accurate Kp values in so-
lution. Being prone to aggregation in the relevant concentration range, binding of both, monomeric
and aggregated, bile acids to the identified binding pocket is possible, potentially obscuring binding
isotherms. Although critical micelle concentrations (CMC) are commonly reported and have been es-
timated here by simple proton NMR spectroscopy, bile acids do not adopt classical, spherical micelles.
Instead, bile acid ‘micelles’ are highly polydisperse aggregates and, at concentrations much higher than
the CMC, bile acid monomers and dimers are still the dominant species (Verde and Frenkel, 2010).

Lastly, it should be noted that binding was observed to the soluble P-domain and not to a complete
virus particle. The binding pocket is located near the C-terminus of the protein and, thereby, in close
proximity to where the shell domain would be in the intact capsid. In context of the emerging evi-
dence that the P-domains might adopt different states with regard to the viral shell (termed “floating’
P-domains, cf. chapter 3.1.2), the observed bile acid binding mode might not reflect ‘natural’ bile acid
binding. Similarly, soluble, recombinant P-domains are truncated and are missing the last C-terminal

amino acids of the natural capsid to prevent aggregation (Tan et al., 2006). These C-terminal ‘tails’
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could well influence bile acid recognition. However, bile acid binding to GII.4 virus-like particles has
been confirmed and similar affinities were reported (Creutznacher et al., 2019). These particles contain
both the natural C-terminus as well as the shell domain, suggesting low-affinity bile acid binding is a

common feature of intact GIL.4 NoV particles.

Bile acid binding to another, structurally distinct binding pocket has already been described for
murine NoV P-domains (Nelson et al., 2018). In this thesis, several consequences of this binding
process have been identified. Most importantly, the murine NoV P-domain can only form stable dimers
in the presence of its bile acid ligand. This reveals a striking difference to human NoV P-domains:
whereas these P-domains form extremely stable dimers without the involvement of any ligands (kg
10~%s~1), the dissociation rate of unbound murine NoV P-domains is approximately four orders of
magnitude larger. The high-affinity binding of the bile acid GCDCA at the dimer interface shifts the
dimerization equilibrium almost completely to the dimeric state by depletion of unbound dimers from
the monomer-dimer equilibrium. Asthe monomeric P-domain was shown to be binding-incompetent,
saturation with GCDCA consequently leads to complete dimerization. The back-reaction towards
monomers is severely impaired: this would require both GCDCA molecules to dissociate consecutively

from the complex which is unlikely considering the two Kp values in the low pm range.

Predictions derived from the GCDCA binding model of coupled dimerization and two consecu-
tive, independent ligand binding events are in agreement with the experimental NMR data. However,
given the complex nature of the involved spectral changes other models might also be applicable. Es-
pecially the assumption that both GCDCA binding events are independent and not cooperative needs
to be addressed by future studies. In an assembled viral capsid, the P-domain dimers will, most likely,
not fully dissociate into long-lived monomers in the absence of GCDCA. All P-domains are anchored
to their respective shell domains that form additional interactions with each other, thereby keeping
the P-domains in close spatial proximity. However, the P-domain is separated from the shell by a flex-
ible linker peptide and it appears likely that ligand-induced modulation of the interactions between

P-domains is another mode of murine NoV capsid dynamics.

Another aspect of the complex interaction with GCDCA is the apparent change in protein dy-
namics upon binding as evident from changes in TROSY HSQC spectra (cf. Fig. 4.23). Some, but not
all, dimer signals become only visible after GCDCA titration, with no corresponding signal of the un-
bound dimer state being detectable. This behavior can have several explanations, all of which indicate

major changes in protein dynamics (cf. chapter 3.3.2):

(1) Certain parts of the protein could undergo conformational exchange on the same time scale
as the chemical shift difference between bound and unbound states. Accordingly, the corresponding
signals are broadened beyond detection. These intermediate exchange kinetics on the ps to ms time
scale are altered by ligand binding and the system moves into slow exchange with the minor, unbound

dimer species being undetectable.

(2) Parts of the unbound dimer might have unfavorably short relaxation times and become more
dynamic on the ps to ns time scale as the ligand is binding. Higher frequency motions on this time

scale can increase a signal’s intensity considerably.
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(3) As the protein is synthesized in deuterated media, there might be regions in the protein where
amide groups are protected from back-exchange with protons from the aqueous solvent. This phe-
nomenon would be analogous to the human NoV P-domain in which a high number of signals is
invisible without a controlled denaturation-refolding reaction (cf. Fig. 4.3). Changes in solvent acces-
sibility through conformational changes upon GCDCA binding could expose certain amide resonance

to the solvent and, thereby, trigger proton-deuterium exchange.

aa 342-351 E'-F' loop

Apo
+GCDCA

murine NoV P-domain
(dimer)

Figure 5.2: Structural changes in crystal structure models of the murine NoV P-domain upon GCDCA bind-
ing. The aligned crystal structure models of the murine NoV P-domain with (blue, pdb 6E47, Nelson et al.
(2018)) and without (black, pdb 3LQ6, Taube et al. (2010)) a bound GCDCA molecule are shown. Several ma-
jor structural rearrangements around the binding pocket are highlighted with arrows. In the apo state, a loop
blocks access to the GCDCA binding site and is found pointing upwards after binding (middle, amino acids
342-351). The loop comprising the bivalent metal ion binding site in the GCDCA-bound state (left, aa 437-446)
can undergo reorientation as well. In the back, the E’-F’ loop is seen adapting the ‘open’ conformation in ab-
sence of GCDCA and the ‘closed’ state after ligand binding. As recognition of the murine NoV P-domain by
two different antibodies occurs preferentially in the open state (Kolawole et al., 2017), GCDCA might shift the
structural equilibrium towards a state capable of immune evasion.

A backbone signal assignment and dedicated relaxation time measurements on different time
scales are required to narrow down these possible explanations. An overlay of two crystal structure
models of the murine NoV P-domain with and without bound GCDCA, however, supports the notion
that protein dynamics are impacted by GCDCA-binding (Fig. 5.2). Several surface-exposed loops on
the apex of the P-domain change their orientation upon ligand recognition. This includes the loop with
the metal ion binding site and another loop blocking the GCDCA binding pocket in the apo structure
that is moved upwards. Most importantly, these movements have an indirect effect on the distal E’-F’

loop, that is critical for antibody recognition. It has been described in previous studies that the dy-
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namic E’-F loop can adopt two different conformations in the P-domain, termed ‘open” and ‘closed,
in the absence of any ligands (Taube et al., 2010). Two antibodies directed against the murine NoV
P-domain were shown to bind preferentially to the ‘open’ conformation using a combination of cryo-
electron microscopy and a molecular dynamics simulation (Kolawole et al., 2017). Point mutations,
impacting the population of these states, have been suggested to allosterically control antibody recog-
nition and, thereby, viral immune escape. In the crystal structure model with the bound GCDCA, the
E’-F loop is shifted into the ‘closed’ conformation. This difference in ‘open’-‘closed” exchange kinetics
could explain the observed appearance of NMR signals upon GCDCA binding as outlined above as
hypothesis (1). Taken together, it appears plausible that GCDCA-binding triggers an allosteric mech-
anism making the viral capsid unrecognizable by the host immune system.

Many NoV capsids have pH-dependent stability profiles (Pogan et al., 2018). Here, it was shown
that the murine NoV P-domain is more resistant against thermal denaturation under acidic conditions
and becomes unstable at neutral pH. For enteric viruses, acid resistance is a necessary feature and
murine NoV were, indeed, shown to be infectious over a wide range of pH values (Cannon et al,,
2006). However, no decrease in infectivity at neutral pH values has been found, highlighting a potential
stabilizing influence of the viral shell domain that is absent in the recombinant P-domain. Similarly,
the presence of GCDCA has a strong protective effect on capsid stability (cf. Fig. 4.22). It is a known
property of many proteins that ligand binding increases the thermal stability of the native protein when
it is selective for the folded protein only (Bai et al., 2019). It remains an open question whether pH-
and ligand-dependent protein stability is a property of the dimeric P-domain or whether both effects
are due to depletion of monomeric P-domains that might expose a hydrophobic, aggregation-prone

dimer interface.

5.3 Norovirus Protruding Domains are Metalloproteins

In a rare GII.2 human NoV strain, occupation of a Zn** binding pocket on the apex of the P-domain
has been linked to an increase in capsid stability (Jung et al., 2019). The investigated strain is believed to
be binding-incompetent for HBGAs in its apo state and it was postulated that Zn?*-binding might act
as an allosteric cofactor that enables HBGA recognition. NoV of the genotype GII.4 can bind HBGA
without cofactors, but partial conservation of the proposed Zn?* binding site between both genotypes
lead to the question whether Zn**-binding is relevant for HBGA recognition in the predominant GII.4
NoV strains.

In fact, the GIL.4 NoV P-domain was found to bind Zn?* ions but not in the binding pocket
described above. Instead, spectral changes upon Zn?*-titration revealed a binding pocket near the
C-terminus of the protein. The nature of the spectral changes is somewhat unusual. Unexpectedly,
affected backbone amide signals did not show CSPs but were broadened beyond detection. No new
signals, indicative of slow exchange between apo and bound state (cf. chapter 3.3.1), appeared in the
spectrum. In analogy to the discussion in chapter 5.2, several possible reasons for this behavior can
be identified: intermediate exchange kinetics between free and metal-bound species (1), unfavorable

relaxation times due to a decreased flexibility of the binding pocket (2), and changes of the amide pro-
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ton exchange rate with the solvent (3) (Rezaei-Ghaleh et al., 2011). In addition, a contamination of
the ZnCl, titration stock with paragmagnetic, high-affinity metals could be possible as discussed be-
low for the murine NoV P-domain. A Zn?* binding pocket in a similar region of the P-domain has
been identified in bovine NoV (Singh et al., 2016). Increasing the amount of Zn>* leads to the disap-
pearance of other signals located in various regions of the P-domain, including one centered around
the HBGA binding pocket. This points to the existence of further, lower affinity Zn?* binding sites.
Complexation of bivalent metal ions with EDTA lead to a reversal of all spectral changes, indicating
that they were caused by specific binding of Zn?*. Apparently, the GI1.4 NoV P-domain binds zinc at
two sites, one close to the known HBGA binding pocket and the other neighboring the low-affinity
bile acid binding pocket near the protein’s C-terminus. Due to the unfavorable broadening of signals
in the HBGA and bile acid binding sites, the role of metal binding in potential allosteric regulation
of ligand recognition could not be investigated using CSP experiments. Instead, ligand-based NMR

techniques are preferable for future studies as they do not suffer from these limitations.

In murine NoV, the presence of Ca?* or Mg?* was linked to an increase in viral infectivity (Nelson
et al., 2018). Two binding pockets have been described in the P-domain: one between the P-domain
and the protein receptor CD300If (hereafter: binding site I) and one close to the bile acid binding
pocket at the dimer interface (II) (Fig. 5.3). As binding pocket I involves interactions with the recep-
tor itself, its affinity will likely be reduced in the absence of the receptor. Although occupation of this
pocket is most likely causing the metal-dependent increase in infectivity, this has not yet been demon-
strated directly. It was shown here that only binding site IT can be occupied in solution in absence of
the receptor. All significant CSPs (cf. Fig. 4.28) follow the same binding isotherm, showing that at least
Ca** binds to one distinct position in each P-domain with moderate affinity (Kp: 100 um). In total, six
different metal ions were able to bind (Mg2+, Ca%*, Mn?*, La**, Ce*, and Eu’*). Using the spectral
effects of bound paramagnetic metal ions, it could be demonstrated that GCDCA and the bound metal
ion are in close proximity (< 15 A), ruling out binding to site I (Allegrozzi et al., 2000).

Chemical shift perturbation experiments with metalloproteins can easily lead to false-positive
binding data: if the putative ligand contains non-declared metal ion impurities, the spectral effects
of metal binding can be interpreted easily as binding of the investigated ligand molecule. This was
found to be highly relevant for the murine NoV P-domain as a surprising number of tested glycans
contained appreciable amounts of Mg?*, Ca?*, or Mn?*. Only by comparison with dedicated metal
ion titrations or deliberate saturation or depletion of the respective metal ion binding sites can reliable
binding data be obtained. This kind of misinterpretation of binding data has been noted in other cases,
e.g. in isothermal titration calorimetry (ITC) experiments (Morreale et al., 2017). As commercially
available GCDCA was found to contain great amounts of Ca®* (approximately one half of the total
amount of substance) and its binding to the murine NoV P-domain was previously characterized with
ITC (Nelson et al., 2018), existing binding data should be regarded with caution. In the NMR analysis
of GCDCA binding presented here, binding of Ca?>" and GCDCA could be differentiated based on
their different CSP profiles. Of note, the previous ITC analysis also neglected the accompanying pro-

cess of P-domain dimerization that must have obstructed resulting thermograms. What is the origin
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Figure 5.3: The metal binding pockets in murine NoV P-domains in the presence of the receptor CD300If. The
murine NoV P-domain dimer (purple and blue) harbors two binding sites for bivalent metals (purple spheres) as
identified by crystallography (pdb 6E47). One binding site (I) is located at the interface to the protein receptor
CD300If (black) and accepts two metal ions in close proximity. The other binding site (II) is located near the
GCDCA binding pocket (green). It has been shown in this thesis that metal binding occurs exclusively at site
IT in the absence of CD300lf. This binding site accepts a large number of bivalent and trivalent metal ions with
moderate affinity. For clarity, only half of the binding sites for metals, GCDCA, and CD300lf in the symmetrical
P-domain dimer have been displayed.

of these contaminating metal ions? At least for two tested molecules, an explanation can be given. Bile
naturally contains a high amount of calcium ions (with insoluble calcium-bile salts being the reason
for gallstones) (Hofmann and Mysels, 1992) and commercial bile acids, including GCDCA, are iso-
lated natural products. The blood group B trisaccharide was synthesized chemo-enzymatically from
an H-disaccharide precursor, using a recombinant blood group B glycosyltransferase as catalyst of the
reaction. Blood group glycosyltransferases are well known to require Mn?* ions as cofactors (Sind-
huwinata et al., 2013). Both commercial and in-house synthesized chemicals have been purified by
HPLC but, evidently, enough bivalent metal ions remained to significantly occupy the binding pocket

on the murine NoV P-domains.

5.4 Redefining the Glycan Code of Murine and Human Noroviruses

Commonly, carbohydrates undergo only weak interactions with proteins, making the determination of
accurate dissociation constants difficult (Bewley and Shahzad-ul Hussan, 2013). Isothermal titration
calorimetry is the most widespread technique for analysis of high-affinity interactions in solution but
it is of limited use for the characterization of low affinity interactions (Turnbull and Daranas, 2003).
Using chemical shift perturbation NMR experiments, it was shown here that the interaction between
human GII.4 NoV P-domains and glycans from the HBGA family are in the low mm-range and, thus,
10- to 100-times weaker than previously thought (cf. chapter 3.1.4). It is noteworthy that in a recent
study using membrane-embedded blood group B antigens and a quartz crystal microbalance monitor-

ing dissipation, the monovalent Kp of the interaction has been estimated as 2 mm (Parveen et al., 2019)
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which is in excellent agreement with the NMR data presented here. Essentially, only two different tech-
niques have been used to quantify HBGA binding affinity in earlier studies: native mass spectrometry
(MS) (Han et al., 2013, 2015) and saturation transfer difference (STD) NMR spectroscopy (Hansman
etal., 2012, Mallagaray et al., 2015, 2017, Wegener et al., 2017).

In native MS, folded proteins are ionized together with varying amounts of putative ligand molecules
and the appearance of heavier protein-ligand complexes is used to derive binding site occupancies
and, thereby, Kp values (Sun et al., 2006). Notably, the method requires subtraction of ‘unspecific’
interaction contributions by use of an unrelated, non-binding ‘reference protein’ - often cytochrome
C (12kDa) - that is ionized in parallel. ‘Unspecific’ interactions are thought to arise from various
gas phase processes after electrospray ionization that cannot occur in solution (Robinson et al., 1996,
Wang et al., 2003). The identified amount of molecules that are ‘bound unspecifically’ to the reference
protein is then subtracted from the bound molecules to the actual target protein. It appears likely that
for certain combinations of target proteins and ligand molecules, the type of reference protein used is
of critical importance, a sometimes ignored aspect. As a consequence, derived binding site occupan-
cies might deviate substantially from their real values in solution and, in extreme cases, this can lead

to false-positively identified ligands (see below).

The reason for previous over-estimations of binding affinities by STD NMR remain mostly elusive.
In these experiments, several step-like discontinuities have been observed in HBGA binding isotherms
that were initially linked to cooperative occupation of several binding pockets (Mallagaray et al., 2015).
Curve fitting to an extended Hill equation lead to the low um affinity values reported in these studies.
No such steps in binding isotherms have been found in the CSP titration experiments performed here.
Consequently, binding follows the predictions from a two-state model with two independent HBGA
binding pockets with no assumptions on binding cooperativity required. Qualitatively, fitting of the
reported STD titration curves to this simpler model would possibly yield affinities of the correct order
of magnitude, at the cost of ignoring the observed systematic step-like deviations. Unfortunately, at
the moment no explanation can be given for the origin of these steps and efforts need to be made to
replicate these results with stringent control of sample conditions as pH and deamidation status of the

protein during the titration.

Both native MS and STD NMR experiments have also been used to identify charged, sialic acid-
containing gangliosides as ligands for the GII.4 NoV P-domain (Han et al., 2014, Wegener et al., 2017).
In this thesis, it is demonstrated that these reports were false-positive for the reasons outlined above.
CSP NMR experiments unambiguously prove that there is no interaction between the P-domain and
sialic acid or the GM3 carbohydrate. Three different GI1.4 NoV P-domains were tested in a variety of
buffers, including proteins from the strains MI001 and VA387 that were subject of the studies men-
tioned above. As outlined in chapter 5.3, there are many ways in which CSP experiments can falsely
identify binders. A false-negative result of CSP experiments, however, appears highly unlikely (if not
impossible), assuming correct protein folding and the presence of all necessary cofactors. Thus, earlier
studies showing no ganglioside-type glycan-capsid interactions were correct (Fiege et al., 2012, Han
etal., 2013).
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Similarly, the murine NoV P-domain has also been described as a ganglioside-type glycan bind-
ing protein before (Taube et al., 2009, 2012) but was shown here not to interact with ganglioside
glycans in vitro. The initial report on ganglioside recognition was based on a variety of cell culture-
based experiments, including the use of sialidases, inhibitors of ganglioside synthesis, and interaction-
blocking antibodies or lectins and their effects on viral infectivity (cf. chapter 3.1.4). There are several
possible reasons that could explain the discrepancy between in vivo and in vitro experiments.

(1) An unidentified cofactor could be missing that is present in cell culture but was not included
in the NMR experiments. GCDCA and bound metal ions have been excluded as such cofactors, but
others could potentially exist.

(2) Recognition of sialosides could be pH-dependent. Studies with the soluble murine NoV P-
domain are restricted to slightly acidic pH values (5-6) for reasons of protein stability. Binding could
theoretically occur at higher or lower pH values. The relevance of binding under these conditions is
questionable as the mean intestinal pH in mice and rats corresponds very well to the pH range studied
here (McConnell et al., 2008).

(3) The putative binding pocket could be in a region that is only present in the fully assembled
capsid (e.g. at the interface to the shell domain or within the shell domain itself) and not, as initially
claimed, at the topside of the P-domain. The binding pocket on top of the P-domain was postulated
based on four amino acid exchanges that would eliminate the sialic acid-dependent cell culture behav-
ior. The CW1 murine NoV strain used here is identical with the ’binding’ strain described in Taube
et al. (2012), whereas the MNV07 strain is a hybrid with two out of four amino acids corresponding
to the ’binding’ and the others to the 'non-binding’ strain. However, no strain-dependent differences
were observed here. Both strains were found not to bind sialic acid-containing or any other glycans.
Of note, three out the four identified amino acids belong to the loop coordinating the bivalent metal
ions within the P-domain (cf. Fig. 5.3, binding site II). The relevance of this observation remains to be
seen.

(4) Sialylated glycans may not undergo direct interactions with the capsid but are involved at an-
other point in the infection cycle. Expression of the protein receptor CD300If is sufficient to render
cells permissive for murine NoV infections (Haga et al., 2016). No such connection has been made with
any glycan, raising the question if they are truly needed as attachment factors for murine NoV. Notably,

members of the CD300 family carry potential glycosylation sites (Comas-Casellas et al., 2012).

5.5 Conclusions & Outlook

Biophysical and biochemical characterization of the protruding domains of human and murine NoV
capsids has revealed both a set of shared properties but also a surprising number of fundamental dif-
ferences between both proteins. Considering their extraordinary structural similarity, as visible for
instance in Fig. 3.4, the comparative study presented here sheds light on the question whether prop-
erties of viral capsid proteins are transferable onto their homologs.

On a molecular biologicy level, both proteins behave similarly and can be synthesized recombi-

nantly and purified in an almost identical manner. Yet, their difference in protein stability is remark-
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able: whereas the human NoV P-domain is stable at room temperature for weeks, the life time of the
murine NoV P-domain is limited to a few days. This property also manifests itself in the range of pH
values in which the two proteins can be studied. The human NoV P-domain tolerates a broad range
of pH values well - in striking contrast to the murine NoV P-domain with its small stability window
at slightly acidic conditions. These differences could well be linked to the fundamental finding that
the proteins’ tendencies for self-association and dimerization are vastly different. The dimer dissocia-
tion rate of murine NoV P-domain homodimers is approximately four orders of magnitude larger than
that of human NoV P-dimers. On the contrary, a post-translational degradation reaction such as the

asparagine deamidation identified in GII.4 NoV appears to have no equivalent in murine NoV so far.

All NoV capsid proteins have evolved to interact with small molecules that are abundantly present
in the gastrointestinal tracts of mice and Man. The P-domains of both the predominant human GII.4
NoV and murine NoV can bind bile acids but molecular details of these interactions differ greatly.
Firstly, the herein identified binding pocket in GII.4 NoV capsids is located in a separate region of the
protein and, naturally, involves other amino acids. This is accompanied by a significant difference in
ligand affinity. Murine NoV bind bile acids with a dissociation constant in the low um-range — a factor
of thousand better than human GII.4 NoV. The biological importance of bile acid binding of GI1.4 NoV
remains unclear, although bile acid concentrations in the gastrointestinal tract are high enough for sig-
nificant occupation of this pocket in vivo. For the murine NoV, however, certain conclusions can be
made about the importance of bile acid binding in viral infection. The observed drastic change in pro-
tein dynamics in connection with existing structural models implies a role in viral immune escape. On
another level, bile acid-mediated strengthening of the interaction between two P-domain molecules
might be relevant in capsid assembly or disassembly. There is also growing evidence for metal ions
as cofactors in the infection processes of murine and, at least some, human NoV. Here, initial char-
acterizations of the different metal ion binding sites have been made, highlighting the role of NoV
P-domains as metalloproteins. Finally, the data assembled here redefines the role of glycan binding for
both viruses. Apparently, previous reports on the interactions between murine NoV P-domains and
carbohydrates were false-positive and glycans are not at all involved as attachment factors for murine
NoV. Human NoV bind soluble histo-blood group antigens but it could be shown that their affinity
has been overestimated in previous studies. Importantly, human NoV capsids do not bind to sialylated

glycans.

As human NoV infection in general does require HBGA binding and murine NoV capsid proteins
were shown not to bind glycans at all, this study questions the use of murine NoV capsid proteins
as a model system for their human NoV equivalents. Despite this fact, sophisticated mechanisms for
viral immune escape and capsid stabilization have apparently evolved in murine NoV that are worth
investigating further. Considering that murine NoV are amenable to a large range of experimental
approaches from modern biology - from structural studies in vitro to cell culture experiments and in

vivo trials in laboratory mice — murine NoV will certainly remain a model virus of broad significance.

From a structural biology perspective, NMR investigations into the mechanism governing the

murine NoV’s immune evasion are highly desirable. These studies could make use of already described
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antibody escape mutants that are far away from the actual antibody binding epitope. This, of course,
would require the challenging backbone NMR signal assignment as already obtained here for a human
NoV P-domain. Assignment of the murine NoV P-domain, however, might substantially benefit from
its capability to bind lanthanide ions as their paramagnetic effects can be used to guide the assign-
ment. With an assignment at hand, studies into the dynamics of the P-domain will become feasible
and might elucidate the nature of the observed drastic changes upon ligand binding. The binding of
paramagnetic metal ions can be further exploited to identify other possible small molecule ligands in
simple proton NMR screening experiments as established here in a first pilot experiment.

For human NoV, several questions arise as a consequence of the identified deamidation reaction.
What is the molecular explanation for the exceptionally fast reaction rate, in particular with respect
to comparable model peptides? Are there differences between the strains investigated here and others
with varying amino acid sequences in the respective loop? Can asparagine deamidation be linked to a
change in antibody recognition, thereby establishing a novel mechanism for viral immune escape?

Here, a set of experimental approaches has been established to characterize both human and murine
P-domain dimerization reactions. This enables further studies into environmental factors influencing
capsid assembly and disassembly, at least on the level of the isolated protruding domain. Little is
known so far about this process, and especially the role of gastrointestinal as well as intracellular pH

variations is worthwhile investigating.
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6. Materials & Methods

6.1 Expression Vectors

6.1.1 Genes

Table 6.1: Protruding domain sequences and molecular characteristics. Amino acid sequences are given
for all NoV P-domain proteins used in this thesis. GenBank (Benson et al., 2013) identifiers were obtained
from www.ncbi.nlm.nih.gov. Two to four amino acids were added N-terminally to yield enzymatic cleavage
sites necessary for protein purification. Molecular weights and UV molar extinction coefficients eagg refer
to the monomeric P-domain and were calculated using the ProtParam tool (www.web.expasy.org/protparam/)
(Gasteiger et al., 2005).

NoV strain GenBank ID VP1 amino acids molecular weight €980
(N-terminal additions) in kDa inM lem™!

GIIL.4 Saga 2006 ~ AB447457 225-530 (GPGS) 34.1 35410
GII.4 MI001 KC631814 225-530 (GPGS) 34.1 33920
GIIL.4 VA387 AY 038600 225-529 (GPGS) 34.0 36900
GII.10 Vietnam AF504671 224-538 (GPGS) 34.7 40910
GV CW1 DQ285629 228-530 (GP) 33.2 46870
GV MNV07 AET79296 228-530(GPGS) 334 46870
GV CR10 ABU55613 228-530(GPGS) 334 46870

PMAL-c2X expression plasmids (Walker et al., 2010) contained the genes of human and murine
NoV protruding domains (P-domains) (Tab. 6.1). The vectors carried genes for ampicillin resistance
and isopropyl thiogalactoside-inducable (IPTG) tac promoters. The expressed polypeptide is a fusion
protein of maltose-binding protein (MBP) and the P-domain, separated by two Hiss-tags and a cleavage

site of the HRV 3C protease (LEVLFQGP).

6.1.2 Polymerase Chain Reaction (PCR)

Point mutants of the P-domain from GII.4 Saga were generated by site-directed mutagenesis. Methy-
lated template DNA was obtained from E. coli DH5a cells carrying the plasmid with the wild type
DNA sequence as explained in chapter 6.1.5. 0.47 pL of 100 ng uL.~! template were mixed with 5 pL
10x Pfu polymerase buffer (Promega), 1.25 pL of the respective forward and reverse primers carrying
the mutation sites for N373D or N373Q given in Tab. 6.2 (Eurofins), 1 uL 10 mm dNTP mix (New
England Biolabs), 41.28 pL sterile H,O and 1 uL Pfu polymerase (Promega) in sterile 0.5 mL reaction
tubes on ice. The PCR was performed using the following incubation times and temperatures: 3 min

at 95 °C, 19 times (50 s at 95 °C, 30 s at 65 °C, 18 min at 72 °C), 9 min at 72 °C for a total of 6 h 23



76 Expression Vectors (Materials & Methods)

min. Template DNA was digested by addition of 1 uL DPN1 (Promega) to the reaction mixture and
incubation at 37 °C for 1 h.

Table 6.2: Primers for site-directed mutagenesis of the GII1.4 Saga protruding domain.

mutant sequence (5’ to 3°)
N373Q for CAGTTTAGCACCGATACCGAACAGGATTTTGAAACCCATCAG
N373Qrev CTGATGGGTTTCAAAATCCTGTTCGGTATCGGTGCTAAACTG
N373D for CAGTTTAGCACCGATACCGAAGACGATTTTGAAACCCATCAG
N373Drev CTGATGGGTTTCAAAATCCTGTTCGGTATCGGTGCTAAACTG

6.1.3 Bacterial Growth Media

Table 6.3: Media used for bacterial growth and protein biosynthesis.

LB medium 10g L~! peptone,
5gL~! yeast extract,
10gL~! NaCl, pH 7.3,
100 ug mL~! ampicillin
TB medium 12g L~ ! tryptone,
23.8 gL ™! yeast extract,
10 mL glycerol,
0.55gL~! NaCl,
3.3gL~! KH,POy,
16.63 gL~ Na,HPO, x 12 H, 0,
1gL~! NH,C],
1 mm MgCl,,
0.1 mMm CaCl,,
0.2 % w/v glucose,
10 pgmL~! vitamin B1,
0.4 % w/v casamino acids,
100 ug mL~! ampicillin
minimal medium 1.88¢g L~ KH,PO,,
([U-2H,'>N]-labeling) 5.42gL7! Na,HPOy,
in 99.8 % D,O, pH* 7.4 1gL™! NaCl,
4 mm MgSOy
0.1 mm CaCl,
10 pgmL~! vitamin B1,
1 mm MgCl,
100 ug mL~! ampicillin
24 % v/v OD2 DN full medium (Silantes)
0.4 mg L~! vitamin B2
4mgL~! vitamins B3, B5-B7, B9, B12
4mgL~! choline chloride

6.1.4 Bacterial Transformation

To yield chemically competent E. coli BL21 (DE3) (Jeong et al., 2009), cells were grown overnight

in LB medium (Tab. 6.3) without ampicillin at 37 °C. 100 mL LB medium without ampicillin were
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Table 6.4: Buffers used to produce chemically competent E. coli cells.

CM1 10 mm sodium acetate (pH 5.6),
50 mm MnCl,,
5mmM NaCl
CM2 10 mm sodium acetate (pH 5.6),
5mm MnCl,,
70 mm CaCl,,
5 % v/v glycerol

inoculated with 1 mL of this culture and grown to an optical density at 600 nm (ODgg) of 0.4. The
culture was incubated on ice for 10 min and a cell pellet was obtained by centrifugation. The pellet
was resuspended in 20 mL chilled CM1 buffer (Tab. 6.4) and incubated on ice for 20 min. Again, a
cell pellet was produced by centrifugation, resuspended in 2 mL chilled CM2 buffer and immediately
stored at -80 °C.

LB agar plates were produced by adding 15 g L ™! agar to LB medium, sterilization, and addition of
100 pg mL~! ampicillin. For bacterial transformations, 100 ng plasmid DNA (cf. chapter 6.1.1) or 1 pL
PCR reaction product were added to thawed, competent E. coli BL21 (DE3) cells. Cells were incubated
on ice for 15 min and subjected to a heat shock at 42 °C for 1 min. 1 mL LB medium without ampicillin
were added and cells were grown at 37 °C for 1 h. 100 pL cell culture were spread on LB agar plates and

incubated overnight at 37 °C.

6.1.5 Bacterial Cryo Stocks

3mL LB medium (Tab. 6.3) were inoculated with bacterial clones from LB agar plates. Cells were
grown at 37 °C until an ODgg of 1.5 was reached. Sterile glycerol was added with a final concentration
of 15 % v/v and cryo stocks were stored at -80 °C.

To verify the success of bacterial transformations, 10 mL LB medium (Tab. 6.3) were inoculated
from cryo stocks. Cells were grown overnight at 37 °C. Plasmid DNA was extracted using the Nu-
cleoSpin Plasmid (NoLid) kit (Macherey-Nagel) following the manufacturer’s instructions. DNA was

sequenced by LGC Genomics with commercial malE and pTrcHis rev sequencing primers (Eurofins).

6.2 Protein Biosynthesis

6.2.1 Unlabeled Protruding Domain

50 mL LB medium were inoculated with E. coli BL21 (DE3) transformed with plasmids encoding the
NoV P-domain from bacterial cryo stocks (cf. chapters 6.1.1-6.1.5). The growth temperature was 37 °C
unless stated otherwise. After 16 h, cells were diluted in TB medium (Tab. 6.3) to an ODggq of 0.05.
Cells were grown until an ODgg of 1.5 was reached. Then, the growth temperature was reduced to 16
°C and expression was induced with 1 mm IPTG. Growth was continued for 24 h until the stationary

phase was reached and cells were harvested by centrifugation. Cell pellets were stored at -80 °C.
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6.2.2 Isotope-Labeled Protruding Domain

For synthesis of [U-?H,!°N]-labeled P-domains, minimal media were used with fully deuterated glu-
cose and '°NH,4CI (Deutero) as sole carbon and nitrogen sources, respectively (Tab. 6.3). NaCl,
KH,POy4, Na;HPOy, deuterated glucose, and I5NH,4Cl were dissolved in D,O (Deutero) and lyo-
philized prior to use. 50 mL LB medium were inoculated and cells were grown overnight at 37 °C.
A fraction of the medium corresponding to an ODggg of 0.05 in 40 mL was centrifuged and the bacte-
rial pellet was resuspended in minimal medium . Cells were grown until an ODgg of 0.4 was reached
and then diluted to the final culture volume (0.5-1 L). At an ODg of 0.8, expression was induced with
1 mm IPTG and growth was continued at 16 °C until the stationary phase was reached. Murine NoV

P-domains were synthesized in media without addition of isotope-labeled DN OD2 media (Silantes).

6.3 Protein Purification & Biochemical Analysis

6.3.1 Cell Lysis

Frozen cell pellets of human and murine NoV P-domains were resuspended in 75 mm phosphate buffer,
100 mm NaCl, pH 7.3 or 20 mm sodium acetate, 100 mm NaCl, pH 5.3, respectively. Additionally, re-
suspension buffers contained 160 mU mL! benzonase (Novagen), 0.27 ug mL ™! leupeptin (Roth) and
aprotinin (Roth), and 16 pgmL ™! lysozyme (Merck). Cells were lysed using a high-pressure homoge-
nizer (Thermo) operating at 1400 psi. The lysate was clarified by centrifugation at 9000 g and 4 °C for

1 h; the remaining cell pellet was discarded.

6.3.2 Affinity Chromatography & Proteolytic Cleavage

All chromatographic purification steps were performed on an AKTA pure system (GE Life Sciences) at
4°C. UV absorption was monitored at 280 and 214 nm. Two 5 ml HisTrap HP affinity columns (GE Life
Sciences) were connected in series and equilibrated in 20 mm sodium phosphate bufter, 100 mm NaCl,
20 mM imidazole (pH 7.3) for human NoV P-domains or 20 mm sodium acetate, 100 mm NaCl (pH
5.3) for murine NoV P-domains. Cell lysate was loaded onto the columns using the system pump with
a flow-rate of 5 mL min~—!. Columns were washed with equilibration buffer until a steady UV baseline
was reached. Proteins were eluted step-wise, using first 10 % and then 100 % of 20 mm sodium phos-
phate buffer, 100 mm NaCl, 500 mm imidazole (pH 7.3). The fusion protein of MBP and P-domain (cf.
chapter 6.1.1) eluted in the last step; protein identity and purity was characterized by gel electrophoresis
(cf. chapter 6.3.4).

The fusion protein was collected, 5 mm [3-mercaptoethanol and 200 uL of a 0.4 mgmL~' HRV
3C protease solution (synthesized in-house) were added. The mixture was dialyzed overnight against
affinity chromatography equilibration bufter using dialysis tubing with 10 kDa cutoft (ThermoFisher).
Completeness of the proteolytic cleavage reaction was verified by gel electrophoresis. The solution was
again subjected to affinity chromatography; the cleaved P-domain does not bind to the column and

elutes immediately whereas protease, fusion protein, and MBP are being retained on the column.
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6.3.3 Size Exclusion Chromatography (SEC)
Preparative SEC

P-domain solutions were concentrated to a final volume of 3.5 mL using 50 mL centrifugal filters with
10 kDa cutoff (Merck). The protein solution was applied onto a preparative Superdex 16/600 200 pg

size exclusion column (GE Life Sciences) operating with a flow-rate of 1 mL min~!

usinga 7 mL sample
loop. 20 mm sodium phosphate buffer (pH 7.3) or 20 mm sodium acetate, 100 mm NaCl (pH 5.3) were
selected as running buffers for human and murine NoV P-domains, respectively. The purified protein
was quantified using a UV spectrophotometer (Peqlab) with 280 nm wavelength and the respective
molar extinction coeflicients given in Tab. 6.1. Proteins were stored in their respective running buffers

at 4 °C.

Analytical SEC

Analytical size exclusion chromatography has been performed with a Superdex 75 Increase 3.2/300
column (GE Life Sciences) and 20 mm sodium acetate, 100 mM NaCl (pH 5.3) as running buffer with
a flow-rate of 0.075 mL min~! at 278 K. To study the effect of ligand binding to the murine NoV P-
domain, 100 um glycochenodeoxycholic acid (GCDCA, Sigma Aldrich) were added to the running
buffer. Protein samples with concentrations from 250 nm to 270 um were applied with a 20 uL sample
loop using a complete loop filling technique. UV absorption was monitored at 280 and 214 nm simul-
taneously. A molecular weight calibration was performed with a mixture of 1.5 mgmL™! conalbumin
(75kDa, Sigma), 4 mgmL~! ovalbumin (44 kDa, Sigma), 1.5 mgmL~! carbonic anhydrase (29 kDa,
Sigma), 4 mgmL~! cytochrome ¢ (12.3 kDa, Sigma), and 1 mgmL~! aprotinin (6.5kDa, Roth). Ap-
parent molecular weights of murine NoV P-domains as a function of feed protein concentration were
fitted to Eq. 6.1 to yield an apparent dissociation constant Kp of the protein-protein interaction as well
as apparent molecular weights of the pure monomer and dimer (modified from Eq. 4 of Thiele and

Huttner (1998) or Eq. 4 of Akerud et al. (2002)).

VEp(Kp +8P) — Kp

M =M
Wobs WD + 4Pt

(MWy — MWp) (6.1)

MW s is the observed molecular weight according to the calibration of the column using stan-
dard proteins, MWp and MW, are the apparent molecular weights of the monomers and dimers,
respectively, and P; is the total protein concentration applied onto the column .

The dimer association rate k,,, can be estimated from the appearance of peak tailing at protein

concentrations higher than 6 um using the relationship derived in Yu et al. (2006):

Lxko, *c
U

Nion = 10 (6.2)

with L being the length of the column (30 cm), ¢ being the lowest feed concentration at which tailing
appears (6 um), and ug being the linear flow rate (0.9325 cm min™!).

In a monomer-dimer equilibrium 2 M == D, the dissociation constant Kp and the total protein
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concentration P; are defined as:

kp= M b 4o 6.3)

The exchange rate k¢, is defined as (Akerud et al., 2002):

kex = koff + kon[M] (6.4)
It follows, that:
K K% KpP,
k‘em = k'off + k’on <_4D + Té) + [2) t) (65)

6.3.4 Denaturing Gel Electrophoresis

Samples were diluted 1:1 with reducing sample buffer (12 % v/v glycerol, 3 % w/v sodium dodecyl
sulfate, 1 mg mL~! bromphenol blue, 300 mg mL~! urea, 180 mm Tris-OH, pH 6.8) and incubated at
80 °C for 10 min. Samples were loaded on 15-well, 12 % acrylamide gels (Mini-PROTEAN TGX gels,
Bio-Rad). Gel electrophoresis was performed at 180 V with 6.05gL ™! Tris, 28.8 gL~ glycine, and
1gL~! sodium dodecyl sulfate as running buffer. Gels were stained using Coomassie Brilliant Blue

staining solution (Bio-Rad).

6.3.5 Chemical Denaturation & Refolding of the Gll.4 Protruding Domain

Denaturation and refolding of GII.4 P-domains was performed at 4 °C. Protein samples were prepared
in 20 mM sodium phosphate buffer (pH 7.3) at a protein concentration of 7mgmL~!. 1mL of the
protein solution was transferred into 35 mL of unfolding buffer (4 M guanidine chloride, 0.5 M Tris,
0.3 M NaCl, 10 mm 3-mercaptoethanol (BME), pH 7.3) and incubated for 4 h. Then, refolding was
started by addition of 35 mL of stabilization buffer (3 M guanidine chloride, 0.5 M Tris, 1 M L-proline,
0.4 M D-sucrose, 10 mM BME, pH 7.3) to the reaction mixture and subsequent dialysis against 2 L of
refolding buffer (0.5M Tris, 0.5 M L-proline, 0.2 M D-sucrose, 10 mm BME, pH 7.3) overnight. The
protein solution was then dialyzed step-wise against 2 L of diluted refolding buffer (0.25 m Tris, 0.25 M
L-proline, 0.1 M D-sucrose, 5mMm BME, pH 7.3) for 8 h, 2L of 50 mm Tris, 0.45 M NaCl, 5mm BME
(pH 7.3) once for 8 h and twice for 24 h.

6.3.6 lon Exchange Chromatography (IEX)

Separation of fully-, partially, and non-deamidated P-domain species was achieved by cation exchange
chromatography using a 6 mL Resource S column (GE Life Sciences) at 4 °C. Protein samples were
prepared in 20 mm sodium acetate buffer (pH 4.9) and eluted using a 78.4 mL linear salt gradient up to
195 mm NaCl with a flowrate of 1 mL min~!. The deamidation reaction rate at 310 K was determined
by incubation of 280 pug GII.4 Saga P-domain in 125 pL aliquots of 75 mm sodium phosphate buffer,
100 mm NaCl (pH 7.3) for up to 48 h and subsequent analytical ion exchange chromatography after

selected time intervals. The buffer dependency of the deamidation reaction rate was determined by
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incubation of 0.4-0.75 mg protein in 200-300 uL aliquots in 75 mm sodium phosphate buffer, 100 mm
NaCl (pH 7.3); 75 mM sodium phosphate buffer (pH 7.3); 20 mm sodium phosphate buffer (pH 7.3); or
20 mm sodium acetate (pH 4.9) at 298 K. GII.4 MI001 and GII.10 Vietnam were tested for deamidation
by incubation in 25 mMm Tris, 300 mm NaCl (pH 7.3) for three weeks at 298 K. N373D GII.4 Saga P-
domain was tested for interconversion into isoAsp by incubation of purified protein aliquots with a
concentration of 1.3 mg mL™! in 75 mm sodium phosphate buffer, 100 mm NaCl (pH 7.3) for 382 h at
25 °C and subsequent IEX analysis.

Baseline correction and quantification of peak integrals of the native P-domain species was per-
formed using Unicorn 7 software (GE Life Sciences). Experimental half-life times were obtained by
fitting the normalized UV integrals of the non-deamidated species at different time points to an expo-
nential decay model.

The dimer dissociation rate ko of GII.4 Saga P-domains was determined by mixing two dimer
species with different net charges and subsequent IEX analysis. Fully deamidated GII.4 Saga dimers
(iD/iD) were obtained by preparative IEX. A 373Q point mutant was generated by site-directed muta-
genesis (cf. chapter 6.1.2). Both types of dimers were mixed 1:1 with a total protein concentration of
1.24 mg mL~! in 75 mM sodium phosphate buffer, 100 mm NaCl, 0.02 % v/v NaN3 (pH 7.3) and incu-
bated at 298 K. The increase in the fraction of iD/Q heterodimers f;p g was fitted to Eq. 6.6 (Chevreux
etal., 2011).

finjg = % (1 - e”“""‘t) (6.6)

Real macroscopic reaction rates of the deamidation reaction were obtained from two data sets
of GIL.4 Saga in 75 mMm sodium phosphate buffer, 100 mm NaCl (pH 7.3) at 298 K taking into ac-
count the simultaneous monomer-dimer exchange. The experiment series was started with either
non-deamidated N/N dimers (cf. description of buffer dependency above) or iD/N heterodimers. Ex-
periments were performed with protein concentrations of 55 um and 35 um, respectively. The system
of ordinary differential equations (ODE) 4.1 - 4.5 was derived on the basis of an ODE system describ-
ing monomer-dimer exchange without a deamidation reaction described in Goulet (2016). Section
3.2.2 of the aforementioned study justifies the introduction of the correction factor to account for the
increased likelihood of heterodimer formation. The system of ODEs was solved numerically with the
Python source code presented in chapter 6.10.2. Briefly, Scipy’s (Oliphant, 2007) odeint solver was
used for solving the ODE. Initial values at ¢ = 0 for the different species were set according to the
starting protein species used: either [NN];—op = 1 or [iDN];—¢ = 1. The deamidation reaction rate k;
was varied from 0.01 — 10 x 107%s~! and squared residuals were calculated between experimental

and simulated data. k; was determined by a least-squares approach.

6.3.7 Hydrophobic Interaction Chromatography (HIC)

A 1 mL HiTrap Butyl-HP column (GE Life Sciences) was used for hydrophobic interaction chromatog-
raphy of the murine NoV P-domain. CR10 and CW1 protein samples (240 and 270 pg mL~! for pH
and GCDCA data sets, respectively) were prepared in different buffers and then subjected to isother-
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mal denaturation at 45 °C. The effect of GCDCA binding was studied using 20-1000 um GCDCA in
20 mm sodium acetate, 100 mm NaCl (pH 5.3) with 30 min incubation time, while experiments on pH-
dependence were performed in 75 mm sodium phosphate bufter, 100 mm NaCl with pH values ranging
from 5.7 to 8 with 10 min incubation time. Prior to application onto the column, 750 mm ammonium
sulfate were added from a concentrated stock solution. The protein bound to the column in 20 mm
sodium acetate, 750 mM ammonium sulfate (pH 5.3) and was eluted using a linear gradient over 5 col-

! was used. The

umn volumes up to 100 % of 20 mm sodium acetate (pH 5.3). A flow rate of 3 mL min~
UV integral at 214 nm of a non-heat-treated control sample was normalized to 1. Experiments were

performed as duplicates, the respective percentage of deviation is given as error bars.

6.4 Nuclear Magnetic Resonance (NMR) Spectroscopy

6.4.1 NMR samples

NMR samples were prepared in 3 mm NMR tubes with a volume of 160 pL. NMR experiments with
[U-2H,'°N]-labeled proteins were acquired with samples containing 10 % D,0. Samples with hu-
man NoV P-domains contained 200 um deuterated 2,2-dimethyl-2-silapentane-5-sulfonate-de (DSS-
d, Sigma-Aldrich) and 300 pm imidazole (Roth) to monitor the sample pH (Baryshnikova et al., 2008).
Murine NoV P-domain samples contained 500 um DSS-ds. Protein concentrations and sample buffers
are given in the figure legends of the respective data sets. Sample pH values were measured using an
Orion 8220BNWP pH-electrode (ThermoFisher) with an Orion Star A221 pH-meter (ThermoFisher)
after calibration with pH 4, 7 and 10 standard solutions (Roth). pH values of samples with varying
amounts of D, O are given as uncorrected pH-meter readings pH* (Krezel and Bal, 2004). Saturation
transfer difference (STD) NMR experiments were measured with unlabeled proteins. Concentrations
of potential ligands and proteins in chapter 4.6 are given in the respective tables. Samples for STD
negative control experiments were prepared with identical small molecule concentrations without the

addition of proteins.

6.4.2 Chemical Shift Referencing

Proton chemical shifts were set to 0 ppm at the position of the DSS-dg signal. Chemical shift referencing
in indirect *C and '°N dimensions was performed according to Eq. 6.7 using the source code in
chapter 6.10.1.

SRx = BFg + SRy *=2Z — BFx (6.7)

S Rx is the reference shift applied to the indirect dimensions, BF and BFx are the base frequencies
for the respective dimensions in Hz, S Ry is the reference shift of the direct dimension, = is the relative

gyromagnetic ratio of the respective nucleus and protons.
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6.4.3 Backbone Amide Signal Assignment - 3D NMR Spectroscopy

3D NMR spectra of GII.4 Saga were obtained with a 180 um [U-2H,!*C,'>N]-labeled sample of GII.4
Saga P-dimers produced in-house and provided by Dr. Alvaro Mallagaray. Spectra were acquired on
900 and 500 MHz spectrometers (Bruker) equipped with TCI cryogenic probes using TROSY versions
of standard 3D pulse programs (Salzmann et al., 1998, Eletsky et al., 2001) at 298 K. Experimental
details are given in Tab. 6.5. Assignment data was deposited with the BMRB (entry ID: 27445)!. The
TALOS-N web server? was used for chemical shift-based secondary structure prediction with correc-
tions for the deuterium isotope effect.

Table 6.5: Parameters for 3D NMR pulse programs. TD denotes the number of increments in the respective
dimensions, O1 is the center of the spectral window, SW is the sweep width, and NS is the number of scans.

experiment field F3 F2 F1 NS
strength (TD; O1; SW) (TD; O1;SW) (TD; O1; SW)
HNCO 900 MHz 1024; 64; 128; 16
4.71 ppm; 117 ppmy; 176 ppm;
14 ppm 31 ppm 18 ppm
HN(CA)CO 900 MHz 2048; 64; 96; 32
4.71 ppm; 117 ppmy; 176 ppm;
14 ppm 31 ppm 18 ppm
HN(CA)CO 500 MHz 2048; 64; 128; 32
4.65 ppm; 117.5 ppm; 174 ppmy;
13 ppm 32 ppm 16 ppm
HNCA 900 MHz 2048; 64; 128; 16
4.71 ppm; 117 ppmy; 54 ppmy;
13 ppm 31 ppm 30 ppm
HN(CO)CA 500 MHz 2048; 64; 128; 16
4.65 ppm; 117.5 ppm; 54 ppmy;
13 ppm 32 ppm 30 ppm
HNCACB 900 MHz 2048; 64; 96; 32
4.71 ppm; 117 ppmy; 40 ppm;
14 ppm 31 ppm 80 ppm
HN(CO)CACB 900 MHz 2048; 64; 128; 16
4.71 ppm; 117 ppmy; 40 ppm;
14 ppm 31 ppm 80 ppm
HN(CO)CACB 500 MHz 2048; 64; 128; 16
4.65 ppm; 117.5 ppm; 40 ppm;
13 ppm 32 ppm 80 ppm

'www.bmrb.wisc.edu/data_library/summary/?bmrbId=27445
*https://spin.niddk.nih.gov/bax/software/TALOS-N/
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6.4.4 Potential Ligand Molecules Used in STD and CSP Experiments

Table 6.6: Potential ligand molecules used in STD and CSP titration experiments. Carbohydrate nomen-
clature follows the recommendations of the Consortium for Functional Glycomics (2004). Ganglioside car-
bohydrates were obtained as sodium salts with a minimal purity of 90 % as specified by the manufacturer by
proton NMR spectroscopy. Carbohydrates were anomeric mixtures unless stated otherwise. Bile acids were
obtained as sodium salts with purities of 97 % as specified by the manufacturer by TLC or HPLC. Purities and
contaminations of metal salts with other bivalent metal ions are as follows: MgCl,: > 99%, < 0.01% Ca, <
0.0005% Mn, < 0.001% Zn; CaCl: > 99%, < 0.005% Mg; ZnCl,: > 98%, < 0.001% Mg, < 0.001% Ca;
LaClz: > 99.9%; EuCls: > 99.99%; CeClz: > 99.9%.

compound
Galol-3(Fucal-2)Galal-N3

source

in-house chemo-enzymatic
synthesis as detailed in
Mallagaray et al. (2019)

synonyms
B-trisaccharide

Neu5Aco2-3Gal31-4Glc 3’SL, Elicityl
3’-sialyllactose
2-O-Methyl-o-D- a-D-Neu5Ac-OMe Carboysynth
N-acetylneuraminic acid
Neu5Aca2-3Gal31-3GalNAc GD1a (glycan) Elicityl
B1-4(Neu5Aco2-3)Gal31-4Glc
Methyl a-L-fucopyranoside a-L-Fuc-OMe Carbosynth
GalB31-3GalNAc GM1a (glycan) Elicityl
B1-4(Neu5Aco2-3)Gal31-4Glc
N-acetylgalactosamine GalNAc Fluka
galactose Gal Fluka
Galal-3Gal31-OMe Galili disaccharide Dextra

Fucal-2GalB1-OMe

H-disaccharide

in-house synthesis
by W. Hellebrandt

GalNAcol-3(Fucal-2)Gal

A-trisaccharide

Carbosynth

GalNAcal-3GalNAcfB1-3Gal

Forssman trisaccharide

Elicityl

cholic acid CA Sigma-Aldrich
deoxycholic acid DCA Sigma-Aldrich
glycochenodeoxycholic acid GCDCA Sigma-Aldrich
chenodeoxycholic acid CDCA Sigma-Aldrich

ZnCl, - Merck

CaCl, - Sigma

MgCl, - Roth
LaCl3 - Sigma-Aldrich
EuCl3 - Sigma-Aldrich
CeCl3 - Sigma-Aldrich
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Figure 6.1: Synthetic oligosaccharides used in this thesis.
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6.4.5 Chemical Shift Perturbation (CSP) Experiments

I'H, 15N TROSY HSQC spectra (Pervushin et al., 1997, Schulte-Herbruggen and Sorensen, 2000) were
acquired with 128 ms acquisition time and a spectral window of 16 ppm in the direct dimension
(Bruker pulse program: trosyetf3gpsi). In the indirect dimension, the spectral window was set
to 35 ppm with 430 increments for human NoV P-domains and 256 increments for murine NoV P-
domains. The relaxation delay was 1.5 s. The number of scans was chosen according to the protein
concentration of the sample, ranging from 8 to 48 corresponding to measurement times of 1.6 to 6 h.
Unless stated otherwise, spectra were acquired at 298 K on a Bruker Avance III 500 MHz spectrometer
with TCI cryo probe. Potential ligand molecules (cf. Tab. 6.6) were titrated from highly concentrated,
pH-adjusted stock solutions in the same buffer as the NMR sample to minimize dilution effects and
pH-artifacts.

For each titration point, Euclidean chemical shift perturbations Av,,.; (CSPs) can be calculated
between the position of a signal in fast exchange and the corresponding signal in the unbound state

according to Eq. 6.8.

AVeyel = \/(A5HWH)2 + (A5NWN)2 (6.8)

A} is the chemical shift difference for the given dimension and w is the respective spectrometer
frequency. Observed chemical shift differences of a signal in fast exchange at a given ligand concentra-
tion Av, are related to the fractional occupancy of a binding pocket (and thereby to the dissociation

constant Kp) via Eq. 6.9 (Williamson, 2013).

(Pi+Li+ Kp) — /(P + Ly + Kp)? —APL,
2P,

AVpyqz is the maximum CSP at saturation of the binding pocket for each signal, P; is the total

Avgps = AVpag (6.9)

protein concentration, and L; is the total ligand concentration at each titration point. Titration curves
for global non-linear least squares fitting were selected according to the magnitude of the CSP at the
highest ligand concentration: CSPs larger than the sum of the mean of all CSPs and two standard
deviations were used to derive a global Kp value.

For analysis of the titration of CaCl, to murine NoV P-domains already containing an unknown
amount of Ca®*-ions (due to contamination of the GCDCA stock solution), CSP data were fitted using
the source code in chapter 6.10.5. Significant CSP data were fitted globally with varying amounts of
Ca?"-ions added to those ions titrated on purpose. The concentration at the minimum sum of squared

residuals for fitted CSP data was assumed to correspond to the amount of contaminating ions.

6.4.6 Saturation Transfer Difference (STD) NMR Spectroscopy

STD NMR spectra were acquired at 600 MHz with relaxation delays of 5 s (Bruker pulse program:
stddiffesgp.3). The number of scans and the resulting experiment time were as follows: 1720 - 4240
(7 h - 17 h) for the cholic acid titration to GII.4 Saga 373D P-domains; 1712 (7 h) for the experiment
with the MNV07 strain and GM3 at 277 K; 3584 - 4000 (14h - 16 h) for the remaining STD experiments
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of Tab. 4.3 and 4.5. On-resonance frequencies and saturation pulse strengths were optimized for each
individual sample in negative control experiments without protein and were between -2 and -4 ppm.
Off-resonance frequencies were set to 200 ppm. A 2 s pulse cascade of 50 ms Gaussian pulses was
used for saturation of protein resonances. A 20 ms spin-lock filter was used for suppression of protein
signals.

Saturation transfer from GII.4 Saga 373D P-domains to cholic acid was measured with an on-
resonance frequency of -4 ppm, a protein concentration of 90 pM and a maximum cholic acid concen-
tration of 15 mM. Saturation transfer was quantified for the isolated H7 and H12 cholic acid signals by
calculation of the STD amplification factor S7T'D 4 according to Eq. 6.10 (Mayer and Meyer, 2001).

Iog — Ion cL

STDyr = (6.10)

Tog cp
I and I, are signal intensities in the respective off- and on-resonance experiment; ¢z, /cp is the
ligand excess. Data were fitted against Eq. 6.9 with ST'D 4 replacing the observable Av,,; to obtain

Kp values.

6.4.7 >N Backbone Relaxation

>N backbone relaxation data were obtained using TROSY-based pulse schemes for measurement of
T, and T}, relaxation times (Lakomek et al., 2012) and are given in chapters 6.10.6 - 6.10.7. Spectra
were acquired with 256 increments in the indirect dimension and a relaxation delay of 3 s at 500 MHz
for 45 h. Delays in the pulse sequence were 0's,0.4's,0.8s, 1.4 5,2 s, and 3 s for determination of T,
and 1 ms, 5 ms, 10 ms, 18 ms, 25 ms, and 36 ms for determination of T;,. Both experiments contained
a spin-lock temperature compensation element of up to 36 ms. The spin-lock field strength « in the
T experiment was 1.4 kHz, the carrier frequency in the °N dimension was 117.3 ppm. T, relaxation

times were calculated according to Eq. 6.11.

11 1
T5 - Tlp sin? T tan2 6

(6.11)

The angle 0 is given by § = w /) with ) being each signal’s offset in the °N dimension. Signal-
specific intensity data was fitted to exponential decay models with the time constants being T; and
T, respectively. Intensity errors were estimated from the standard deviation of background noise in
regions of the spectrum containing no signals.

Rotational correlation times . of [U-2H,!*N]-labeled human and murine NoV P-domains have
been estimated using TRACT experiments (Lee et al., 2006). The relaxation delay was set to 2 s. Ex-
periments were measured for 20 min and 80 min for human and murine NoV P-domains, respectively
with 25 increasing delays in the pulse sequence of up to 0.4 s at 298 K. Data were integrated from 8 to
9.5 ppm for human NoV P-domains and from 6-9.5 ppm for murine NoV P-domains. Data was nor-
malized to the highest intensity, and fitted to an exponential decay model for determination of average
N R, and Rg relaxation rates. The difference in relaxation rates was used to calculate . according to

Eq. (3)-(5) of Lee et al. (2006). The respective source code can be found in chapter 6.10.3. Molecular
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weight estimates based on the rotational correlation time have been obtained using the reference data

published in Su et al. (2007).

6.4.8 Dimerization & GCDCA-Binding of the Murine NoV P-Domain

Dimerization and binding of glycochenodeoxycholic acid (GCDCA) were studied using TROSY HSQC
experiments with the murine NoV P-domain of the CW1 strain (cf. chapter 6.4.5).

A series of spectra of the CW1 P-domain with concentrations from 25-200 um was acquired. Nine
signals have been identified whose relative intensities increase with increasing protein concentra-
tion, whereas these of immediate neighbors decreases (6.9|123.8 ppm, 8.5/130 ppm, 10.0/130.2 ppm,
8.8/125.6 ppm, 8.6|126 ppm, 7.5|131 ppm, 8.8|128.9 ppm, 9|112 ppm, 8.1|128.6 ppm). Intensities of
these dimer signals in slow exchange have been normalized to each signal’s highest value and were
then averaged. Averaged data were divided by the total protein concentration as determined by UV
absorption and then fitted to Eq. 6.12 to obtain the dissociation constant K, of the dimerization reac-
tion.

D _, P+fp- i

6.12
P 2P ( )

[D] is the absolute dimer concentration, O, is a scaling factor accounting for the relationship
between measured signal intensity and the underlying protein concentration and F is the total protein

concentration. The equation can be derived by solving the quadratic equation given in Eq. 6.3 for [D].

GCDCA has been titrated step-wise to a sample with 100 um protein concentration in 20 mm
sodium acetate, 100 mM NaCl (pH 5.3). Monomer and dimer signals in the apo state have been iden-
tified by comparison with the concentration series described above. Backbone amide signals were
categorized according to their behavior with increasing GCDCA concentrations. Data analysis was
performed as described in chapter 4.4. The source code for data fitting is given in chapter 6.10.4. The
numerical solution of Eq. 4.10-4.11 for the monomer concentration was obtained using SciPy’s fsolve
function. All other protein concentrations were calculated according to the definition of the respec-
tive equilibrium constants in Eq. 4.6. Eq. 6.13-6.14 were used for fitting of CSP data, with Eq. 6.13
describing signals influenced by occupation of both binding pockets and Eq. 6.14 describing signals
perturbed by occupation of only the closest binding pocket (Huma et al., 2014).

[DL] + [DLy]
AVgps = AVpag [D] T [DL] n [DLQ] (6.13)
Algps = Az DL} + 2[DLy) (6.14)

2(D] + 2[DL] + 2[DLy)]

Avyps is the observed Euclidean CSP in Hz, Avpy,q, is the maximum perturbation at saturation of
the binding pocket, [D], [DL], [DLs] refer to the concentrations of the respective unbound or bound

dimer species.
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6.5 Software

NMR spectra were acquired and processed using TopSpin v3.6 (Bruker). Signal positions and inten-
sities were extracted with CcpNmr Analysis v2.4.2 (Vranken et al., 2005). Amino acid sequence align-
ments were performed with Unipro UGENE v1.32 and the Clustal W allignment algorithm (Thompson
etal., 1994, Larkin et al., 2007). Maestro v11.6 (Schrodinger) was used for analysis of crystallographic
models.

Data were fitted with Python scripts (v2.7.15), using SciPy’s (v1.2.1) (Oliphant, 2007) curve_fit
function for local fitting and least_squares for global fitting whenever analytical solutions of the
respective equations were available. Fit parameter errors are calculated from the functions’ estimated

covariance matrices as detailed in the respective documentation®.

6.6 Data Availability

Experimental raw data, including all NMR spectra and chromatograms, have been deposited together
with the respective figure in which they have been used on the server of the Institute of Chemistry &

Metabolomics (\StaffOnly\creutznacher\Raw_data_PhD_thesis).

*https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_fithtml, queried in December 2019
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Appendix

6.7 Protein Biosynthesis and Purification

The following chapter shows the step-wise purification of recombinant NoV P-domains on the example
of the [U-?H,>N]-labeled GII.4 VA387 P-domain. Experimental details can be found in chapters 6.3.2,
6.3.3,and 6.3.4. Both human and murine NoV P-domain behave almost identically and can be purified

with the same strategy.
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Figure 6.2: Denaturing SDS page gel of samples taken during the purification of the recombinant P-domain
from GII.4 VA387. The gel was obtained as detailed in chapter 6.3.4. Briefly, the MBP-P-domain fusion protein
binds to a NiNTA affinity column and can be selectively eluted using high imidazole concentrations. The elution
fraction can be proteolytically digested yielding MBP and the P-domain as cleavage products. A second affinity
chromatography can separate both species. The flow-through of the second affinity chromatography is then
collected, concentrated, and further purified by preparative size exclusion chromatography (cf. Fig. 6.3).
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Figure 6.3: UV chromatograms of the three chromatographic purification steps of the GII.4 VA387 P-

domains. The UV absorption was monitored at 280 nm. The respective protein species described in the legend
of Fig. 6.2 have been labeled. Experimental details are given in chapters 6.3.2-6.3.3.
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6.8 Hydrophobic Interaction Chromatography
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Figure 6.4: Exemplary UV chromatograms from hydrophobic interaction chromatography (HIC) experi-
ments after isothermal denaturation of the CW1 murine NoV P-domain with varying amounts of GCDCA.
Experimental detail are given in chapter 6.3.7. UV absorption has been monitored at 214 nm. The ammonium
sulfate gradient is depicted as a dashed line. A non-denatured sample served as control (black). Samples were
prepared with varying amounts of GCDCA in 20 mM sodium acetate, 100 mm NaCl (pH 5.3), denatured for 30
min at 45 °C, and then subjected to HIC analysis. HIC data were acquired by C. Feldmann as part of supervised

work as a research assistant.
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6.9 Simultaneous Deamidation and Dimer Reassembly
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Figure 6.5: Residuals from fitting of the deamidation reaction rate in Fig. 4.13. Fitting of experimental IEX
data to the numerical solution of the system of differential equations describing simultaneous deamidation and
dimer reassembly allows for determination of the deamidation rate k1 but not of the association rate k,y,. Choos-
ing a fixed and arbitrary k,,, = 103s™!, variation of k; leads to a narrow minimum in squared residual of the fit
at4.5 x 10~ 7571, In contrast, fixing k; at this value and varying k,,, over a meaningful range does not produce
any well-defined, narrow minimum. Accordingly, k,,, cannot be determined from curve fitting of the IEX data
and its variation has no discernible effect on the solution.
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6.10 Source Code

6.10.1 Chemical Shift Referencing

(C) Robert Creutznacher
vli.1 (09.01.2017)

» » »

if int (GETPROCDIM() ) != 2:
ERRMSG(”2D Data Only”, ”Error”)
EXIT ()

result = INPUT_DIALOG(” Choose X Nucleus”,
“Input '15N’ or ’'13C’°, 2D Experiments Only”,
[”Nucleus = 7],
[PISN]L (771 (717,
[”Accept”,”Close”], [’a’,’¢c’], 10)
if result <> None:
if result[0] == ”15N”:
X = result[0]
BF_X = GETPAR(’BF3’)
Xi = 0.101329118
elif result[0] == ”13C”:
X = result[0]
BF_X = GETPAR(’BE2’)
Xi = 0.251449530

else:

ERRMSG(” Input wasn’t ’15N’ or ’13C’”
EXIT ()
print >Calibrated with 7 + result[0]

, "Error”)

BF_1 = 1E6 % float (GETPAR(’BF1’)) #1H base frequency in Hz
SR_H = GETPAR(’SR’, 2)

BF_X = 1E6 % float (BF_X)

SR_X = (float(BF_1) + float(SR_H))*Xi — BF_X

print "BF_1 in Hz: > + str(BF_1)

print "SR_H in Hz: > + str(SR_H)

print "BF_X in Hz: ” + str(BF_X)

print ”SR_X in Hz: 7 + str (SR_X)

XCMD(”1 SR ” + str (SR X))
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6.10.2 Fitting of Simultaneous Deamidation and Dimer Reassembly Reaction Rates

import numpy as np
import matplotlib.pyplot as plt
from scipy.integrate import odeint

def f(y, t, params): #Eq. 4.1—4.5 of the main text
NN, iDN, iDiD, N, iD =y
k_off, k_on, kl = params # unpack parameters
fl = —(2xkl+k_off)*NN + k_on*Nx*2
f2 = 2+kI*NN — (kl+k_off)*iDN + 2xk_on*iD*N
f3 = k1*iDN — k_off*iDiD + k_on*iDx**2

f4 = —k1*N —2xk_on*Nx*%2 + 2xk_ off*NN —2xk _on*N*iD + k_off*iDN
f5 = k1*N —2xk_on*iD*%2 + 2xk_off*iDiD —2xk_on*N*iD + k_off*iDN
derivs = [f1,f2,f3,f4,f5] # list of dy/dt=f functions

return derivs

#Experimental data

#asymmetrical

t_exp =np.asarray ([0.,1.55E+05,4.97E+05,1.02E+06,1.89E+06,\
3.03E+06,5.42E+06])

NN_exp=np.asarray ([0.000,0.040,0.073,0.070,0.037,0.011,0.000])

iDN_exp=np.asarray ([1.000,0.867,0.668,0.515,0.355,0.230,0.093])

iDiD_exp=np.asarray ([0.,0.093,0.259,0.415,0.608,0.759,0.907])

#NN start

t_exp =np.asarray([0.,3.13E+05,9.16E+05,1.45E+06,2.13E+06,\
2.90E+06,3.53E+06,4.54E+06])

NN_exp=np.asarray ([1.,0.735,0.421,0.248,0.130,0.071,0.039,0.016])

iDN_exp=np.asarray ([0.,0.248,0.464,0.506,0.473,0.401,0.335,0.243])

iDiD_exp=np.asarray ([0.,0.017,0.115,0.246,0.397,0.528,0.626,0.741])

# Initial values

NN_O = 1.0
idN_0 = 0.0
iDiD_0 = 0.0
N_O0 = 0.
iD_0 = 0.

# Bundle initial conditions for ODE solver
y0 = [NN_O, idN_0, iDiD_0, N_0, iD_0]

# Make time array for solution
tStop = 0.6E7

tInc = 1000.

t = np.arange (0., tStop, tlnc)

K1_arr = np.arange(0.01E—6,10E—6,0.01E—6)
res = []

for i in range(len (Kl _arr)):
# Parameters

k_on = 1E3
k_off = 1.51E-6
k1 = Kl_arr[i]

# Bundle parameters for ODE solver
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params = [k_off, k_on, kl]

# Call the ODE solver

psoln = odeint(f, y0, t, args=(params
NN_sim = psoln[:,0][np.where(np
iDN_sim = psoln[:,1][np.where(np
iDiD_sim = psoln[:,2][np.where(np

res .append (
np.subtract (iDN_exp,iDN_sim)x*
np.subtract (iDiD_exp ,iDiD_sim)

res
ind

np.asarray(res)
np.unravel_index (np.argmin(res,

axi

print res[ind]

k1 Kl_arr[ind[0]]
print kil

[k_off , k_on, kl]
odeint(f, y0, t, args=(params,))

params
psoln

# Plot results
fig , axl plt.subplots

(1,1)

>black’,
>blue ’,
‘red’,

labe
label
label

axl.plot(t, psoln|[:,
axl.plot(t, psoln[:,
axl.plot(t, psoln[:,2],

axl.set_xlabel (’time’)

axl.set_ylabel (’dimers’)
axl.scatter (t_exp ,NN_exp,c
axl.scatter (t_exp ,iDN_exp,c

axl.scatter (t_exp ,iDiD_exp,c

0],
1]

>

C
C
C

>black’,
>blue ’,
‘red’,

plt.tight_layout ()
plt.show ()

s =

)

.in1d (t, t_exp))]
.inld(t, t_exp))]
.inld(t, t_exp))]

np.sum( (np.subtract (NN_exp, NN_sim)**2 + \

*2 + \
*%2) ) )

s=None), res.shape)

1

NN’ )
’iDN )
"iDiD”’

)
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6.10.3 Analysis of TRACT experiments

from matplotlib import pyplot as plt
import numpy as np

from math import sqrt

from math import cos

y_N = —2.7116E07
y_.H = 2.67513E08
h = 1.0545E-34
r = 1.02E-10 #according to TRACT paper

w.H = 600.23E06

BO = w H/1E6/42.567

w_N = abs(y_N/y_H)xw_Hx*2x*np. pi

dS = 160E-06 #value from TRACT paper
angle = (3*%cos(17*np.pi/180)**2—1)

u0 = 1.2566E—-06

def Rl(tau):
p = u0 * y_Hxy Nxh/(8xnp.pi *sqrt(2)* rxx3)
d = y_NxB0*dS/(sqrt(2)*3)
JO = 0.4%tau
J_w= 0.4xtau/(1+(w_Nxtau)**2)
return 2xpxd * (4%x]J0+3x]J_w) *angle

tau=np.arange(1E—-09,100E—09,1E—09)

R_diff = 64—13 #insert Ra and Rb here

y = Rl(tau)

plt.axhline (y=(R_diff), xmin=0, xmax=1, ls = '—’, c="black’)

plt.plot(tau, y)
plt.show ()



Source Code (Appendix) 119

6.10.4 MNV-GCDCA Interaction

from matplotlib import pyplot as plt
import numpy as np

from scipy.optimize import fsolve
import pandas as pd

#imput data normalized to unity

path = r’C:\ Users\rober\Downloads \CW1_GCDCA\M. csv’
df = pd.read_table(path, sep = ’;7)

df = df.set_index ( keys’)

L_loop = np.arange(0, 300E—6, 1E—6)
P_t = 100E-6

sol_ M = []
sol_D = []
sol_DL = []

sol_DLL = []

def f(M): # Eq. 4.11
L = — (KD2*%2 + KD2xMx**2/KD1)/(4*Mx**2/KD1) +\
np.sqrt( ((KD2**2 + KD2xMx**2/KD1)/(4*Mx**2/KD1))*%*2 +\
(KD2%*2*L_t)/(2*Mx%2/KD1))
return M + 2x Mx%2/KD1 + 2x Mx*2/(KDI*KD2) * L + \
2% Mx%2/(KD1*KD2%%2) * L*%2 — P_t

def L_free(M, KD1, KD2, L_t): # Eq. 4.10
L = — (KD2*%2 + KD2xMx**2/KD1)/(4*Mx**2/KD1) +\
np.sqrt( ((KD2*%2 + KD2xMx**2/KD1)/(4*Mx**2/KD1))**2 +\
(KD2*#2+L_t)/(2*Mx**2/KD1))
return L

¢ GCDCA = [0,15E—6,30E—6,50E—6,75E—6,100E—6,140E—6]

# Initialize arrays of residuals

res M = 0
res_DL = 0
res_arr = []
all_res = []

KD1 = 31E—6 # Dimerisation KD known from other experiments

#arrays of GCDCA binding KDs to be tested
KD2_arr = np.arange(0.01E—6,20E—6,0.1E—6)
KD_out =[]

df_out = pd.DataFrame ()
res_total_all_signals = 0
res_total_all_signals_out = []

for k2 in range(len(KD2_arr)):
KD2 = KD2_arr[k2]
KD_out.append (KD2)

all_res = []
KD_out =[]
sol_M = []
sol_D = []
sol_DL = []

sol_DLL = []
res_total_all_signals = 0
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#iterate

through M intensity curves

for j in df.iterrows ():
norm =32E—6/j[1][0]

a =

#ite
for

jl1]. multiply (norm) #starting [M] — KDI is known

rate through individual curve, each data point
i in range(len(a)):
L_t = ¢ GCDCAJi]

if i ==
start = P_t

else:
start

sol_M[i—1]

#numerical solution for M, derive other
#concentrations based on KD definitions

M abs(fsolve (f,start)[0])
D abs ((M**2/KD1))
DL = M**2/KD1 * L_free(M, KDI, KD2, L_t )/KD2
DLL = (DL * L_free(M, KDI, KD2, L_t )/KD2)
res (a[i]-M)*x2 # residuals for [M]
#res = (a[i]—(50E—6%(DL + DLL)/(D + DL + DLL))) %2
#res = (ali]—(50E—6+(DL + 2%DLL)/(2%D + \
# 2+DL + 2%DLL))) %2
#res = (al[i] — (0.5+DL + DLL)) *x2
sol_M.append (M)

res_arr.append(res)
res = 0

res_total_all_signals += np.nansum(res_arr)

res_arr =[]
res_total_all_signals_out.append(res_total_all_signals)
res_total_all_signals_out = \

np.asarray(res_total_all_signals_out)

fig, ax = plt.subplots (1,1)

ax.plot (1E6*KD2_arr,res_total_all_signals_out , c= ’black’)
plt.tight_layout ()
plt.show ()
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6.10.5 Calcium Contamination

from matplotlib import pyplot as plt
import numpy as np

from scipy.optimize import least_squares
import pandas as pd

def func(L, KD,CSP_max): # Williamson et al., 2013
P_t =250E-6
CSP = CSP_max * ( (P_t+L+KD) — \
np.sqrt( (P_t+L+KD)**2 — 4 x P_t x L) )/ (2xP_t)
return CSP

def err_global(arg, xdata, ydata):

kd= arg[0]
oarr = arg|[1:]
error = []

for k,y in enumerate(ydata):
o = oarr[int (k)]
e =0
for i,] in enumerate(xdata):
e += ((func(l,kd,o)—y[i]))x*2
error .append(e)
return error

path = r’C:\ Users\rober \CW1_GCDCA_Ca\ Data_forfitl .csv’
#possible contaminations to test

contam = np.arange (0,1E—3,1E—6)
res_tot []

df_data = pd.read_table(path, sep = ’;’)

df_data = df_data.drop(’keys’, axis=1)

ydata = df_data.values

x0 = np.append([100E—6], np.array(df_data[”57]. values))
xdata = np.array([0,0,0.2E-3,0.6E—3,1.3E—3,3.9E—3,5E—3])

for i in range(len(contam)):
X = contam/[i]

#EDTA spectrum as starting point,

#other spectra contamination with x

x_add = np.sum([xdata,[0,x,x,Xx,X,X,x]],axis = 0)

res = least_squares(err_global ,x0,args = ([x_add, ydata]))
res_tot.append(np.sum(res.fun))

plt.scatter (contam, res_tot)
plt.show ()
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6.10.6 Pulse program >N T, times

#include <Avance.incl>
#include <Grad.incl>
#include <Delay.incl>

/+#define LABEL_CNx*/
#define TEMP_COMPENSATION

”in0=infl *0.5”

# ifdef LABEL CN
”d0=97u—p4*2+p7%0.66 —pl1%0.5”
”d25=20m-p15%0.5—p4*4—8u”
#else
»d0=100u+p7*0.66 —pl *0.5”
7d25=20m-pl5%0.5”

#endif /*LABEL_CNx*/

”d11=30m”

"DELTA=2.65m”
"DELTA1=2.65m”
”DELTA2=2.65m-p22—p11—300u”
"DELTA3=2.65m-p23—p10 —300u”
”DELTA4=260u—p24—pl*0.66”

»d27=p24+35u”

»11 =1»
»12:1»

”cnst21=176"
”cnst22=56"
”cnst18=—800"

“spoff4=bf2*((cnst22—cnst21)/1000000)”

1 ze
1Im

2 d11 do:f2
Im LOCKH_OFF
3m

3 Im
1Im

4 3m

5 2m BLKGRAD
10u pll:fl
10u pl4:f2
10u pl7:f£3
(p7 ph0):f3
10u

# ifdef TEMP_COMPENSATION

»d17=d1—p18”

10u fq=cnstl18(bf ppm): {3

10u pl8:f3
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# else

# endif

(p18 ph0):f3
10u
10u fq=0:f3
di17

d1

1m UNBLKGRAD
10u pl7:£3

(p7 ph0):f3
5u

p20:gp6
200u

(pl ph0):fl

5u

DELTA gron0

5u groff

(center (pl*2 ph0):fl (p7%2 ph0):£3)
5u

DELTA gron0

5u groff

(pl ph5):f1  (p7 ph0):f3

Su

DELTAl gronl

5u groff

(center (plx*2 phO):fl (p7x2 ph0):f3)
5u

DELTA1l gronl

5u groff

(p7 phé6):f3

Su

(pl ph2):fl
Su

p21:gp7
100u

100u plo:fl

if 712==1" goto 77

70

# ifdef
# endif
# ifdef
# endif

d25%0.5

LABEL_CN

3u pl4:f2

(p4*2 phO 3u 3u pl2 p4x2:sp4 phO):f2

d25%0.5

(pl5:sp5 ph0):fl

d25%0.5

LABEL_CN

3u pl4:f2

(p4*2 phO 3u 3u pl2 p4x2:sp4 phO):f2

d25%0.5
lo to 70 times c¢
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77 3u
3u pl4:f2
3u pll:fl
it 711==1"
{
(p7 ph7):1£3
10u
p25:8p5
200u
(p7*2 ph7):13
10u
p25:gp5x*—1
}
else
{
(p7 phl17):13
10u
p25:gp5x*—1
200u
(p7*2 phl7):1£3
10u
p25:8gp5
}

do
# ifdef LABEL_CN

(p4*2 phO 3u 3u pl2 p4*2:sp4 ph0):f2
# endif

do

if 711==1”

{

(pl phl):fl

3u

3u plo:f1

(pll:spll phll:r):fl

6u

}

else

{

(pl ph3):fl

3u

3u plo:fl

(pll:spll phl3:r):fl
6u

}

5u pll:fl

DELTA2

p22:gp2

300u

(center (plx*2 phO):fl (p7x2 ph0):f3)
7u

p22:gp2

DELTA2

300u plo:f1

(pll:spl2 phl2:r):fl
Su
3u pll:fl
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if 711==1”
{
(pl ph0):fl (p7 phl):f3
}
else
{
(pl ph0):f1 (p7 ph3):f3
}
DELTA3
p23:gp3
200u
100u plio:f1
(center (pl0 phlO:r 5u pll plx2 phO 5u
pll0 pl0 phlO:r):fl1 (p7+2 ph0 d27):f{3)
Su
p23:gp3
DELTA3
DELTA4
(p7 ph0): {3
S5u
p24:gp4
999 5u
5u pl31:f2
20u BLKGRAMP
go=2 ph31 cpds2: {2
Im do: f2
Im LOCKH_OFF
d1l wr #0 if #0 zd

Im ivc
Im iu2
lo to 3 times 16
Im iul
Im igrad EA
Im ru2
lo to 4 times 2
Im idoO
Im rul
lo to 5 times 13
1m
1m BLKGRAD
exit
ph0=0
phl=1
ph2=2
ph3=3
ph5=1
ph6=1 1 1 1 3 3 3 3
ph10=2
ph11=3
ph12=0
ph13=1
ph7=1 0 3 2

ph17=1 2 3 0
230

ph31=1 3012
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6.10.7 Pulse program >N T;, times

#include <Avance.incl>
#include <Grad.incl>
#include <Delay.incl>

/*# define LABEL_CNx*/
#define TEMP_COMPENSATION

”in0=infl *0.5”

# ifdef LABEL CN
”d0=97u—p4*2+p7%0.66 —pl1%0.5”
#else

”d0=100u+p7%0.66 —pl*0.5”
#endif /*LABEL_CNx*/

»d11=30m”

"DELTA=2.65m”
"DELTA1=2.65m”
"DELTA2=2.65m-p22—pl11—300u”
”DELTA3=2.65m-p23—p10—300u”
»DELTA4=260u—p24—pl%0.66”

”d27=p24+35u”

»11=1"
»12 =17

>cnst21=176"
>cnst22=56"
”cnst18=—800"

”spoff4=bf2 *x((cnst22—cnst21)/1000000)”

1 ze
1Im

2 dl1l do:f2
Im LOCKH_OFF
3m

3 Im
Im

4 3m

5 2m BLKGRAD
10u pll:fl
10u pl4:f2
10u pl7:1£3
(p7 ph0):f3
10u

# ifdef TEMP_COMPENSATION
pl7=pl8+1lm-vp”
»d17=d1—p17”

# endif

”d8=p8+vp*0.25—plx2—2u”
7d9=vp*0.5—plx4—24u”
» d29:p8 »
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#ifdef TEMP_COMPENSATION

#else

#endif

# ifdef

#else

#endif

10u fq=cnst18 (bf ppm): {3
10u pl8:f3

(pl7 ph0):f£3

10u

10u fq=0:13

d17

dl

1Im UNBLKGRAD
10u pl7:1£3

(p7 ph0):f£3
S5u

p20:gp6
200u

(pl ph0):fl

S5u

DELTA gron0

5u groff

(center (pl*2 ph0):fl (p7%2 ph0):f3)
S5u

DELTA gronO

5u groff

(pl ph5):f1  (p7 ph0):1£3
5u

DELTA1l gronl

5u groff

(center (plx*2 phO):fl (p7x2 ph0):f3)
Su

DELTAl gronl

5u groff

(p7 ph6):1£3

5u

(pl ph2):f1

Su

p21:gp7

100u

100u pl8:f3

LABEL_CN

(d8 pl phO 3u plx*2.3 phl 3u pl phO 3u d9*0.5 gron9 3u
groff 6u d9x0.5 gron9x—1 3u groff 6u pl ph0 3u
pl*2.3 phl 3u pl ph0):fl (p8:sp8 phO 3u pl8 vp
phO p8:sp9 ph0):f3 (d29 d9 p4*2 phO 3u 3u pl2
p4*2:sp4 ph0): {2

(d8 pl phO 3u pl%2.3 phl 3u pl phO 3u d9x0.5 gron9 3u
groff 6u d9x0.5 gron9x—1 3u groff 6u pl ph0 3u
pl*2.3 phl 3u pl phO0):fl (p8:sp8 phO 3u pl8 vp
phO p8:sp9 ph0): {3

Su
p21:gp8



128 Source Code (Appendix)

200u

3u pl7:f3
3u pl4:f2
3u pll:fl
if 711==1”
{
(p7 ph7):1£3
10u
p25:8p5
200u
(p7*2 ph7):1£3
10u
p25:gp5*—1
}
else
{
(p7 phl17):13
10u
p25:gp5*—1
200u
(p7*2 phl7):1£3
10u
p25:8p5
}
do

# ifdef LABEL_CN
(p4*2 phO 3u 3u pl2 p4x2:sp4 ph0):f2

# endif
do
if 711==1”
{
(pl phl):f1
3u
3u plo:fl
(pll:spll phll:r):fl
6u
}
else
{
(pl ph3):fl
3u
3u plo:fl
(pll:spll phl3:r):fl
6u
}
5u pll:fl
DELTA2
p22:gp2
300u
(center (pl*2 ph0):fl1 (p7%2 ph0):f3)
7u
p22:gp2
DELTA2
300u plo:fl
(pll:spl2 phl2:r):fl
5u

3u pll:fl
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if 711==1”

{

(pl ph0):fl (p7 phl):f3

}

else

{

(pl ph0):f1 (p7 ph3):f3

}

DELTA3

p23:gp3

200u

100u plio:f1

(center (pl0 phlO:r 5u pll plx2 phO 5u pll0 ploO
ph10:r): fl1 (p7*2 ph0 d27):f3)

5u
p23:gp3
DELTA3
DELTA4
(p7 ph0): {3
5u
p24:gp4
999 5u
5u pl31:f2
20u BLKGRAMP
go=2 ph31 cpds2: {2
Im do:f2
dll wr #0 if #0 zd
1m LOCKH_OFF
2m ivp
lo to 3 times 16
3m iul
lo to 4 times 2
Im id0
Im rul
lo to 5 times 13
1m
1m BLKGRAD
exit
ph0=0
phl=1
ph2=2
ph3=3
ph5= 1
ph6= 1111 3333
ph9=2
ph10=2
ph11=3
ph12=0
ph13=1
ph7=1 0 3 2
ph17=1 2 3 0
ph31=1 2 3 0 3 0 1 2
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