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Abstract

Polyomaviruses are non-enveloped, double-stranded DNA viruses infecting animals, in-
cluding mammals, birds, and fish. In immunocompromised individuals, certain polyoma-
viruses can inflict severe disease. In most cases, however, infection with a polyomavirus
is asymptomatic and remains latent. Polyomavirus particles comprise a capsid con-
taining the genomic DNA, and that capsid is an icosahedral construct of several capsid
proteins. The capsid is scaffolded by the major capsid protein VP1, a pentameric protein
that protects the genome and enables polyomaviruses to recognize and eventually infect
their target cells. Most known natural cellular receptors of polyomaviruses are carbohy-
drate structures (glycans) that carry a terminal sialic acid. The sialic acid, a nine-carbon
comprising monosaccharide, is recognized by VP1 through peripheral protrusions from
its core domain. These carbohydrate receptor-engaging protein loops are highly diverse
between polyomavirus species and vary in sequence and length. This diversity, often
called plasticity, constitutes the platform to recognize the different structural contexts of
sialic acids, such as their chemical modifications or their linkage to the next monosaccha-
ride. The individual interactions between a VP1 and its sialic acid receptors are usually
weak with millimolar dissociation constants. However, 360 binding sites on the entire
capsid can act in concert during cellular attachment, compensating for this deficiency.
Polyomavirus receptors beyond the scope of sialylated glycans are known, including gly-
cosaminoglycans and membrane proteins, but detailed structural information about the
respective interactions remains elusive.

In this thesis, | show for the first time that several polyomaviruses can interact with non-
sialylated, neutral carbohydrates. Therein, | characterize a binding site for the Forssman
antigen (FA) glycan in the sheep polyomavirus (ShPyV) VP1. My functional assays re-
veal that ShPyV VP1 efficiently binds to FA-positive blood cells, surpassing established
FA-binding proteins in specificity and affinity. These findings complement our under-
standing of receptor engagement by polyomaviruses and include the first report of a
virus specifically interacting with FA. As an aberrant glycosylation linked to human can-
cer, the Forssman antigen is a potential biomedical marker. ShPyV VP1 may facilitate its
detection in the future.
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Kurzfassung

Polyomaviren sind unbehllte Viren mit doppelstrangiger DNA, die Tieren wie Sauger,
Végel und Fische befallen. Fir immungeschwéchte Individuen kénnen gewissen Polyo-
maviren eine Gefahr darstellen. Jedoch verlauft die Ansteckung in den meisten Fallen
ohne Symptome und verbleibt ruhend. Polyomavirenpartikel besitzen ein ikosaedrisches
Kapsid, welches die genomische DNA enthalt und ein Gebilde aus mehreren Kapsid-
proteinen darstellt. Das Grundgerlst des Kapsids besteht aus dem major capsid protein
VP1, einem pentameren Protein, das neben dem Genomschutz auch fir das Erken-
nen und Befallen der Zielzellen verantwortlich ist. Der GrofBteil der bekannten zellula-
ren Rezeptoren der Polyomaviren sind Kohlenhydratstrukturen (Glykane) mit endstan-
diger Sialinsaure. Die Sialinsaure, ein neun-kohlenstoffhaltiger Einfachzucker, wird von
Kohlenhydratrezeptor-bindenden Proteinschleifen erkannt, welche zwischen den Polyo-
mavirusspezies nicht nur in ihrer Sequenz, sondern auch der Lange hochgradig variabel
sind. Diese Diversitat der VP1 Struktur, oft als Verformbarkeit (Engl. plasticity) bezeich-
net, bildet den Rahmen zur Erkennung der unterschiedlichen Sialinsdure-Strukturen mit
ihren verschiedenen chemischen Modifikationen oder Verkettungen an nachfolgende Zu-
ckereinheiten. Einzelne Wechselwirkungen zwischen VP1 und einer Sialinsaure sind tb-
licherweise schwach und besitzen millimolare Dissoziationskonstanten. Allerdings wird
dieses Defizit durch das Vorhandensein von insgesamt 360 Bindungsstellen auf dem
Kapsid kompensiert, von denen viele gleichzeitig an einer Zellbindung beteiligt sein kon-
nen. AuBer sialylierten Glykanen sind Glykosaminoglykane und Membranproteine als
Polyomavirusrezeptoren bekannt, jedoch fehlen bisher genaue strukturelle Informatio-
nen Uber die zugrundeliegenden Interaktionen.

In dieser Arbeit beschreibe ich erstmalig die Interaktionen zwischen Polyomaviren und
nicht-sialylierten, neutralen Kohlenhydraten. Zu diesen zahlt das Glykan des Forssman
Antigens (FA), fir welche ich im Schafspolyomavirus (ShPyV, von Engl. sheep polyoma-
virus) eine Bindestelle charakterisiert habe. Meine funktionellen Untersuchungen zeigen,
dass ShPyV VP1 effizient an FA-positive Blutzellen bindet und dabei bisher bekannte
FA-Bindeproteine in Spezifitdt und Affinitat Gbertrifft. Diese Ergebnisse erweitern unser
Wissen um die Rezeptornutzung von Polyomaviren und enthalten den ersten Bericht ei-
ner spezifischen Bindung des FA’s durch ein Virus. Als eine anomale Glykosylierung in
Verbindung mit menschlichem Krebs ist das Forssman Antigen ein potenzieller biomedi-
zinischer Marker, dessen Detektion zuklinftig durch das ShPyV VP1 erleichtert werden
kénnte.
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Chapter 1: Introduction

1.1 The origin of viruses

Viruses are biological entities that rely on hosts for their reproduction. They do not pos-
sess an intrinsic metabolism and are not considered life forms. Generally, viruses hijack
host cells and use the resident transcription and translation machinery to replicate, often
accompanied by host cell destruction. The origin of viruses is considered to coincide
or even predate the emergence of the first cellular life forms such as early archaea and
bacteria [3, 4]. The virus world theory postulates that self-replicating genetic elements,
which have emerged during abiogenesis, used the metabolism of organic clusters that
eventually evolved into the initial cellular life [4, 5]. Two other theories of viral provenance
include the cell regression hypothesis, in which viruses descended from a now-extinct
cellular life form, and the escape hypothesis proposing a polyphyletic virogenesis from
genetic elements of cellular organisms [4, 6-8]. Synoptic to these theories is that the
evolutionary paths of viral agents and cells have been intertwined since the formation
of complex molecular biology on Earth. After billions of years of conjoint evolution, the
contemporary virosphere exhibits a vast diversity of viruses that significantly vary in gen-
ome type, size, organization, and the composition and shape of their particles [9]. The
sizes of viral genomes range from under two kilobases for the porcine circoviruses up to
megabases for large DNA viruses (e.g., pandoraviruses) with a predicted number of over
2000 encoded proteins [10—13]. Viruses, in stark contrast to cellular life forms, employ
a wide range of nucleic acid manifestations to store their genetic information. These in-
clude both DNA and RNA, which can be in single-stranded (ss) or double-stranded (ds)
forms and can be linear, circular, or even segmented [9].

Viruses are the most abundant biological entities on the planet [14, 15] and constitute
the largest reservoir of genetic information in the biosphere [9]. Due to the vast diversity,
achieving a conclusive and unified evolutionary model for the origin of viruses is challeng-
ing [13]. Yet, certain viral genes encode proteins that are usually absent in cellular life
and were frequently used to detangle viral lineages [3, 4, 6, 16]. These proteins, includ-
ing superfamily 3 (SF3) helicases, rolling-circle replicating endonucleases (RCREs), and
beta-barrel "jelly roll" capsid proteins, allow for the identification of gene transfer events
and have significant implications for the evolution of viruses [4]. The acquisition of a
capsid that bears and protects the viral genome is often regarded as the "cornerstone
in the origin of viruses" (Krupovi¢ & Bamford [17]). Likewise, the structural characteri-
zation of viral particles and their capsid proteins significantly impacted the classification
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of viral families. Protein structure homology may unveil evolutionary relationships where
sequence-based procedures are hindered by low genetic similarity [18—20]. The struc-
tural similarity of capsid proteins from viruses infecting hosts across different domains
suggests a common capsid protein lineage [18, 21]. The extensive prevalence of struc-
turally homologous capsid proteins without traces of genetic conservation indicates their
ancient origin [17].

1.1.1 The icosahedral capsid and quasi-equivalence

Most viral families comprise members that employ icosahedral capsids, and these viruses
infect hosts from all domains of life [22—24]. The icosahedron is a polyhedron with 20
triangular faces and twelve fivefold vertices, conforming to the symmetry of the icosa-
hedral 532 point group. With the genetic material inside, the icosahedral capsid allows
for efficient packing with minimal space requirements. It is constructed by a single or
very few capsid proteins, wherein the capsid proteins constitute the tiles of a regular
spherical pattern [25]. The first elaborate description of a viral capsid with icosahedral
532 point group symmetry was by Caspar [22], proposing that the protein shell of the
tomato bushy stunt virus' comprises 60 identical asymmetric units (capsomers), which
can be composed of smaller protein subunits called protomers. Later, it was found that
many icosahedral viruses deviate from the perfectly symmetrical composition of 60 cap-
somers (or a multiple thereof), as seen in the 72 capsomers of papilloma- and poly-
omaviruses particles [27]). To overcome this systematic problem, Caspar & Klug [28]
instituted the theory of quasi-equivalence, which allows the construction of icosahedral
capsids without an identical environment for all subunits. In other words, a spherical
arrangement of subunits with quasi-equivalent (but not identical) interactions will result
in a quasi-symmetrical capsid. Caspar and Klug also described the icosahedron as a
three-dimensional arrangement of equilateral triangles ("triangulation"), which enabled
the classification of the capsid architectures by the triangulation number T (for exam-
ples, see Figure 1) [28]. The triangulation number can be calculated from the count of
hexagons connecting one vertex with another, in direct (h) or indirect (k) direction using
the formula T = h? + hk + k? (see Figure 9). In the simplest case (T=1), each triangular
face of the icosahedron comprises three subunits, which results in a total number of 60
subunits for the whole capsid [22, 25]. Higher triangulation numbers exist, and a higher
resolved structure of the tomato bushy stunt virus mentioned above revealed that it pos-

"In the original publication, Caspar referred to the "bushy stunt virus" without specifying the plant host in
his article. However, an amino acid analysis from that time showed they were working with the tomato
bushy stunt virus (TBSV) [26].
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sesses 180 capsid proteins arranged in a T=3 capsid [29]. From T > 7 onwards, two
possible capsid enantiomorphs occur, which are defined by differing k directions and are
distinguished by the suffixes d (dextro) and | (laevo).

T=1 T=3 T=4 T=7d

Figure 1: Icosahedral capsid architectures. For the triangulation number (T) calculation,
see also Figure 9.

1.1.2 Jelly roll proteins

Many icosahedral capsids comprise proteins featuring a specific tertiary structure, first
described in the tomato bushy stunt virus and later designated beta-barrel or the "jelly
roll" fold [30]. The jelly roll (JR) fold is a structural motif of eight beta strands (histori-
cally labeled B — I), which fold into two pairs of antiparallel beta sheets, BIDG and CHEF
(see Figure 2d). Sustained mainly by hydrophobic interactions, the JR fold adopts a
barrel-like structure [31]. The JR fold is present in the structural proteins of dsRNA and
dsDNA viruses, ssRNA viruses of plants and animals, and bacteriophages [31-35]. Ini-
tially, single jelly roll capsid proteins (SJR-CPs), which occur in about 30% of viral taxa,
were considered virus-exclusive and reflect an ancient acquisition event during viral evo-
lution [8]. However, more recent advances in structural and computational biology have
revealed that the provenance of SUR-CPs are different carbohydrate-binding proteins
found in cellular life [8, 36]. Computational analyses also signified that the capsid pro-
teins of many ssDNA viruses are evolutionarily linked to the JR proteins of RNA viruses.
Consequently, the lineage of these ssDNA viruses was proposed to originate from plas-
mids that recombined with reversely transcribed capsid protein genes of RNA viruses at
various times during evolution [37].

1.2 Polyomaviruses

The polyomaviruses (PyVs) constitute a viral family, the Polyomaviridae, of currently over
110 officially assigned species that infect mammals, birds, and fish. Polyomaviruses
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are non-enveloped double-stranded DNA viruses with a circular genome of ~5000 base
pairs. The viral DNA is packed inside a capsid and associated with host cell histones.
The genomes organize into a region for the early genes, encoding the regulatory pro-
teins large T antigen (LTAQ) and small T antigen (sTAQ), and a late region with genes for
the major capsid protein, Viral Protein 1 (VP1), minor capsid proteins, Viral Protein 2 and
3 (VP2/3), and, in avian polyomaviruses, a structural VP4 [38]. Some PyVs encode the
non-structural agno protein, which participates in processes such as replication, particle
maturation, and release [39]. The non-coding control region of the genome, situated
between the early and late regions, holds the origin of DNA replication and genetic ele-
ments guiding transcription [40, 41]. The infection with a polyomavirus is usually asymp-
tomatic and results in latency. However, in immunocompromised individuals, certain
polyomaviruses, such as BK polyomavirus (BKPyV) and JC polyomavirus (JCPyV), can
cause severe diseases, including the polyomavirus-associated nephropathy (PVAN) and
progressive multifocal leukoencephalopathy (PML). Merkel cell polyomavirus (MCPyV)
is causally linked to Merkel cell carcinoma, an aggressive form of skin cancer [42].
Other human polyomaviruses are associated with milder conditions such as dermatoses,
namely Trichodysplasia spinulosa-associated polyomavirus (TSPyV), human polyoma-
virus 6 (HPyV6) and human polyomavirus 7 (HPyV7) [43—-45]. In mice, the murine
polyomavirus causes several tumors, which was eponymous for the virus family. Other
severe viral diseases of animals are linked to the budgerigar fledgling disease polyoma-
virus (BFDPyV) and a raccoon polyomavirus found in brain tumors of raccoons [46—438].
The vacuolating virus, simian virus 40 (SV40), which was discovered as a contamination
in early batches of human polio vaccine, is associated with carcinogenesis in rodents [49,
50]. Ever since, the studies of polyomaviruses such as SV40 and their tumor antigens
have also led to groundbreaking insights into the molecular mechanism of DNA replica-
tion and tumor suppression [51]. SV40 LTAg has also regularly been employed in the
establishment of immortalized cell lines [52, 53].

1.2.1 Discovery and structure

The first known polyomavirus, murine polyomavirus (mPyV), was described as an infec-
tious viral particle with oncogenic potential in mice and a size of 30-60 nm in diameter
as determined by electron microscopy in the late 1950s [54—-56]. During the 1970s, the
polyomavirus capsid was resolved to comprise 72 capsomers, which is similar to the
human wart papillomavirus [27, 57, 58]. In 1982, the crystal structure of mPyV was
solved to 22.5 A. It showed for the first time that all capsomer positions, including the
morphological hexamers, were occupied by a pentameric VP1, revealing that the poly-
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Figure 2: The structure of the outer polyomavirus capsid and VP1. a) The capsid struc-
ture of SV40 at 3.1 A resolution, Protein Data Bank (PDB) entry 1SVA. One asymmetric
unit of the capsid, comprising six individual VP1 chains, is highlighted in blue. b) Struc-
ture of the BKPyV VP1 pentamer at 1.7 A resolution (PDB 4MJ0) with one chain colored
green. c¢) The structure of a VP1 chain in isolated representation. Beta strands and
loops are labeled and colored according to d), the jelly roll fold topology.

omavirus capsid holds 360 copies of VP1 [23]. The polyomavirus capsid is icosahedral
with a T=7d architecture (see Figure 1). The asymmetric unit of the capsid comprises six
individual VP1 chains (see Figure 2a), in which every C-terminal arm undergoes distinct
interactions with neighboring chains, establishing quasi-symmetry [34]. At that, VP1 is
sufficient to form a capsid without the help of posttranslational modifications or minor
capsid proteins [59]. Each VP1 chain comprises an N-terminal arm containing positively
charged amino acid residues for viral DNA interaction and cysteines that form disulfide
bridges to stabilize the capsid [60—-63]. The basic amino acids in the N-terminal arms
also often serve as a nuclear localization sequence (NLS) [64-66]. The polyomavirus
capsomer is a homopentameric VP1 (see Figure 2b). The core domain of VP1 adopts
a JR fold with the beta strands linked via extended protein loops. While the BC, DE, EF,
and Hl loops form the outer surface of the capsid, the FG, GH, and CD loops are situated
inside (see Figure 2c). The CD loop participates in the formation of inter-chain disulfide
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bonds for capsid stabilization [34, 63, 67, 68]. Among polyomavirus species, VP1 se-
quences exhibit the most variation in the outer surface loops, serving as the primary site
of receptor engagement and antibody recognition [69—-71].

1.2.2 Evolution and taxonomy

Recent advances in computational biology helped to date back the lineage of polyoma-
viruses to rolling-circle replicating (RCR) plasmids that held a superfamily 3 (SF3) he-
licase gene [37]. Via recombination with reversely transcribed single jelly roll capsid
protein (SJR-CP) genes of RNA viruses, these plasmids acquired the ability to encap-
sulate their DNA, resulting in the formation of several small RCR ssDNA viruses [72,
73]. The direct ancestor of polyomaviruses (and papillomaviruses) was a member of the
Parvoviridae, vertebrate-infecting linear ssDNA viruses featuring icosahedral capsids of
pentameric SJR-CPs [37, 74]. The transition from a linear ssDNA to a circular dsDNA
genome, as outlined in Figure 3a, was the critical step in polyomavirus evolution. Due
to their lineage, PyVs contain rolling-circle replicating endonuclease (RCRE) and SF3
helicase domains in their LTAg. However, the RCR mechanism was lost, and the inactive
RCRE now fulfills non-enzymatic tasks [37, 73].

Polyomaviruses have speciated in association with their hosts over approximately 500 M
years, following a co-evolutionary pathway [76]. Host switching also occurs, resulting in
several closely related PyVs that infect distant hosts such as bats and apes [76, 77].
In some cases, PyVs evolved faster than their hosts, causing intra-host divergence as
observed in the human BKPyV and JCPyV [76]. Ancient recombination events between
the early and late regions of distantly related PyVs resulted in incongruent phylogenetic
trees of LTAg and VP1 [76]. Species assignment of polyomaviruses is based on the LTAg
phylogeny, following these criteria: (i) Availability of the complete genome, (ii) family typi-
cal genome organization, (iii) availability of natural host information, (iv) genetic distance
to the next relative amounts to >15% for the LTAg sequence, and (v) if the distance is
<15%, biological properties such as host specificity and distinct pathogenicity may also
allow for the assignment of a new species [78].

Today, polyomaviruses fall into six different genera, which are designated Alpha-, Beta-,
Gamma-, Delta-, Epsilon-, and Zetapolyomavirus (see Figure 3b) [79].

The alphapolyomaviruses constitute the largest genus with over 50 PyV species. Mem-
bers of this genus primarily infect mammals, including humans [77, 80]. The human
MCPyV and TSPyV are alphapolyomaviruses.

The second largest genus, Betapolyomavirus, has over 40 members that infect mam-
mals, including some of the most intensively studied PyV species such as SV40 and the
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Figure 3: The evolution and taxonomy of polyomaviruses. a) The proposed evolutionary
route of polyomaviruses’ early and late genomic regions. The lineage of plasmid genes/
viral regulatory proteins is indicated in red. Genes for the (non-orthologous) capsid pro-
teins are colored in blue or dark teal. Panel adapted from Kazlauskas et al. [37], Figure
6 (distributed under the CC BY 4.0 deed, https://creativecommons.org/licenses
/by/4.0/). b) Unrooted phylogenetic tree of polyomaviruses. Background colors unify
branches corresponding to the same genus. The scale indicates the number of substitu-
tions per site. Tree file downloaded from https://ictv.global/ and compiled via iTOL [75].

human pathogenic BKPyV and JCPyV.

The gammapolyomaviruses exclusively infect birds with currently nine species. One
member, the BFDPyV, is a severe pathogen of young psittacines.

The Deltapolyomavirus genus holds seven species, four of which were found in hu-
mans [78]. In contrast to many other human polyomaviruses to date, the deltapoly-
omaviruses lack structurally characterized receptors [81].

Epsilonpolyomavirus comprises three species that infect artiodactyls? [79, 82].
Zetapolyomavirus holds the single species Zetapolyomavirus delphini, isolated from the
trachea of a dolphin [83].

Several polyomaviruses isolated from fishes and arthropods have no assigned genus
yet.

2The Artiodactyla order includes even-toed ungulates, such as bovine animals and swine.
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1.2.3 Receptors and binding of sialic acid moieties

Polyomaviruses use their VP1 proteins to recognize structures on their target cells, en-
abling them to attach to the outer cell membrane and eventually infect the host. These
target structures (receptors), among others, comprise glycolipids, such as gangliosides
(see Figure 8), and glycoproteins bearing terminal sialic acids [84]. Sialic acids are
derivatives of neuraminic acid (see Figure 4), and in humans, the most common sialic
acid is N-acetylneuraminic acid (Neu5Ac) [85]. Different polyomaviruses have acquired
different specificities for certain sialic acid modifications, linkages, or the overall se-
quence of the carbohydrate moiety [86].
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Figure 4: a) Outline of the N-acetylneuraminic acid (Neu5Ac) scaffold with the pos-
sible modifications found in sialic acids. Red numbers indicate carbon positions. b)
Three-dimensional structure of N-acetylneuraminic acid (Neu5Ac) in ball and stick rep-
resentation, derived from PDB entry 3BWR [87]. Oxygen, nitrogen, and carbon atoms
are colored red, blue, and pale green, respectively. lllustration taken from Figure 1
of Rustmeier, N. H. et al. The symmetry of viral sialic acid binding sites-implications
for antiviral strategies 2019 [88], distributed under the CC BY 4.0 deed (License:
https://creativecommons.org/licenses/by/4.0/).

While not all polyomaviruses investigated to date bind sialylated ligands [81, 89], their
VP1 sialic acid binding sites share a common location on the peripheral surface of the
pentameric protein, constituted by loops protruding from the core domain. To date, six
different binding orientations of sialic acid moieties have been identified in association
with VP1 proteins (see Figure 5).

(i) mPyV engages the glycans of gangliosides GT1a, GD1a, and GT1b for infectious en-
try, all of which contain a Neu5Acoa2-3Gal binding motif, in a site constituted by residues
of the BC and HI loops [67, 90].
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Figure 5: Sialic acid moiety binding orientations in the VP1s of (i) murine polyoma-
virus (mPyV), (ii) BK polyomavirus (BKPyV), (iii) Merkel cell polyomavirus (MCPyV), (iv)
B-lymphotropic polyomavirus (LPyV), (v) Trichodysplasia spinulosa-associated polyoma-
virus (TSPyV), and (vi) New Jersey Polyomavirus (NJPyV). In panels (i)-(vi), all proteins
are shown as transparent surfaces with an underlying cartoon representation. Loops are
labeled in bold gray. The side chains of residues involved in sialyl binding are shown as
sticks. The bottom panel displays the six orientations in superposition, colored according
to (i)-(vi). All oxygen and nitrogen atoms are colored red and blue, respectively.
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(ii) The simian and human polyomavirus species SV40, JCPyV, and BKPyV preferably
recognize sialic acid moieties in an a2-3, a2-6, and o2-8 linked manner, respectively [87,
91, 92]. Some JCPyV strains also bind the a2-3 and a2-8 linked sialyl glycans of gan-
gliosides [93]. While the human viruses engage receptors carrying a terminal Neu5Ac,
the simian SV40 preferably binds to N-glycolylneuraminic acid (Neu5Gc), which carries
an additional hydroxylation at the acetyl group (see again Figure 4a) and is not present in
humans [94]. Their mutual binding site features a highly conserved hydrophobic pocket
between the BC, DE, and HI loops, and the surrounding amino acid residues determine
the differences in receptor specificity [87, 91, 92].

(iii) MCPyV engages the glycan of GT1b ganglioside with a Neu5Aca2-3Gal recognition
motif in a binding site constituted by the HI and BC loops, yet differently to mPyV: While
in the mPyV complex the amide and carboxyl groups point in parallel direction of the
pentamer axis, in MCPyV these groups are perpendicular to it [95].

(iv) The simian LPyV and its counterpart, human polyomavirus 9 (HPyV9), feature a
binding site resembling that of SV40 and BKPyV, yet narrower and more recessed. The
binding motif corresponds to the linear a2-3 linked 3-sialyllactose (3'SL) or 3’-sialyl-N-
acetyllactosamine (3'SLN); however, no information on the engagement of specific re-
ceptors is available [96].

(v) The fifth sialic acid binding orientation was characterized in the alphapolyomavirus
TSPyV. It was later also found in the betapolyomavirus from sheep, sheep polyoma-
virus (ShPyV), and the gammapolyomaviruses of birds [1, 97]. This binding site is
formed by the anterior BC loop (BC2 loop) with just one additional contact with a DE
loop residue. Glycolipids mediate the attachment of TSPyV to cells, and the binding site
accepts both a2-3 and a2-6 linked sialic acids.

(vi) The latest sialic acid binding orientation was found in NJPyV, the 13" human poly-
omavirus [1]. The site is located towards that of TSPyV (see Figure 5) and comprises
residues of the BC and HI loops, which again differ from mPyV and MCPyV. NJPyV VP1
was complexed with linear 3'SL, suggesting the engagement of glycolipids.

For a few polyomaviruses, receptors not belonging to the classes of sialylated glycol-
ipids and glycoproteins were characterized: MCPyV is known to use glycosaminogly-
cans (GAGs) for initial cellular attachment [98], which is also discussed for BKPyV and
JCPyV [99, 100]. JCPyV further requires serotonin receptors for entry [101—103]. How-
ever, no detailed structural information on these sialic acid-independent interactions is
available.

10
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1.2.4 Endocytosis and the polyomavirus life cycle

After attaching to their host cells, polyomaviral particles (virions) enter the cell via endo-
cytosis. Packed into vesicles, the virions are routed towards the endoplasmic reticulum
(ER) via retrograde transport, translocate into the ER lumen, and eventually enter the
nucleus, the site of viral replication. Most commonly, the endocytosis of polyomaviruses
proceeds via clathrin-, caveolae-, or lipid raft-dependent pathways [104—106]. While host
factors, such as clathrin or caveolin-1, aid the vesiculation, virions interacting with their
receptors alone can invaginate membranes due to the spherical distribution of the bind-
ing sites on their capsid [107]. Recently, polyomaviruses such as JCPyV and BKPyV
were also shown to invade host cells via extracellular vesicles [108, 109].

Following the internalization, the exact mechanisms that govern the transport towards
the ER differ between polyomaviruses, involving different cellular proteins and stages
of endosomes [84, 110—-114]. For example, JCPyV utilizes a clathrin-mediated endo-
cytic pathway and localizes in early but not in late endosomes or endolysosomes [115],
whereas SV40 associates with both early and late endosomes [105]. Despite these dif-
ferences, the trafficking towards the ER is active and progresses along microtubules as
shown for the PyV species mPyV, MCPyV, and BKPyV [116—119].

After the virions enter the ER lumen, isomerases break up intermolecular disulfide bonds
and destabilize the capsid [120—-123]. As a result, the PyV virions (partially) uncoat,
which mediates the exposure of the minor capsid proteins. Then, the virions make con-
tact with the ER membrane and its transmembrane proteins to initiate the egress into the
cytosol (see Figure 6) [120, 124, 125].

VP1 but also the minor capsid proteins VP2 and VP3 of SV40 comprise NLSs needed
for the translocation of the uncoated virions into the nucleus [126—128]. At that, the
signal sequences interact with importins, which then mediate the transport through nu-
cleoporins [129—-131]. While BKPyV infection requires the presence of VP2/3 NLS, the
NLS of JCPyV VP1 alone is sufficient for nuclear translocation [66, 132]. For mPyV,
the VP1 NLS suffices, but VP2/3 also contribute to translocation [133]. Reports about
direct translocation from the ER into the nucleus are disputed [134] and, conclusively,
the processes that guide viral DNA uptake remain not fully understood [135]. Within the
nucleus, cellular RNA polymerases initiate transcription of the early genes, leading to
the expression of T antigens. After migrating into the nucleus, the LTAg helicase activity
induces viral DNA replication [51]. Eventually, the T antigens activate the late genes of
PyVs, priming the expression of capsid proteins. All viral capsid components translocate
into the nucleus, where progeny virions assemble. Upon their release from the cell, the
viral life cycle is completed.

11
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omaviruses utilize multiple pathways to reach the same destination 2020 [135], published
under the CC BY 4.0 deed (https://creativecommons.org/licenses/by/4.0/).
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1.2 Polyomaviruses

1.2.5 Polyomavirus species in this work

An overview of the genomes of the viruses named below is provided in Figure 7.

1.2.5.1 Sheep polyomavirus

The sequence of a sheep-associated polyomavirus, designated sheep polyomavirus
(ShPyV), was isolated from a lamb meat sample in 2016 [76]. Another study investigating
the viral load in sheep feces, however, did not find the sheep polyomavirus [79]. In phy-
logenetic analyses of LTAg, ShPyV manifests as a betapolyomavirus and clusters with
several bat polyomaviruses, horse polyomavirus, mouse polyomavirus 2 (aka murine
pneumotropic virus, MPtV), multimammate mouse polyomavirus, and lion polyomavirus.
It is distantly related to the lineage of SV40, BKPyV, and JCPyV, which diverged ear-
lier during betapolyomavirus evolution [76, 77]. In Stréh et al. [1], we have shown that
ShPyV features a sialic acid moiety binding site on its VP1 surface that was previously
characterized in the alphapolyomavirus TSPyV and is also present in the VP1s of the
avian gammapolyomaviruses. In Rustmeier et al. [2] attached to this thesis, we intro-
duced a novel binding site for the Forssman antigen, which is a non-sialylated glycosph-
ingolipid (GSL) and a potential tumor marker in humans [136]. This thesis will provide
complementary results about ShPyV VP1.

1.2.5.2 Chimpanzee polyomavirus

The DNA sequence of chimpanzee polyomavirus (ChPyV) was isolated from the feces of
a captive animal (a chimpanzee named Bob) and published in 2005 [137]. A subsequent
screening based on the initial ChPyV VP1 sequence by Deuzing et al. [138] further
identified two distinct genotypes (1 and 2), the second of which was divided into the
subclusters 2A and 2B. The tropism of this ChPyV was suggested to be for skin and
spleen [138]. Phylogenetically, the ChPyV variants cluster with alphapolyomaviruses
such as LPyV, found in the African green monkey, Orangutan PyVs, human TSPyV
and MCPyV, and two rodent PyVs [77, 138]. Additionally, ChPyV is a close relative
of the subsequently discovered human NJPyV, with which it forms a "human-simian
pair" [139]. In Stréh et al. [1], we proposed that ChPyV VP1 binds sialylated ligands in
the same manner we described for NJPyV VP1. In this thesis, | describe the complex
structures of ChPyV VP1 with 3’-sialyl Lewis* (sLeX) pentasaccharide and two non-
sialylated oligosaccharides that bind to a novel galactosyl binding site.
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1.2.5.3 Lyon IARC polyomavirus

Lyon IARC polyomavirus (LIPyV), initially described as the 14" human polyomavirus [140],
was later found in fecal samples of diarrheic cats in Canada and China [141, 142]. A
seroreactivity study involving 152 human individuals did not detect antibodies against
LIPyV, suggesting LIPyV is a feline rather than a human polyomavirus [143]. LIPyV is
closely related to a puma polyomavirus and the tumor-associated raccoon polyomavirus
(RacPyV) with overall LTAg sequence identities of ~72% and ~65%, respectively [140].
The alphapolyomavirus also clusters with human oncogenic MCPyV, primate, and bat
polyomaviruses [77]. Its alleged human provenance and LIPyV’s relationship to at least
two oncogenic PyVs prompted its investigation. Using glycan array analysis and X-
ray crystallography, | show that LIPyV VP1 does not bind sialylated ligands but neutral
neolacto-series oligosaccharides in a recessed binding site.

1.2.5.4 Sea otter polyomavirus

The sea otter polyomavirus (SOPyV) was discovered in the bodies of deceased south-
ern sea otters (Enhydra lutris nereis) by deep sequencing nucleic acids in the tissues
of these animals. The virus was found in 51% of the 69 examined sea otter samples.
At that, it was primarily associated with spleen tissue [144]. By LTAg sequence, SOPyV
is a betapolyomavirus and related to the primate and human polyomaviruses SV40 and
BKPyV. The structural investigations of SOPyV VP1 were prompted by the conserva-
tion of TSPyV binding site residues in its sequence, coinciding with the presence of the
BKPyV binding site. | show that the sialyl binding site of BKPyV is conserved and active
in SOPyV. In contrast, the TSPyV site is mostly conserved in the SOPyV VP1 sequence
but does not engage sialyl ligands in crystallo.

1.2.5.5 Avian polyomavirus

The avian polyomavirus (APyV), species name Gammapolyomavirus avis, is a pathogen
of psittacine birds such as parrots and budgerigars [46, 47, 145]. It can distinctively
infect hosts from various species, inducing inflammatory diseases, and is the causative
agent of the French molt, which is severe in young birds and gave rise to the com-
mon virus name budgerigar fledgling disease polyomavirus (BFDPyV) [38]. It must not
be confused with the circovirus infection causing psittacine beak and feather disease
(PBFD). The structural investigation of APyV VP1 complements the studies of SOPyV
VP1. Characterizing the glycan engagement may offer insights into the virus’s vast host
range. Here, | describe the structure of APyV VP1 in terms of a prediction model.
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Figure 7: Genomic organization of the polyomaviruses in this work. Colored ar-
rows indicate the direction of gene expression. Introns are drawn as dashed lines.
Genomes correspond to the National Center for Biotechnology Information (NCBI) ref-
erence sequences NC_025259.1 (SOPyV), NC_004764.2 (APyV), NC_014743.1 (Ch-
PyV), NC_034253.1 (LIPyV), and NC_026942.1 (ShPyV).

1.2.5.6 Objectives

In this thesis, | will describe the work that led to the glycan array screening of five VP1s
from polyomaviruses found in the sea otter, chimpanzee, cat, sheep, and humans. Aims
include the characterization of viral glycan engagement, facilitated by X-ray crystallog-
raphy, to unveil host tropism factors and gain insights into viral evolution. This work
will expand the catalog of established glycan receptor candidates of polyomaviruses by
non-sialylated carbohydrates. For the sheep polyomavirus, | will describe new means to
detect the Forssman antigen, a potential biomedical marker for cancer, at a cellular level.
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Figure 9: Depiction of the h (blue) and k (red) values for the calculation of the triangulation
number of the icosahedral capsids in Figure 1 by the formula T = h? + hk + k2.
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Chapter 2: Materials & Methods

2.1 Materials

2.1.1 Instruments

Table 1: An overview of the instruments used in this work.

Instrument Purpose Manufacturer

5415 D Centrifuge Eppendorf

5418 Centrifuge Eppendorf

AKTA Basic FPLC system Cytiva

AKTAprime plus LC system Cytiva

AKTApurifier LC system Cytiva

BP11 pH meter Sartorius

Digital Sonifier Bacterial lysis Branson

Ettan LC FPLC system Cytiva

FastGene® TCO1 PCR cycler Nippon Genetics

Freedom EVO® 150 Crystallization robot Tecan Life Sciences

iCycler PCR cycler Bio-Rad

Multifuge 1 L-R Centrifuge Heraeus

Multitron Incubation shaker Infors HT

Leica MZ 16 Microscope Meyer Instruments

Milli-Q® Biocel Water purification Merck

Nanodrop ND-1000 Photometer Thermo Scientific

Neoblock 1 Heating block NeolLab

PowerPac™ Basic Power supply Bio-Rad

SmartSpec™ Plus Spectrophotometer Bio-Rad

Sorvall RC 6 Plus Centrifuge Thermo Scientific
SLC4000 Rotor Thermo Scientific
SS34 Rotor Thermo Scientific

Superdex™ 200 HiLoad 16/60
Superdex™ 200Increase 3.2/300

Thermomixer comfort

Preparative LC column
Analytical LC column
Incubation shaker

Cytiva
Cytiva
Eppendorf

Manufacturers are listed as the current brand owners.
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Materials & Methods

2.1.2 Software

Table 2: An overview of the software used in this work.

Software

Distributor/ Author

BLAST

Clustal Omega
Coot

Expasy translate

NCBI [148]

European Bioinformatics Institute
P. Emsley [149]

Swiss Institute of Bioinformatics

IQ-TREE 2 |IQ-TREE [150]

iTOL EMBL][75]

Jalview University of Dundee

Lalign EBI[151]

xdIMAPMAN G.J. Kleywegt & T.A. Jones [152]
MUSCLE European Bioinformatics Institute[151]
Phaser CCP4 [153]

Phenix Phenix development group [154, 155]
Protcalc sourceforge.net

PyMOL Schrédinger

Refmac5 CCP4 [156]

SeaView 5 PRABI-Doua [157]

UCSF ChimeraX RBVI [158]

XDS W. Kabsch [159]

2.1.3 Consumables

Table 3: An overview of the consumables used in this work.

Consumable Manufacturer
Amicon® Ultra-15 centrifugal filter Merck
CELLSTAR® 24-well plate Greiner Bio-One
Centrifugal filters (0.22 um) Corning

Crystal screens 1 & 2 Hampton Research
Intelli-Plate 96-2 Original Art Robbins
MF-Millipore™ Membrane Filter, 0.22 um pore size ~ Merck

MicroAmp™ PCR reaction tubes

Applied Biosystems
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2.1 Materials

Table 3: An overview of the consumables used in this work (cont.).

Consumable

Manufacturer

Morpheus crystal screen
PEG/Ion Screens 1 & 2

Pipet tips

Reaction tubes

Syringe filters

Syringes

VIEWSEAL 96-well plate seals
Wizard® Plus SV Minipreps kit
Wizard I-1V crystal screens

Molecular Dimensions
Hampton Research
Nerbe Plus

Greiner Bio-One
VWR

Greiner Bio-One
Greiner Bio-One
Promega

Jena Bioscience

2.1.4 Chemicals

Table 4: An overview of the chemicals used in this work.

Chemical Manufacturer
2-O-Methyl-a-D-N-acetylneuraminic acid Sigma-Aldrich
Acetic acid, glacial Roth
Acrylamide/Bis solution (Rotiphorese® Gel 30) Roth
Ammonium chloride Roth
Ammonium persulfate Roth

Boric acid Sigma-Aldrich
cOmplete™ protease inhibitor cocktail Roche

D>O Cortecnet
dNTP (10 mM mix) Sigma-Aldrich
Glycerol Roth

HEPES Roth
Imidazole Roth
InstantBlue® Abcam
Isopropanol Sigma-Aldrich
Lactose Sigma-Aldrich
LB broth (Miller) Sigma-Aldrich
Polyethylene glycol 3350 Sigma-Aldrich
Polyethylene glycol 8000 Sigma-Aldrich

Continues on next page
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Table 4: An overview of the chemicals used in this work (cont.).

Chemical

Manufacturer

Potassium phosphate dibasic

Potassium phosphate monobasic

ReadyBlue™

Running buffer (Rotiphorese® 10x SDS-PAGE)

Sodium acetate

Sodium cyanoborohydride
Sodium dodecyl sulfate (SDS)
Sodium chloride

Sodium sulfate

Sodium tetraborate decahydrate
Tetramethylethylenediamine (TEMED)

Trizma (base or hydrochloride)

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Roth

Sigma-Aldrich
Roth

Sigma-Aldrich
Roth

Sigma-Aldrich

2.1.5 Biochemicals and biological products

Table 5: An overview of the biochemicals and biological products used in this work.

Biochemical or biological product Manufacturer/Vendor
Bovine serum albumin (BSA) Sigma-Aldrich

TEV protease Lab-made

Thrombin Cytiva

BamHI NEB

Ncol NEB

Ndel NEB

Bovine blood (defibrinated)
Sheep blood (defibrinated)
Sheep blood (defibrinated)

Human reference cells A1A2BO

bioTRADING Benelux B.V.
bioTRADING Benelux B.V.
TCS Biosciences
Immucor

The certified vendors of biological products guaranteed animal well-being.

The human blood was donated for scientific purposes.
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2.1 Materials

2.1.6 Oligosaccharides

Table 6: An overview of the oligosaccharides used in this work.

Oligosaccharide Manufacturer
3’-Sialyl Lewis X pentasaccharide Biosynth
Blood group H antigen triaose type 2 Elicityl
Forssman pentaose Biosynth
Forssman triaose Elicityl

GD3 oligosaccharide Sigma-Aldrich
Globo-N-tetraose Biosynth
Globotriose Biosynth
Galactotetraose (Gal4) Dextra UK
N-acetyllactosamine Elicityl
Para-lacto-N-neohexaose Biosynth

2.1.7 Buffers

Table 7: An overview of the buffers used in this work.

Buffer Composition

Anis TrispH 7.5 50 mM
NaCl 250 mM
Imidazole 20 mM
Glycerol 5% (w/v)

Bhis TrispH 7.5 50 mM
NaCl 250 mM
Imidazole 500 mM
Glycerol 5% (w/v)

Dialysis buffer TrispH 7.5 20 mM
NaCl 150 mM
Glycerol 5%

Continues on next page
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Materials & Methods

Table 7: An overview of the biochemicals used in this work (cont.).

Buffer Composition
Lysis buffer Anis supplemented with
Urea 500 mM
Triton-X100 1%
cOmplete™ protease inhibitor 1 tablet (optional)
SEC buffer HEPES pH 7.5 20 mM
NaCl 150 mM
Acetate buffer pH 4 (10 mM) Sodium acetate 2.27 mM
Acetic acid 7.73 mM
Borate buffer pH 8.5 (400 mM) Sodium tetraborate (Na>B40O7) 96 mM
Boric Acid (H3BO3) 304 mM
SPR buffer HEPES pH 7.4 20 mM
NaCl 150 mM
Polysorbate 20 0.005%
SDS-PAGE sample buffer (4x)  Tris-HCI pH 6.8 200 mM
Glycerol 40% (v/v)

Buffers used in FPLC chromatography and surface plasmon resonance (SPR)

analyses were sterile filtered and subsequently degassed.
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2.1 Materials

2.1.8 Sequences

DNA sequences are displayed from 3’- to 5’-ends with the restriction sites printed in red
and the stop codon in blue. The start codon is highlighted by underlining. Translated
protein sequences are displayed from N- to C-termini with the protease sites printed
in bold green (TEV) or bold purple (Thrombin) and C->S mutations highlighted yellow.
Residue numbers refer to the native sequences omitting the initial methionine.

2.1.8.1 Lyon IARC polyomavirus VP1

The gene of Lyon IARC polyomavirus (LIPyV) VP1 was codon-optimized for expression
in Escherichia coli (E. coli) and cloned into the pET-15b vector (Novagen) using the
restriction sites of Ncol and BamHI as ordered from General Biosystems, Inc. Following
a His6-tag and TEV protease site, the synthetic gene encodes the canonical amino acids
43-325 of the LIPyV VP1 with a C121S mutation.

DNA CCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCGAGAATCTTTATTTTCAG
GGCAGCCATATGGGCGGCATTGAAGTGCTGGAAACCGTGAGCGGCCCGGATAGCATTACCCAG
ATTGAACTGTTTCTGCAGCCGCGCATGGGCGTGAACACCTATGATATTGAACGCTATAGCAACT
GGTATGGCTATAGCTATGAATTTCATCCGAAAGATGTGAACGATGTGCCGAGCCCGGAAACCCT
GCCGAGCTATGCGGCGGCGCGCGTGCCGCTGCCGCCGCTGAACGAAGATATGACCAGCAACAT
GATTATGATGTGGGAAGCGGTGAGCGTGAAAACCGAAGTGATTGGCATTAACACCCTGATTAA
CGTGCATAAAGAAAAACAGCTGGAAATTCCGCAGTATGGCGAACATGCGGCGGGCATTCCGAT
TCAGGGCCCGAACTATCATTTCTTTAGCATTGGCGGCGAACCGCTGGATCTGCAGGGCATTGTG
GCGGATTATCGCACCATGTATCCGGAAGGCGAAAACAAACCGGTGAACATTAAAACCGTGACC
AAAACCCCGATGACCCCGAAAAACCAGGGCATGGACCCGACCGCGAAAACCAAACTGCTGAAA
GATGGCTATTATCCGATTGAAATTTGGTGCCCGGACCCGAGCCGCAACGAAAACACCCGCTATT
TTGGCAGCTTTACCGGCGGCACCGATACCCCGCCGGTGCTGCAGTTTACCAACACCCTGACCAC
CGTGCTGCTGGATGAAAACGGCATTGGCCCGCTGTGCAAAGCGGATGGCCTGTTTGTGGCGGCG
GCGGATATTTGCGGCTTCTTTCATCAGGCGAGCGGCATGCGCTATCGCGGCCTGCCGCGCTATT
TTAACGTGACCCTGCGCAAACGCTGGGTGAAAAACTAGGGATCC

Protein MGSSHHHHHHSSGENLYFQGSHMGGIEVLETVSGPDSITQIELFLQPRMGVNTYDIERYSN
WYGYSYEFHPKDVNDVPSPETLPSYAAARVPLPPLNEDMTSNMIMMWEAVSVKTEVIGINTLINVHKEK
QLEIPQYGEHAAGIPIQGPNYHFFSIGGEPLDLQGIVADYRTMYPEGENKPVNIKTVTKTPMTPKNQGMD
PTAKTKLLKDGYYPIEIWCPDPSRNENTRYFGSFTGGTDTPPVLQFTNTLTTVLLDENGIGPLCKADGLFV
AAADICGFFHQASGMRYRGLPRYFNVTLRKRWVKN
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2.1.8.2 Sea otter polyomavirus VP1

The gene of sea otter polyomavirus (SOPyV) VP1 was codon-optimized for expression
in E. coli and cloned into the pET-15b vector (Novagen) using the restriction sites of Ncol
and BamHI as ordered from General Biosystems, Inc. Following a His6-tag and Tobacco
Etch Virus (TEV) protease site, the gene encodes for the canonical amino acids 19-288
of SOPyV VP1 with a C95S mutation.

DNA CCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCGAGAATCTTTATTTTCAG
GGCAGCCATATGGGCGGCATTGAAGTGCTGGAAGTGCGCAGCGGCCCGGAAAGCACCGTGGAA
ATTGAACTGTATCTGAACCCGCACATGGGCGCGCCGGAAGATAGCGGCCATCTGTATGGCTTTA
GCAACCAGGTGACCCTGAAAGAAGATTTTGGCGATGATACCCCGAACAAAGAAGAACTGCCGA
AATATAGCTGCGCGCGCGTGCCGCTGCCGATGCTGAACGAAGATCTGACCAGCGAGAAGCTGC
TGATGTGGGAAGCGTATACCTGCAAAACCGAAGTGCTGGGCATTAACATTCTGTGCGATGTGC
ATAGCGGCGGCCAGCGCGTGGGCACCAGCGGCATTGGCAACCCGGTGACCGGCATTAACTTTC
ACATGTTTGCGGTGGGCGGCGAACCGCTGGATCTTCAGGGCATTGCGTTTAACTATCGCACCCG
CTATCCGAGCGGCACCATTGGCCCGAGCGGCATGACCCAGAAAAGCCAGGGCCTGGACCCGAA
ACATAAAGCGAAACTGGATAAAGATAACGCGTATCCGGTGGAATGCTGGATTCCGGACCCGAG
CCGCAACGAAAACACCCGCTATTTTGGCAGCTATACCGGCGGCGATAGCACCCCGCCGGTGCTT
CAGTTTACCAACACCGTGAGCACCGTGCTGCTGGATGAACATGGCGTGGGCCCGCTGTGCAAA
GGCGATGGCCTGTATCTGGCGTGCGCGGATATTGTGGGCTTTTATCGCAACAAAAGCAGCACCA
TGCAGTTTCGCGGCCTGCCGCGCTATTTTAAAGTGGGCCTGCGCAAACGCTGGGTGAAGAACTA
GGGATCC

Protein MGSSHHHHHHSSGENLYFQGSHMGGIEVLEVRSGPESTVEIELYLNPHMGAPEDSGHLYG
FSNQVTLKEDFGDDTPNKEELPKYSCARVPLPMLNEDLTSEKLLMWEAYTCKTEVLGINILCDVHSGGQ
RVGTSGIGNPVTGINFHMFAVGGEPLDLQGIAFNYRTRYPSGTIGPSGMTQKSQGLDPKHKAKLDKDNA
YPVECWIPDPSRNENTRYFGSYTGGDSTPPVLQFTNTVSTVLLDEHGVGPLCKGDGLYLACADIVGFYR
NKSSTMQFRGLPRYFKVGLRKRWVKN
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2.1.8.3 Avian polyomavirus VP1

The synthetic gene of avian polyomavirus (APyV) VP1 was codon-optimized for expres-
sion in E. coli and cloned into the pET-15b vector (Novagen) using the restriction sites
of Ncol and BamHI as ordered from General Biosystems, Inc. Following a His6-tag and
TEV protease site, the gene encodes for the canonical amino acids 21-287 of APyV VP1
with a C91S mutation.

DNA CCATGGGCAGCAGTCATCATCATCATCACCATAGCAGCGGTGAAAATCTGTATTTTCAG
GGCAGCCATATGGGTGGTATTGAAGTTCTGGATGTGAAAAGTGGCCCGGATAGCATTACCACCA
TTGAAGCCTATCTGCAGCCGCGTCCGGGTCAGAAAAATGGCTATAGCACCGTTATTACCGTTCA
GGCAGAAGGCTATCAGGATGCCCCGCATAGTACCGAAGTTCCGTGTTATAGCTGTGCCCGTATT
CCGCTGCCGACCATTAATGATGATATTACCAGCCCGACCCTGCTGATGTGGGAAGCAGTGAGTG
TGAAAACCGAAGTTGTGGGCGTGAGCAGCATTCTGAATATGCATAGCGGTGCATTTCGCGCCTT
TAATGGCTATGGTGGTGGTTTTACCATTTGTGGTCCGCGTATTCATTTCTTTAGTGTGGGTGGCG
AACCGCTGGATCTGCAGGCCTGCATGCAGAATAGTAAAACCGTTTATCCGGCACCGCTGATTGG
TCCGGGTGAAGGTGAACGCCGTGAAACCGCACAGGTGCTGGATACCGGTTATAAAGCCCGTCTG
GATAAAGATGGTCTGTATCCGATTGAATGTTGGTGCCCGGACCCTGCCAAAAATGAAAATACCC
GTTATTATGGTAACCTGACCGGCGGTCCGGAAACCCCGCCGGTTCTGGCTTTTACCAATACCACC
ACCACCATTCTGCTGGATGAAAATGGCGTGGGTCCGCTGTGCAAAGGCGATGGCCTGTTTCTGA
GCGCCGCCGATGTTGCCGGCACCTATGTGGATCAGCGCGGTCGCCAGTATTGGCGTGGTCTGCC
GCGTTATTTTAGCATTCAGCTGCGCAAACGTAATGTTCGCAATTAAGGATCC

Protein MGSSHHHHHHSSGENLYFQGSHMGGIEVLDVKSGPDSITTIEAYLQPRPGQKNGYSTVITV
QAEGYQDAPHSTEVPCYSCARIPLPTINDDITSPTLLMWEAVSVKTEVVGVSSILNMHSGAFRAFNGYG
GGFTICGPRIHFFSVGGEPLDLQACMQNSKTVYPAPLIGPGEGERRETAQVLDTGYKARLDKDGLYPIEC
WCPDPAKNENTRYYGNLTGGPETPPVLAFTNTTTTILLDENGVGPLCKGDGLFLSAADVAGTYVDQRG
RQYWRGLPRYFSIQLRKRNVRN
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2.1.8.4 Chimpanzee polyomavirus VP1

The gene of chimpanzee polyomavirus (ChPyV) VP1 was cloned into the pET-15b vector
(Novagen) using the restriction sites of Ndel and BamHI| and was already available at
the beginning of this work. Following a His6-tag and thrombin protease site, the gene
encodes for the canonical amino acids 36—323 of ChPyV VP1 with a C114S mutation.

DNA CCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCGAGAATCTTTATTTTCAG
GGCAGCCATATGGGCGGCATTGAAGTGCTGGAAGTGCGCAGCGGCCCGGAAAGCACCGTGGAA
ATTGAACTGTATCTGAACCCGCACATGGGCGCGCCGGAAGATAGCGGCCATCTGTATGGCTTTA
GCAACCAGGTGACCCTGAAAGAAGATTTTGGCGATGATACCCCGAACAAAGAAGAACTGCCGA
AATATAGCTGCGCGCGCGTGCCGCTGCCGATGCTGAACGAAGATCTGACCAGCGAGAAGCTGCT
GATGTGGGAAGCGTATACCTGCAAAACCGAAGTGCTGGGCATTAACATTCTGTGCGATGTGCAT
AGCGGCGGCCAGCGCGTGGGCACCAGCGGCATTGGCAACCCGGTGACCGGCATTAACTTTCACA
TGTTTGCGGTGGGCGGCGAACCGCTGGATCTTCAGGGCATTGCGTTTAACTATCGCACCCGCTAT
CCGAGCGGCACCATTGGCCCGAGCGGCATGACCCAGAAAAGCCAGGGCCTGGACCCGAAACAT
AAAGCGAAACTGGATAAAGATAACGCGTATCCGGTGGAATGCTGGATTCCGGACCCGAGCCGC
AACGAAAACACCCGCTATTTTGGCAGCTATACCGGCGGCGATAGCACCCCGCCGGTGCTTCAGT
TTACCAACACCGTGAGCACCGTGCTGCTGGATGAACATGGCGTGGGCCCGCTGTGCAAAGGCGA
TGGCCTGTATCTGGCGTGCGCGGATATTGTGGGCTTTTATCGCAACAAAAGCAGCACCATGCAG
TTTCGCGGCCTGCCGCGCTATTTTAAGATCC?

Protein MGSSHHHHHHSSGLVPRGSHMGGVEVLNIITGPDSTTEIELYLEPRMGINSPTGDKKEWYG
YSEVIHHADGYDNNLLSIQMPQYSCARVQLPMLNTDMTSDTLMMWEAVSCKTEIVGIGSLISVHLLEAKM
AAKEGGDGPSQPIEGMNYHMFAVGGEPLDLQGIESNALTKYASAIPPKTIHPNDIAKLAEEEKPQLQGLV
PKAKARLDKDGFYPIEEWSPDPSRNENSRYFGSFVGGLNTPPNLQFTNAVTTVLLDENGVGPLCKGDG
LFVSAADICGVMVKADNEAIRYRGLPRYFKVTLRKRAVKN

3The initial G nucleoside of the BamHI site was lost during cloning. Yet, this does not affect protein
synthesis as it succeeds the stop codon.
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2.1.8.5 Sheep polyomavirus VP1

The synthetic gene of sheep polyomavirus (ShPyV) VP1, codon-optimized for expression
in E. coli and cloned between the restrictions sites of Ndel and BamHI into the pET-15b
vector (Novagen), was manufactured by GenScript and already available at the beginning
of this work. Following a His6-tag and a thrombin protease site, the gene encodes for
the canonical amino acids 20—291 of ShPyV VP1 with a C95S mutation highlighted in
yellow.

DNA CCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGC
CATATGGGCGGCATCGAAGTTCTGGCGGTGCGTACCGGCCCGGACAGCATTACCGAGATTGAAG
CGTACCTGAACCCGCGTATGGGTCAACCGCAGAACGAGGACTTCTACGGCTTTAGCGATAACGT
GACCGTTAGCGACGATTTCGGTAGCGACGCTCCGCCGTGGAAGCAGTTTCCGTGCTATAGCACC
GCGCGTATCAGCCTGCCGATGCTGAACCAAGACATGACCAGCGATACCATCCTGATGTGGGAGG
CGATTAGCTGCCGTACCGAAGTGATGGGCGTTAACATGCTGACCAACGTGCACAGCGCGCAAAA
ACGTGTTTACGAGAACGATCGTGAAGGTACCGGCATCGGTGTTGAGGGCATGGGTTATCACATG
TTCGCGATTGGTGGCGAGCCGCTGGAACTGCAGTTCATGGTGTTTAACCATCGTGCGACCTACCC
GGCGGAAGCGACCGTGATTAAGAACCCGGGTGCGAGCAGCCAAGTTTTCGACCCGAACCTGAA
AGGCACCCTGACCGCGGATGGTGTGTTTCCGGTTGAGGCGTGGGGTCCGGACCCGTTCAAGAAC
GAAAACACCCGTTACTTTGGCCAGTATACCGGTGGCACCCAAACCCCGCCGGTGCTGACCTTCA
CCAACACCCAGACCACCATCCTGCTGGATGAAAACGGCGTTGGTCCGCTGTGCAAAGGCGACGG
TCTGTTTCTGAGCTGCGCGGATATTGTGGGTTTCTTTACCCAACACAACAAGAAAATGAGCTTCC
GTGGTCTGCCGCGCTACTTCCGTGTGACCCTGCGTAAACGTGTTGTGAAAAATTAAGGATCC

Protein MGSSHHHHHHSSGLVPRGSHMGGIEVLAVRTGPDSITEIEAYLNPRMGQPQNEDFYGFSD
NVTVSDDFGSDAPPWKQFPCYSTARISLPMLNQDMTSDTILMWEAISCRTEVMGVNMLTNVHSAQKRV
YENDREGTGIGVEGMGYHMFAIGGEPLELQFMVFNHRATYPAEATVIKNPGASSQVFDPNLKGTLTADG
VFPVEAWGPDPFKNENTRYFGQYTGGTQTPPVLTFTNTQTTILLDENGVGPLCKGDGLFLSCADIVGFF
TQHNKKMSFRGLPRYFRVTLRKRVVKN
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2.2 Methods

2.2.1 Computational biology
2.2.1.1 Multiple sequence alignments

To calculate multiple sequences alignments (MSAs), sequences of nucleic acids or pro-
teins were gathered from online data bank resources, e.g., GenBank or RefSeq [160,
161], and subjected to the MUSCLE web server with default parameters [162]. In case
these MSAs were used to calculate phylogenetic trees, hyper-variable sequence re-
gions within the alignments were discarded using Gblocks [163] implemented in SeaView
5[157].

2.2.1.2 Phylogenetic trees

Unrooted maximume-likelihood trees to display phylogenetic relationships between species
were inferred by subjecting the prepared MSAs to the IQ-TREE 2 software [150]. Within
IQ-TREE 2, the best-fitting model was selected according to the Bayesian Information
Criterion by the ModelFinder algorithm [164]. Branch support values were approximated
by deploying 1000 iterations of the ultrafast bootstrap method UFBoot2 [165]. For visu-
alization, iTOL version 5 was used [75].

2.2.1.3 Structure prediction

To predict the 3D structure of avian polyomavirus (APyV), AlphaFold2 implemented in
Google ColLab was used [166, 167]. As the query, the monomeric protein sequence of
APyV VP1 was used from residue 21 [GGIEVL...] to residue 287 [...KRNVRN], cor-
responding to the canonical sequence in the protein expression construct (see Se-
quence 2.1.8.3). The top-ranked predicted structure was relaxed using the Amber force
field [168, 169]. For the prediction, no template information was used. For the MSA and
pairing mode, the options "mmseqgs2_uniref_env" and "unpaired_paired" were chosen,
respectively. In the advanced settings, all options were left default using a single seed
to sample predictions. As such, the APyV VP1 structure prediction was conducted three
times.
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2.2.2 Molecular biology
2.2.2.1 Mutagenesis

Site-directed mutagenesis was performed using the "quick change" polymerase chain
reaction (PCR) protocol (see Table 8). Therein, parental template DNA and a comple-
mentary primer pair containing the desired mutation were used to produce linearized
DNA. After completion, the (methylated) template DNA was digested by adding 1 pL of
Dpnl (incubation at 37 °C for an hour). The linear PCR product could directly be trans-
formed into E. coli strains such as DH5a or XL-1 Blue.

Table 8: The site-directed mutagenesis protocol.

Temperature (°C) Duration (s) No. of cycles

Initial denaturation 94 120 1
Denaturation 94 50

Annealing 58-67 60 18
Extention 72 390

Final extension 72 600 1
Cooling 4 indefinite N/A

2.2.2.2 Transformation

For the transformation of PCR product (e.g., from site-directed mutagenesis) or isolated
plasmids, 5 pL and ~100 ng of DNA, respectively, were added to freshly thawed aliquots
of competent E. coli, followed by incubation on ice for 30 min. After a temperature shift
to 42 °C for not more than a minute (heat shock’), the bacteria were incubated on ice
for another 5 minutes. Subsequently, 950 pL of room temperature Lysogeny broth (LB)
medium was added. To establish the vector-encoded antibiotic resistance, the trans-
formation sample was incubated at 37 °C for an hour. Lastly, the transformed bacteria
(150—200 pL) were plated on LB-agar plates containing the appropriate antibiotic (here,
100 pg/mL ampicillin or 50 pg/mL kanamycin). In the case of successful transformation,
colonies of E. coli grew at 37 °C overnight.

2.2.2.3 Plasmid isolation

To isolate plasmids, single colonies of transformed E. coli were cultivated in 5 mL of lig-
uid LB-antibiotic medium at 37 °C overnight. Then, bacterial cells were separated from
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the supernatant by centrifugal sedimentation (5000 rpm for 10 minutes). Subsequently,
the plasmid isolation was performed following the manufacturer’s protocol (Promega Wiz-
ard® Plus SV or Invitrogen PureLink™). In the last step, the plasmid DNA was recovered
from the spin column by elution with 50 pL of nuclease-free water.

2.2.3 Protein preparation
2.2.3.1 Expression

Overnight cultures of 10—15 mL LB containing the appropriate antibiotic were inoculated
with single-picked colonies of transformed BL21 (DE3) E. coli and incubated overnight
at 37 °C and 120 rpm. For expression, overnight cultures were diluted 1:100 in the same
medium and incubated at 37 °C and 95 rpm until an optical density at 600 nm (ODggg)
of 0.7—-1 was reached (SmartSpec plus, BioRad). Subsequently, the temperature was
shifted to 20 °C before the induction of protein expression by the addition of 0.4 mM
IPTG. The expression was incubated overnight until extraction.

2.2.3.2 Extraction

After incubation, the expression culture was centrifuged at 7000 rpm and 4 °C for 20 min-
utes (Sorvall RC 6 Plus with an SLC4000 rotor) to sediment the bacterial cells. Following
a thorough resuspension in lysis buffer (see Table 7), the protein was released from the
bacteria by sonication (Digital Sonifier, Branson) under cooling in an ice bath. The solu-
ble fraction containing the target protein was recovered in the supernatant by a second
centrifugation run at 17,000 rpm and 4 °C for 60 minutes (SS34 rotor).

2.2.3.3 IMAC

Immobilized metal ion affinity chromatography (IMAC) purification is based on the chem-
ical interactions between metal ions embedded into the column resin material, here
Nickel>*-NTA, and the hexahistidine-tag of the protein. In this work, the cleared pro-
tein extracts were loaded onto 5 mL HisTrap FF crude columns (Cytiva), applying a flow
of 1—2 mL/min via Akta prime chromatography systems (Cytiva). Undesired protein was
removed from the column by a continuous flow (1—2 mL/min) of Buffer Anis and a subse-
quent wash with 10-25 % of Buffer By;s until the absorbance reached baseline. Elution
of the target protein was carried out using 60 % Byis (300 mM imidazole) at 1 mL/min
while collecting fractions of 2 mL. Columns were regenerated by purging with 100 % Bpjs
and ddHO. Fractions of interest were analyzed via SDS-PAGE (see 2.2.3.7).
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2.2.3.4 SEC

The size exclusion chromatography (SEC), at times also referred to as gel filtration, is a
method to separate molecules by their hydrodynamic radii. The accessible portion of the
total column volume (CV) decreases with molecule size, and large proteins elute earlier
than smaller ones. For analytical SEC, Superdex 200 Increase 3.2/300 columns (Cytiva)
were used in an Akta Ettan system (Cytiva) with SEC buffer (see Table 7) applying a flow
of 0.55 mL/min. For preparative SEC, a Superdex 200 Hiload 16/60 column (Cytiva) was
used in an Akta Basic system (Cytiva), using the same buffers and a flow of 1 mL/min.
Fractions were collected between 40—120 mL, and the eluted protein was analyzed via
SDS-PAGE (see section 2.2.3.7).

2.2.3.5 Site-directed protein digest

To remove the N-terminal affinity tags from the recombinantly expressed VP1 proteins,
thrombin or Tobacco Etch Virus (TEV) protease was used. Thrombin was used with
10 U/mg of protein in concentrations of 1 mg/mL or higher and with 30 U/mg for more
dilute protein solutions. TEV protease was used with 1-3 mg per digest (comprising
50-150 mg of VP1). Incubation was carried out at room temperature in the dark on an
orbital shaker. Samples of the protein digest were taken at various times for analysis via
SDS-PAGE (see section 2.2.3.7).

2.2.3.6 Determination of protein concentration

To measure protein concentrations, a Nanodrop ND-1000 spectrophotometer (Thermo
Scientific) was used. After blanking the device with the respective buffer solution, the
concentration of a protein was determined using its extinction coefficient and molecular
mass. The applied sample volume was 2 pL.

2.2.3.7 SDS-PAGE

For analysis via sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
protein samples were diluted 1:3 in SDS-PAGE sample buffer (see Table 7) and dena-
tured at 95 °C for 5-10 min. In cases of substantial precipitation, the samples were
centrifuged for 1 min at 16,100 g. After loading into the gels, the samples were sepa-
rated in the running buffer (1x Rotiphorese®, Sigma-Aldrich) by electrophoresis (180V
for 60 minutes). Lastly, the gels were stained in InstantBlue® (Abcam) or ReadyBlue™
(Sigma-Aldrich) for at least 15 minutes.
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Table 9: Composition of the SDS-PAGE gels.

Compound Separating gel (12% V/V) Stacking gel (4% V/V)
H-O 5.0 mL 6.1 mL

1.5 M Tris/HCI pH 8.8 3.75 mL -

1.5 M Tris/HCI pH 6.8 - 2.5 mL

10% SDS 150 pL 100 pL

TEMED 7.5 uL 10 pL

Acrylamide/Bis solution 6.0 mL 1.3 mL

10% APS 150 pL 100 pL

APS was used from freshly thawed aliquots.

2.2.4 Crystallization
2.2.4.1 Robotic screens

To screen for suitable crystallization conditions, the purified VP1s were subjected to com-
mercial crystal screens?. Initially, the VP1s were concentrated to 3—15 mg/mL and sterile
filtered before pipetting by the Freedom Evo (Tecan) or Gryphon (ARI) robots. Using 96-
well sitting drop plates (Intelli-Plate 96, ARI), the protein and mother liquor (ML) were
mixed in a 1:1 ratio, applying 200 nL and 300 nL of each solution using the Tecan and
ARI robots, respectively. After sealing the plates, the drops were equilibrated against a
reservoir of 50 pL of pure ML at 4 °C or 20 °C. The crystallization was monitored over
days to weeks by visual inspection of the drops.

2.2.4.2 Fine screening and crystal seeding

If positive results from the initial robotic screens occurred, the respective crystallization
conditions were manually refined by a two-dimensional fine screening of the salt and
precipitant concentrations. Where applicable, the pH was altered as a third dimension.
In each case, the conditions were reached using concentrated stocks of the constituent
solutions. In 24-well hanging drop plates (Greiner Bio-One), the protein and ML were
manually mixed in varying ratios, resulting in drop volumes of 1-3 uL. To promote crys-
tal growth, the drops were inoculated with different dilutions of a crystallization seed
(50—-200 nL), which was produced from the freeze-thawing of crystals harvested from
older screens.

4A library of crystallization screens was purchased from Hampton Research, Molecular Dimensions, and
Jena Biosciences (see Consumables).
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2.2.5 X-ray crystallography
2.2.5.1 Data collection and reduction

The X-ray diffraction data of protein crystals presented in this work were collected at the
SLS synchrotron at the Paul Scherrer Institute in Villigen, Switzerland. The frozen crys-
tals were aligned with the photon beam and exposed to the radiation for 0.1 s and a ro-
tation of 0.1°per image. A data set comprised a full rotation, resulting in 3600 diffraction
images. In cases where the crystal space group was triclinic (P1), a second complete
rotation data set was recorded from another angle and later merged with the first to en-
sure the completeness of measured reflections. To convert the X-ray diffraction images
into a list of distinct reflexes with intensities and standard deviations ("data reduction"),
XDS software was used [159]. Resolution limits were determined manually based on the
data precision indicators signal-to-noise ratio (l/cl), Rmeas, and CCy, [170-172]. Data
quality was assessed as a function of the diffraction images, and images with subpar
quality were excluded from the data sets. To convert the reflection-intensity data in the
format required by structure determination software (see the following two paragraphs),
XDSCONV was used [159]. Therein, XDSCONYV also incorporated test reflection labels
(~2000-3000 reflections) required for the calculation of the Ryee value [173].

2.2.5.2 Molecular replacement

To solve the X-ray crystal structure of a VP1 pentamer, a search model comprising the
single pentameric structure of the closest structurally characterized relative was used for
molecular replacement. In this work, the search models for the SOPyV, ChPyV, and
LIPyV VP1s were derived from the PDB entries of BKPyV VP1 (4MJ1), NJPyV VP1
(6Y5X), and MCPyV VP1 (4FMG). For the X-ray structures of complexed ShPyV VP1,
the search model was taken from the unliganded VP1 pentamer (6Y61). For molecular
replacement, Phaser crystallographic software implemented in the CCP4 software suite
was used [153, 174]. First, the content of the crystallographic unit cell was calculated
using Matthews’ method [175]. The calculated solvent content and model copy number
were entered into the Phaser graphical user interface. During the initial placement of
the search model, which translates and rotates the structure towards the correct position
and orientation within the experimental unit cell, the calculation resolution was lowered,
for instance, to 3.5-5 A. After placement and assessment of the evaluation parameters,
the top-scoring solution was extended to the full resolution of the data set, providing
coordinates and structure factors for further model and phase refinement.
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2.2.5.3 Structure factor refinement and model building

Following molecular replacement, the resulting coordinates were used together with the
initial diffraction amplitudes from data reduction to refine structure factors (F) and calcu-
late their real-space Fourier transform, the electron density map, in Refmac5 [176]. Dur-
ing the refinement process in Refmac5, the atomic positions in the model are adjusted
employing a maximum-likelihood method to align the calculated (calc) structure factors
with the observed (obs) data [156]. After that, the model coordinates were adjusted using
the Coot model building tool [149]. Subsequently, structure factor refinement and model
building were performed alternately until the evaluation parameters, i.e., the R-factors
(R= %), converged. By excluding certain reflections from the refinement pro-

cess (see section 2.2.5.1), two independent R-factors for the working set (Rwork) and the
test set (Ryee) could be calculated.

2.2.6 Characterization of protein-ligand interactions
2.2.6.1 Glycan array screening

All glycan array screening experiments were performed by our collaborators at the Gly-
cosciences Laboratory of the Imperial College, London. For the protocol, please refer to
Rustmeier et al. [2]. For further reading, see Liu et al. [177] and Palma et al. [178].

2.2.6.2 Saturation transfer difference NMR

The saturation transfer difference (STD) nuclear magnetic resonance (NMR) method
was used in Rustmeier et al. [2] attached to this work. For the exact protocols, please
refer to the respective Methods section. Briefly summarized, STD NMR can unveil in-
teractions between proteins and ligands in solution with dissociation constants between
103-10® M [179], which is particularly feasible for protein-carbohydrate complexes. We
performed our experiments using micromolar concentrations of VP1 and low millimolar
concentrations of glycan ligands at room temperature. In the case of binding, the STD
spectrum allows the mapping of the glycan epitope interacting with the protein surface.

2.2.6.3 Determination of the crystallographic dissociation constant

To approximate a thermodynamic dissociation constant (Kd) between the ShPyV major
capsid protein and Forssman pentaose (Fp), VP1 crystals were grown as described in
Rustmeier et al. [2] and derivatized with a dilution series of Fp similar to the protocols
described in Stehle & Harrison [62], Stréh et al. [93], and Buch et al. [90]. The reference
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soaking solution (10 mM Fp in 150 mM KSCN, 20 % (w/v) PEG 3350 and 20 % (v/v)
MPD) was diluted in 1:2 steps to a final concentration of 0.0195 mM. For the derivati-
zation at the different Fp concentrations, the VP1 crystals were soaked in parallel for
30 minutes. A separate crystal without Fp for determining the null value was prepared
accordingly. Data collection was performed as described in Rustmeier et al. [2]. For
processing, the unit cell constants of all data sets were treated as isomorphous. All in-
tensities were scaled against the 10 mM Fp reference data set using Scaleit [180]. A
single molecular replacement structure solution was sufficient for all data sets. Atomic
coordinates of VP1 lacking water and carbohydrate atoms and a control tripeptide (amino
acids 143-145) in all ten individual chains were used for simulated annealing refinement
using standard parameters in Phenix refine [155]. The resulting bias-reduced positive
Fo-Fc electron densities were integrated within 1 A around the terminal trisaccharide
(GalNAca1-3GalNAcB1-3Gala) of the refined Fp model and the control tripeptide of VP1,
respectively, for all chains in each data set using the software xdIMAPMAN [152]. The
electron density integrals were plotted against the ligand concentrations using R [181].
The data was interpreted using the R library drc’s [182] Michaelis-Menten fit that con-
forms to the following equation:

c
Kd.+c

€ = emax * (2.1)
Here, the integrated electron densities (e) are a function of the Fp concentration c. The
parameters Kdc and emax represent the crystallographic dissociation constant and the
asymptote of the density integrals, respectively.

2.2.6.4 Carbohydrate-BSA coupling

For the kinetic characterization of protein-ligand interactions, carbohydrate chains were
coupled to BSA to prepare a ligand to be immobilized onto a surface plasmon reso-
nance (SPR) chip surface. To covalently link the reducing ends of oligosaccharides to the
lysine sidechains of bovine serum albumine (BSA), reductive amination was performed.
The reaction proceeded in batch buffered with alkaline borate (pH 8.5), where the pri-
mary amine of the lysine residue reacted with the open aldehyde of the oligosaccharide
to form an intermediate hemiaminal, which converted to an imine via the (reversible)
dissociation of a water molecule. This process was facilitated by 500 mM of Na>SQOy,
shifting the equilibrium towards the product. Subsequently, the double bond of the imine
was reduced to an amine the reducing agent sodium cyanoborohydride (NaBH3CN).
This procedure was adapted from Gildersleeve et al. [183], who suggest the usage of
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30 equivalents of oligosaccharide to protein. The incubation (96 hours at 54 °C) was
carried out in a PCR thermal cycler with lid heating to prevent condensation. The exact
batch composition is minuted in Table 10. After 96 h, the reaction was quenched on ice.
Subsequently, the reaction mixture was applied to analytical SEC (see Methods, section
2.2.3.4) for purification of the carbohydrate-coupled BSA and buffer exchange to 20 mM
HEPES, pH 7.4 + 20 mM NaCl.

Table 10: Composition of the reductive amination batch reaction.

Compound Amount (uL)

H.O 4.7
Na>SO4 (2 M) 5.6
Sodium borate buffer pH 8.5 (400 mM) 5.5
BSA (100 mg/mL) 2
Forssman pentaose (100 mM) 2
NaBH3CN (3 M) 2.2

Total volume = 22 uL

2.2.6.5 Surface plasmon resonance analysis

For the surface plasmon resonance (SPR) analysis protocol to determine the kinetic
binding parameters between ShPyV VP1 and Forssman pentaose, please refer to the
Methods in Rustmeier et al. [2].

2.2.6.6 Hemagglutination assay

Forssman-positive sheep blood and Forssman-negative bovine blood were diluted to
reach 2% suspensions in PBS buffer. Human reference erythrocytes in 2% suspensions
were purchased (see Materials). For the assay, arrays of 50 pL aliquots of each sus-
pension were pipetted into a 96-well conical microtiter plate. To these, 5 puL volumes of
different dilutions of ShPyV VP1 solution in PBS buffer were added. A sample mixed
with 5 pL of pure PBS as a negative control was prepared for each blood type. Subse-
quently, the assay was incubated for 10 minutes at room temperature. The results were
evaluated visually by comparing the samples with the negative controls.
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Chapter 3: Results

3.1 Sialyl receptor engagement of the Polyomaviridae

Background

In Stréh et al. [1], we structurally characterized the engagement of sialylated ligands
by the human New Jersey Polyomavirus (NJPyV) and the animal viruses sheep poly-
omavirus (ShPyV), goose hemorrhagic polyomavirus (GHPyV), and finch polyomavirus
(FiPyV). While the structure of NJPyV VP1 in complex with its sialylated ligand defined
a new sialic acid binding mode, the remaining structures showed that polyomaviruses
of different genera share a conserved site for sialyl ligands recognition, including the al-
phapolyomavirus Trichodysplasia spinulosa-associated polyomavirus (TSPyV), the be-
tapolyomavirus ShPyV, and the bird gammapolyomaviruses. The presence of this bind-
ing site in distantly related PyV species indicates an ancient origin. Yet, the presented
sialyl complex structures did not provide insights into the differing host tropisms of these
viruses. In consequence, we decided to subject the respective major capsid proteins to
glycan array screening, which constituted the basis for most of the findings described in
this thesis.

3.1.1 VP1 purification for broad-spectrum glycan array analyses

To identify potential receptor candidates for novel polyomaviruses and to unravel the
differences in glycan engagement between PyV species, several recombinant VP1s were
purified for broad-spectrum glycan array screening as explained in the Methods, aiming
for monodisperse protein in the analytical SEC and a single band in the SDS-PAGE
gel. The purification results are shown in Figure 10. The glycan array findings will be
presented in the viruses’ respective Results sections on page 51 for ChPyV and NJPyV
VP1, page 66 for LIPyV VP1, Figure 1 in the attachment Rustmeier et al. [2] for ShPyV
VP1, and page 140 for SOPyV VP1 in the Appendices. For an overview of the array’s
glycan probes, please refer to Table A2 following page 140 in the Appendices.

37



Results

a LIPyV VP1 NJPyV VP1 SOPyV VP1
2500 2500
2000 2000 2000
1500 1500 1500
= =) =}
< < <
£ 1000 £ 1000 £ 1000
500 500 500
0 0 0
0 50 100 150 0 50 100 150 0 50 100 150
mL mL mL
ShPyV VP1 APyV VP1
2500 y 2500 y b M LI NJ SO
50 kDa ww
2000 2000
-
30kDa W
- 1500 S 1500
< <
Sh M A
E 1000 £ 1000 50 kDa —
500 500
30 kDa @ -
0 0 ‘_M
0 50 100 150 0 50 100 150

mL mL

Figure 10: VP1 samples subjected to glycan array screening. a) Size exclusion chro-
matograms of the VP1s subjected to glycan array screening. All VP1s carry an N-
terminal His6-tag. b) SDS-PAGE analyses of corresponding samples. Marker lanes
(M) indicate molecular weights. Note: The VP1 of ChPyV analyzed by glycan array
screening was purified by Dr. Luisa J. Stréh during her time as a doctoral candidate in
our lab and is thus not shown here. The results of the SOPyV VP1 screening are shown
under Figure A2 in the Appendices.

3.1.2 Sea otter polyomavirus VP1 interacts with the GD3
oligosaccharide

3.1.2.1 Background

Sea otter polyomavirus (SOPyV), initially discovered in deceased sea otters (see In-
troduction, section 1.2.5.4), by sequence analysis, shares a sialyl binding site with its
relative betapolyomaviruses SV40 and BKPyV (see Figure 11a). Additionally, the VP1
of SOPyV also displays high conservation in the sialyl binding site commonly used by
TSPyV, ShPyV, and GHPyV (see Figure 11b). To investigate if SOPyV sustains two dis-
tinct sialyl glycan sites in its VP1, a synthetic gene of SOPyV VP1, optimized for E. coli
expression, encoding an N-terminal His6-tag followed by a TEV protease site and the
capsid protein’s native amino acids 19-288 was ordered (see Materials, section 2.1.8.2).

38



3.1 Sialyl receptor engagement of the Polyomaviridae

a BC1 loop BC2 loop HI loop
SOPyV 47 APEDSGH||YGASNQVTLKED|HGDDTPNKEE 259 VGFMRNKES F
BKPyV 58 DPDE - - NJYR SLLSAEND SSDSPERKM 268 CGL[HTNS

SV40 60 NPDE - - HQKGLISKISIL AAEKQETDDSPDKEQ 270 CGLIHTNT

b BC2 loop DE loop

L
TSPyV 68 GYSEKVEVANSSDQBKPTS IP 132 MATKRMYDD - -
ShPyV 56 GFSDNVIEVSDDFGS PWKGEFP 120 VHS AQKIRVYENDR
GHPyV 52 GFSQAMVIEMATSLNP PKAEILP 116 SAS |BMNGG- -

SOPyV 56 GFSNQVTLUKEDFGD| TNKaLP 120 VIISGGARV- GT- -

Figure 11: Multiple sequence alignments of the VP1s from SOPyV and other polyoma-
viruses. Sequences are truncated to the surface loops responsible for sialyl glycan bind-
ing. SOPyV VP1 sequence in comparison with the binding sites found in a) BKPyV and
SV40 and b) TSPyV, ShPyV, and GHPyV. Residue positions contributing to binding are
highlighted with Clustal coloring.

3.1.2.2 Expression and purification

After transforming the SOPyV VP1 gene-containing pET-15b vector into E. coli BL21
(DES), the protein was expressed at 20 °C overnight following the protocol described in
the Methods. After extraction, most of the protein remained in the insoluble fraction (see
Figure 12a). However, the following IMAC purification of the His6-tagged SOPyV VP1
yielded 90 mg of pure, soluble protein. The His6-VP1 was dialyzed into a buffer suitable
for TEV protease digest (see Materials, Table 7). An initial TEV protease reaction (0.5 mg
protease / 20 mL batch), performed at room temperature for 20 hours, did not result in the
entire digestion of the protein (see Figure 12b). Following a reversed IMAC, the digest
was repeated using 2 mg of fresh protease for 72 hours to complete the process. After
another reversed IMAC to remove the His6-tagged protease and cleaved-off His6-tags,
the VP1 was concentrated and subjected to SEC to prepare the protein for crystallization
(see Figure 12c).

3.1.2.3 Crystallization

The purified VP1 of SOPyV was concentrated to 4 mg/mL for initial crystallization con-
dition screening (see Methods, section 2.2.4). During the incubation at 4 °C, crystals
with varying morphologies grew within days, including specimens with straight edges in
the PEGlon | condition 14 (PEGIon I-14) and the Wizard IV condition 27 (Wiz IV-27, see
Table 11). After six days, these crystals surpassed 100 um in length (see Figure 13).
Subsequently, the conditions were manually fine-screened using crystal seeding, which
resulted in large and well-defined crystals. Specimens of the fine-screened Wiz I1V-27
condition were used for the GD3 oligosaccharide soaking experiment.
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Figure 12: SDS-PAGE analyses of the SOPyV VP1 purification. a) Control of protein
expression (Expr. test) without (-) and with (+) addition of IPTG to the bacterial culture
shows a His6-VP1 band of appropriate size (~32 kDa) in the positive sample. Extraction
samples of total lysate (T) and pellet (P) show considerable amounts of undissolved
protein. However, the supernatant (S) contains remaining soluble VP1. Samples of IMAC
column loading show no VP1 band in the flow through (FT) and wash (W) fractions. The
major band in these lanes corresponds to an E. coli protein that runs slightly above VP1
(compare - and + lanes). IMAC lanes show the elution of pure VP1 between fractions 12
and 20. Throughout the figure, the marker lanes (M) indicate molecular weights. Here, M
bands are tagged to enhance visibility. b) Analysis of the His6-tag removal using 0.5 mg
TEV protease. Digest samples correspond to 20 h incubation (D1), reversed IMAC of
D1 (D2), and incubation for 24 h and 72 h (D3 and D4, respectively) after the addition
of 2 mg of fresh protease. The size difference between the His6-VP1 and VP1 bands
is ~2 kDa. The lanes on the right correspond to the reversed IMAC of the completely
digested SOPyV VP1. ¢) Analysis of the SEC as the last step of VP1 purification. Lanes
correspond to the load, peak fractions (samples 8-16), and the peak fraction pool. For
the raw scans of the SDS-PAGE gels, please refer to Figure 42 in the Appendices.

Table 11: Selection of crystallization conditions for SOPyV VP1.

Condition Buffer/ salt solution Precipitant

PEGlon I-14 0.2 M Potassium thiocyanate 20% w/v Polyethylene glycol 3350
Wiz IV-27 0.1 MTRIS pH 8.5 +

o,
0.2 M trimethylamine N-oxide (TMAO) 20% wi/v Polyethylene glycol monomethyl ether 2000

3.1.2.4 The overall structure of SOPyV VP1 and its interactions with GD3
oligosaccharide

The crystal structure of SOPyV VP1 in complex with 20 mM of GD3 oligosaccharide lig-
and (Neu5Aco2-8Neu5Aca2-3GalB1-4Glc) was solved to 1.7 A via molecular replace-
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PEGIon I-14
6 days

100 um

PEGIon I-14 FS
3 days

Figure 13: The initial crystallization screens of SOPyV VP1 yielded large crystals in the
PEGilon I-14 (upper left) and the Wiz IV-27 (upper right panel) conditions within six days.
Well-defined crystals were obtained in the crystal-seeded fine screens (FS, lower pan-
els). All crystallization was incubated at 4 °C.

ment (see Methods, section 2.2.5.2) using a single BKPyV VP1 pentamer (PDB 4MJ1)
as the search model. The asymmetric unit (ASU) of the SOPyV VP1 crystal comprises
four pentamers with protein loops mediating all inter-pentameric contacts.

The individual VP1 pentamers, one of which is displayed in Figure 14a, are structurally
almost identical with Ca root mean square deviations (RMSDs) between 0.07 A and
0.14 A. The resolved residues comprise the non-canonical "HM" dipeptide remaining at
the N-terminus after proteolytic digest, followed by the canonical amino acids Gly 19 to
Asn 288. The CD loop comprising residues 91-96 is not resolved in ten chains, probably
due to structural disorder within the crystal. Structure refinement revealed that all 20
bindings sites are occupied by at least the terminal Neu5Ac. In a few chains, the ter-
minal trisaccharide of GD3 (Neu5Aca2-8Neu5Aca2-3Galp) is resolved without artificial
crystal contacts, indicating a favored glycan conformation (see Figure 14b). The binding
mode resembles the BKPyV VP1-GD3 oligosaccharide complex: the N-acetyl moiety’s
methyl group of the terminal Neu5Ac (Neu5Aca-8) binds to a hydrophobic depression
in the surface of SOPyV VP1, which is mainly constituted by phenylalanine and tyrosine
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GD3 glycan

Figure 14: Results of the crystallographic SOPyV VP1 complex formation using GD3
oligosaccharide. a) The overall structure of the SOPyV VP1 pentamer from above (left)
and tilted around the lateral axis (right). The protein is shown in cartoon representation
with one monomer in pale green. Alpha helices are displayed as cylinders. b) The ter-
minal trisaccharide of the GD3 oligosaccharide (Neu5Aca2-8Neu5Aca2-3GalB1-4Gic)
as resolved at 1.7 A in the SOPyV VP1 complex structure. Ligand drawn in stick repre-
sentation with the carbon, oxygen, and nitrogen atoms colored in white, red, and blue,
respectively. The Fo-Fc difference map is shown as a blue mesh around the oligosac-
charide with a contour level of 6 = 2.5 and a radius of 1.6 A.
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3.1 Sialyl receptor engagement of the Polyomaviridae

Table 12: Data and refinement statistics for the SOPyV VP1 crystal structures.

Data set

GD3 oligosaccharide complex

Data processing
Wavelength (A)
Resolution range (A)
Space group

Unit cell

a, b, ¢ (A)

a, fB,7(°)

Total reflections
Unique reflections

1.0

48.3-1.70 (1.76 - 1.70)

P1

92.6,121.3, 139.1
98.5,90.1, 91.1
2,259,561 (227,449)
636,839 (62,212

)
Multiplicity 3.5(3.7)
Completeness (%) 96.8 (94.6)
Mean I/ o(l) 10.7 (1.3)
Wilson B-factor (A2) 20.5
Rmeas 0.09 (0.99)
CCij2 1.00 (0.66)
Refinement
Rwork / Rree (%) 18.7/21.3
No. of atoms 46,203
Protein 40,972
Glycans 932
Solvent 4,299
RMSDs
Bonds (A) 0.009
Angles (°) 1.61
Ramachandran plot
Favored (%) 96.59
Allowed (%) 3.30
Outliers (%) 0.11
Rotamer outliers (%) 1.69
Clashscore 3.13
Average B-factors (A2?) 28.18
Protein 27.26
Glycans 43.48
Solvent 33.62

Values in parentheses refer to the highest resolution bin.

residues of the BC1, HI, and BC2cw loops. The carboxylate of NeuSAca2-8 interacts
with Ser 265 (S265) and Thr 267 (T267) in the HI loop (see Figure 15a). The side chain
of Gln 59 (Q59) directly interacts with the carboxylate group of the subterminal Neu5Ac

and forms a water-mediated hydrogen bond with its amide nitrogen atom, aligning with
K68 in BKPyV VP1 providing an electrostatic interaction (see Figure 15a & b).
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Figure 15: The binding site of SOPyV VP1 in complex with the GD3 oligosaccharide. a)
The sialyl glycan site is constituted by two VP1 chains distinguished by gray and pale
green coloring. The residues contributing to glycan binding and the terminal NeuSAco.2-
8Neu5Aca of the GD3 oligosaccharide, with carbons colored in light orange, are shown
as sticks. Polar contacts are indicated as dashed lines. b) Structural comparison of the
sialyl sites in BKPyV and SOPyV. Amino acid substitutions are indicated from the per-
spective of BKPyV VP1 (PDB 4MJ0). The terminal Neu5Ac moieties in the two complex
structures are outlined in white. All oxygen and nitrogen atoms are colored in red and
blue, respectively.

3.1.2.5 The structure of the SOPyV VP1 BC2 loop in comparison with the Neu5Ac
site of TSPyV

The BC2 loop of SOPyV VP1 is well resolved in all chains in the GD3 complex struc-
ture. An exception is the side chain of lysine 63 (K63), which projects outwards and
lacks electron density (see Figure 16a), probably due to elevated flexibility. In the MSA
focusing on the sialyl binding sites of TSPyV and ShPyV VP1s, K63 aligns with the small
residues alanine 75 (A75) and serine 63 (S63, see Figure 16b), both of which are fac-
ing inwards and thus do not contribute to Neu5Ac binding (see Figure 16c). Contrary
to the anticipations, no sialyl ligand binding was detected at this position in the SOPyV
VP1-GD3 oligosaccharide complex structure. Instead, the side chain of K63 occupies
the space inhabited by the Neu5Ac moiety in the complex structures of TSPyV VP1 and
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3.1 Sialyl receptor engagement of the Polyomaviridae

ShPyV VP1. Hence, this residue may inhibit the engagement of Neu5Ac, although all
the remaining binding site is conserved in SOPyV VP1.

BC2 loop

SOPyV 55 GFSNQ KEDFGD| NKEE[L P
TSPyV 67 GYSEK ANSSDQBKIPTSGH | P
ShPyV 55 GFSDN SDDFGS| PWKIGFP

DE loop

soPyv 119 VSGGARV-GT- -
TSPyV 131 VHIMATKRMYDD - -
K

ShPyV 119 S AQKIRVYENDR

Figure 16: The BC2 loop of SOPyV VP1. a) The SOPyV VP1 BC2 loop structure and
the 2Fo-FC electron density at a contour level of 6 = 1 and a radius of 1 A around the
residues. The side chains of the DE loop residues histidine 120 (H120) and arginine 125
(R125) were added for completeness.

b) The MSA of the sialyl binding site in TSPyV. Residue positions contributing to glycan
engagement are highlighted in boxes with Clustal coloring. ¢) The BC2 loop structure of
SOPyV VP1 in juxtaposition with the sialyl sites in the glycan ligand complex of TSPyV
VP1 (PDB 4U60) and ShPyV VP1 (PDB 6Y64) with the bound Neu5Ac moieties outlined.
All oxygen and nitrogen atoms are colored red and blue, respectively.
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3.1.3 Structural elucidation of the avian polyomavirus VP1

The expression and purification of the avian polyomavirus, also designated budgeri-
gar fledgling disease polyomavirus (BFDPyV), was mainly performed by the students
Alexander Herrmann and Joshua C. Miller under my supervision. Since the results of
that work were already minuted in the respective Bachelor theses archived in the Stehle
lab, | will summarize these findings and further elaborate on their implications in the
Discussions.

3.1.3.1 Background

As mentioned in the Introduction’s section about APyV, the primary motivation to inves-
tigate the structure APyV VP1 was the comparison to SOPyV VP1. The focus was on
the BC2 loop, which constitutes the binding site in the VP1s of TSPyV, ShPyV, and the
bird polyomaviruses but didn’t engage sialyl ligands in the SOPyV VP1 crystal structure.
Furthermore, APyV’s ability to infect hosts from several bird species is a clear distinction
from most other PyVs and makes it an interesting study subject per se.

3.1.3.2 Avian polyomavirus VP1 is not monodisperse in SEC buffer

The expression vector of APyV VP1 was designed similarly to those of the other poly-
omavirus VP1s (see Materials, section 2.1.8.3). However, the APyV VP1 remained
mostly insoluble upon extraction and subsequent purification using the buffer systems
for the other VP1s in this work. Although it was possible to obtain small amounts of pro-
tein with only minor impurities, APyV VP1 did not run as a single monodisperse species
in the analytical SEC (see again Figure 10 on page 38).

3.1.3.3 Crystallization

After fine-tuning the buffer conditions, we obtained monodisperse protein in a TRIS buffer
with highly concentrated sodium chloride (Cyaci = 1 M). The APyV VP1 purified under
these conditions was concentrated to 3 mg/mL and then subjected to initial robotic crys-
tallization screens, which, however, only yielded salt crystals during the observation pe-
riod. Hence, the crystal structure of APyV VP1 could not be determined to date.

3.1.3.4 Structure prediction of avian polyomavirus VP1 using AlphaFold

Instead of experimentally solving the structure of the pentameric APyV VP1, its monomer
was predicted using AlphaFold2 as described in the Methods. The monomeric VP1
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3.1 Sialyl receptor engagement of the Polyomaviridae

was chosen as the target because the calculation of the pentamer required substantially
more computational time and eventually resulted in the same VP1 tertiary structure.
Also, using a monomeric model does not hinder predicting the putative sialyl binding site
mainly constituted by the BC2 loop of a single VP1 chain. The predicted structure of
the monomeric VP1 adopts the inherent beta-barrel or "jelly roll" fold (see Figure 17a),
which in the pentameric assembly contributes to inter-chain contacts. The prediction
of the jelly roll core domain is highly reliable with confidence measures (pIDDT) above
90%. The structure was predicted three times, resulting in only insignificant Coo RMSDs
of 0.003-0.004 A. Minor structural deviations only occur at the N-terminus and around
the sequence positions 62 (tip of the BC2 loop) and 170 (within the EF loop), where the
pIDDT drops below 80% as indicated by yellow coloring in Figure 17a. Coincidentally, the
number of sequences that align with the EF loop is lowest around residue 170 (position
150 in the query sequence, see Figure 17b).

3.1.3.5 Exposed hydrophobic residues may cause aggregation of recombinant
APyV VP1

Besides confirming the jelly roll fold, the AlphaFold model shows that APyV VP1 bears
four hydrophobic residues at an exposed location of the DE loop, namely phenylala-
nine 121 (F121), phenylalanine 124 (F124), tyrosine 127 (Y127), and phenylalanine 131
(F131, see Figure 17c). Their hydrophobic nature may cause problems during the fold-
ing process and decrease the protein’s solubility at higher concentrations, providing a
rationale behind the tendency of recombinant APyV VP1 to aggregate in solution.

3.1.3.6 The BC2 loop structure of APyV VP1 conforms to the sialyl glycan binding
site of TSPyV VP1

Investigating the putative sialyl glycan binding site of APyV VP1 reveals that the BC2 loop
residue glutamine 59 (Q59), which aligns with K63 in SOPyV VP1, folds towards the base
of the BC2 loop (see Figure 18a). Although Q59 is larger than the aligning alanine 75
(A75) in TSPyV VP1 and serine 63 (S63) in ShPyV VP1 (see Figure 18b), the structural
prediction resulted in congruent CP coordinates for these residues (see Figure 18c).
Consequently, Q59 would not overlap with Neu5Ac in the established TSPyV VP1 sialyl
binding mode, contrasting K63 of SOPyV VP1.
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Figure 17: The prediction of the APyV VP1 structure. a) The monomer of APyV VP1
as modelled by AlphaFold2. The protein is shown as a cartoon with the coloring indi-
cating the confidence measure (predicted IDDT, pIDDT) as illustrated in the legend. b)
Numbers of aligned sequences and their sequence identities plotted against the APyV
VP1 query sequence (above) and pIDDT-per-position chart (below). ¢) The APyV VP1
surface colored by hydrophobicity as rendered by ChimeraX [158]. "Interior" and "Exte-
rior" refer to the relative positions in the viral capsid. The arrow indicates the five-fold
symmetry axis of the pentameric VP1. The four exposed hydrophobic residues situated
in the DE loop are labeled in the magnification panel.
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Figure 18: The putative sialyl glycan binding site of APyV VP1. a) The BC2 loop structure
is shown as predicted by AlphaFold. The side chains of the DE loop residues histidine
116 (H116) and arginine 121 (R121) were added for completeness. b) The MSA of
the sialyl binding site residues. Positions contributing to glycan engagement in TSPyV
VP1 are highlighted in boxes with Clustal coloring. ¢) Model of the APyV VP1 sialyl
glycan binding site in juxtaposition with the experimental sialyl complex structures of
TSPyV VP1 (PDB 4U60) and ShPyV VP1 (PDB 6Y64) with the bound Neu5Ac moieties
outlined. All oxygen and nitrogen atoms are colored red and blue, respectively.
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3.2 Engagement of non-sialylated glycan ligands by
polyomavirus major capsid proteins

3.2.1 Chimpanzee polyomavirus
3.2.1.1 Background

In Stréh et al. [1], we described the unliganded crystal structure of ChPyV VP1. The
binding to sialyl glycan ligand 3’'SL was not structurally characterized by X-ray crystal-
lography but assessed via STD NMR. We showed that the putative sialyl binding site and
the 3'SL STD NMR spectrum of ChPyV VP1 were highly similar to the results obtained
for the VP1 of human NJPyV. Thus, NJPyV and ChPyV were considered a "human-
simian pair" of viruses, which bears implications for determining the evolutionary routes
and the factors guiding viral host tropisms. However, the VP1 structures and STD NMR
spectra of NJPyV VP1 and ChPyV VP1 in complex with their ligands were too similar to
signify glycan binding preferences. In response, we decided to perform broad-spectrum
glycan array analyses on these proteins to gain a more detailed understanding of their
glycan binding profiles.

3.2.1.2 Glycan array analyses of ChPyV VP1 and NJPyV VP1

Note: A slightly different glycan array configuration was used for ChPyV VP1 and NJPyV
VP1. Numbers in this paragraph do not match the glycan probe list found in Table A2 of
the Appendices.

The His6-tagged VP1s of ChPyV and NJPyV were prepared as described in Stréh et
al. [1] (see Figure 20). Subjecting the proteins to broad-spectrum glycan array screen-
ing resulted in similar glycan binding profiles (see Figure 19). Glycan probes termi-
nating in galactoses yielded higher signals than those bearing terminal sialic acids.
Signals for both a- and B-linked galactoses were detected. The strongest signal for
NJPyV VP1 derived from the globotriose probe (Gb3, chart pos. 24, Galo-4Galp-4Gilc),
whereas ChPyV VP1 preferentially bound to para-lacto-N-hexaose (pLNH, pos. 132,
GalP-3GIcNAcB-3Galp-3GIcNAcB-3Galp-4Gilc). Both proteins recognized fucosyl-para-
lacto-N-hexaose IV (pLNFH-IV, pos. 175, GalB-3GIcNAcB-3GalB-4[Fuca-3]GIcNAcB-
3GalB-4Gilc) followed by lacto-N-tetraose (LNT, pos. 72, GalB-3GlcNAcB-3Galp-4Gic)
with similar signal strengths. While these glycans are naturally present in sources such
as glycolipids and milk, also the artificial oligosaccharide galactotetraose (Gal4) was en-
gaged by both proteins (pos. 697, Galo-3GalB-4Galo-3Gal).
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Among the sialylated glycans, ChPyV VP1 detected 3’-sialyl lacto-N-fucopentaose |l
(SA(3’)-LNFP-IIl, pos. 817, NeuAca-3GalB-4[Fuca-3]GlcNAcB-3Galp-4Gilc) with the high-
est signal, which NJPyV VP1 did not bind at all. The only sialyl glycan detected by
NJPyV VP1 was sialyl-lacto-N-tetraose a (LSTa, pos. 805, NeuAca-3GalB-3GIcNACp-
3GalB-4Gic), which ChPyV VP1 bound much weaker. Except for the GalB-3/4GIcNAc
linkage and the fucosylation, LSTa and SA(3’)-LNFP-IIl share a scaffold, representing a
potential basis for tropism differences.

The crystal structure of NJPyV VP1 in complex with 3'SL (NeuAca-3GalB-3Gilc) is avail-
able (PDB 6Y5Y), resembling LSTa without the N-acetylation. For the structural investi-
gation of ChPyV VP1 glycan binding, 3’-sialyl Lewis X tetrasaccharide (sLeX, NeuAca-
3GalB-4[Fuca-3]GIcNAc), an integral part of SA(3’)-LNFP-IIl was chosen. Furthermore,
the non-sialylated Gb3 (a-linked Gal) and LNT (B-linked Gal) were selected.

ChPyV VP1 NJPyV VP1

SA(3")LNFP-III
LSTa /

S—

\ LSTa
A«‘_‘_‘A_ui J | ,‘L 1 al 1 _I J PR |

736 932 1 736

|:| Blank DSa-Z,S |:|3a-2,6 |:| Sa-2,3:2,6 D Sa-2,8 |:] Sa-2,3:2,8 |:| other

Figure 19: The glycan array binding profiles of ChPyV VP1 and NJPyV VP1. Glycan
probes are sorted by sialyl linkages as indicated by the color code. Although the in-
tensities for the individual glycan probes differ, the signal profiles are similar. ChPyV
VP1 binds several 2,3-linked sialic acids (green background), whereas NJPyV VP1 only
recognizes LSTa (Pos. 805). Charts kindly provided by the Glycosciences Laboratory,
Imperial College London.

3.2.1.3 Purification of ChPyV VP1

The purification of ChPyV VP1 for crystallization was performed by student Melissa Wel-
dle under my supervision, following the protocol described in the Methods of this thesis.
The resulting SDS-PAGE gels are shown in Figure 20 and Figure 43. The purification of
the ChPyV VP1 batch used in the glycan array screening was performed by Dr. Luisa J.
Stréh without my participation and is not shown here.
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Figure 20: SDS-PAGE analyses of the ChPyV VP1 purification. a) Induction, extraction,
and IMAC purification. After adding 400 uM IPTG, His6-VP1 bands manifest above 30
kDa with growing amounts during 24h. After extraction, bulk His6-VP1 was present in the
total lysate (TL) and supernatant (SN) with minute amounts in the pellet sample (P). The
IMAC column overcharged during load, and His-VP1 remained in the flow-through and
wash fractions (FT and W, respectively). Large amounts of His6-VP1 eluted using 20%
buffer Bpis (sample 6). The main yield was eluted within fractions 14-22 using 60% buffer
Bhis- The main peak fractions were combined (sample pool). b) The digest of His6-VP1
(sample L) using TEV protease was monitored over 24 h and yielded completely digested
VP1. After 4 h, no traces of His6-VP1 remained visible on the gel. The difference in
molecular weight is ~2 kDa. Subsequently, the protein was filtered (sample filt.) for
further purification. ¢) The reversed IMAC of the digested VP1 yielded pure ChPyV
VP1 (~30 kDa) in the flow through (sample flow thr.). In contrast, partially digested
pentamers were eluted at 60% buffer Byis (sample eluate). The subsequent SEC, used
for buffer exchange and the final purification of ChPyV VP1, resulted in a single species
of pure protein (sample peak) with only minor quantities in the void volume (sample
void). Throughout the figure, marker lanes (M) indicate the molecular weights. For the
raw scans of the SDS-PAGE gels, please refer to Figure 42 in the Appendices.

3.2.1.4 ChPyV VP1 complex structures reveal oligosaccharide binding at the
outer protein surface

The VP1 of ChPyV was crystallized as describe [1]. The crystal structures of ChPyV
VP1 in complex with globotriose (Gb3) and lacto-N-tetraose (LNT) could be obtained via
soaking. In contrast, crystal derivatization trials using sLeX glycan soaking did not suc-
ceed due to blocked binding sites in the crystal structure. Thus, the sLeX tetrasaccha-
ride was preemptively added to the crystallization mixture to perform co-crystallization.
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Table 13: Data and refinement statistics for the ChPyV VP1 crystal structures.

Data set sLeX Gb3 LNT
Data processing
Wavelength (A) 1.0 1.0 1.0

Resolution range (A)

415 -1.40 (1.45 - 1.40)

44.5-1.85(1.92 - 1.85)

44.6 - 1.80 (1.86 - 1.80)

Space group P2y224 P1 P1

Unit cell
a, b, c (A) 94.5,131.1, 130.0 63.5, 82.2, 82.6 63.7, 82.3, 82.6
o, B,y (9 90, 90, 90 69.1,77.3,77.6 69.2,77.3,77.5

Total reflections
Unique reflections

4,662,110 (428,752)
314,306 (30,947)

485,584 (46,342)
127, 111 (12,515)

418,468 (31,250)
134, 523 (12,113)

Multiplicity 14.8 (13.9) 8 (3.7) 1(2.6)
Completeness (%) 99.8 (99.0) 99 0(97.4) 95 7 (86.2)
Mean I/ o(l) 12.7 (1.3) 8 (1.4) 8.8 (1.2)
Wilson B-factor (A2) 14.0 20 5 19.5
Rmeas 0.15 (2.00) 0.14 (1.05) 0.13 (1.01)
CCipo 1.00 (0.53) 1.00 (0.59) 1.00 (0.45)
Refinement
Rwork / Rfree (%) 16.9/18.3 17.2/21.3 16.8/20.0
No. of atoms

Protein 11,004 10,656 10,702

Glycans 379 205 207

Solvent 1,994 1,177 1,353
RMSDs

Bonds (A) 0.009 0.009 0.010

Angles (°) 1.56 1.58 1.58
Ramachandran plot

Favored (%) 96.3 95.6 96.5

Allowed (%) 3.7 4.4 35

Quitliers (%) 0.0 0.0 0.0
Rotamer outliers (%) 0.4 1.3 0.4
Clashscore 3.9 3.3 2.2
Average B-factors (A?)

Protein 14.9 27.7 22.6

Glycans 26.3 40.0 34.6

Solvent 29.9 35.6 32.1

Values in parentheses refer to the highest resolution bin.

Diffraction of the resulting VP1-sLeX co-crystals revealed that the complex crystallized in
the space group P 21 21 21 as opposed to the P 1 space group of the native crystals. The
crystal selected for structure elucidation diffracted to a resolution of 1.4 A (see Table 13).
The complex structures of ChPyV VP1 with Gb3 and LNT had similar space group pa-
rameters as the apo crystal structure [1]. Again, the crystals chosen for data collection
resulted in high-resolution diffraction of 1.85 A and 1.80 A, respectively (see Table 13).
Molecular replacement resulted in single pentamers of ChPyV VP1 (see Figure 21a) in
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the ASUs of all complexes. Structure evaluation confirms that the ChPyV VP1-sLeX
oligosaccharide complex maintains the intermolecular contacts of NJPyV VP1-3’SL [1]
with an additional fucose-mediated hydrogen bond (see Figure 22a), inducing a slight
conformational shift compared to 3'SL (see Figure 22b).

o
SN

S

sLeX Gb3 LNT

Figure 21: Results of the crystallographic ChPyV VP1 complex formation using sialy-
lated and neutral oligosaccharides. a) The overall structure of the ChPyV VP1 pentamer
is shown from above (left) and tilted around the lateral axis (right). The protein is shown
in cartoon representation with one monomer highlighted in gold. Alpha helices are dis-
played as cylinders. b) All resolved ligands of ChPyV VP1 are shown side by side, drawn
as sticks with the carbon, oxygen, and nitrogen atoms colored in white, red, and blue,
respectively. The Fo-Fc difference maps calculated from unliganded VP1 are displayed
as blue meshes around the individual oligosaccharides with a contour level of 6 = 2.5
and a radius of 1.6 A. For the map resolutions, please refer to Table 13.
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GIcNAc

3 ()
d 4 4 ‘ Glc
B B B cienac
3 3 Q Gal
a a A Fuc
‘ Neu5Ac
sLeX 3'SL <~

Figure 22: The sialyl oligosaccharide complex structures of ChPyV VP1 and NJPyV VP1.
a) Comparison of the sLeX and 3’SL complexes. Oligosaccharides with white carbon
atoms and binding site residues are shown as sticks. Loops are labeled in bold gray.
Intermolecular contacts are drawn as dashed lines. The fucose in sLeX mediates an
additional hydrogen bond to the side chain of Asp 299. b) Structural superposition of the
complexed sLeX (in gold) and 3'SL (in purple) oligosaccharides. Their symbol formulas
are displayed according to the Symbol Nomenclature for Glycans legend. All oxygen and
nitrogen atoms are colored red and blue.
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3.2.1.5 ChPyV VP1 engages galactosyl ligands at a novel binding site

After the Gb3 and LNT complex structures of ChPyV VP1 were solved via molecular
replacement, structure refinement revealed a novel binding site for galactosyl ligands.
This site is located beside the sialyl binding site, approximately 15 A apart in a clockwise
direction (see Figure 23a). While the sialyl site is mainly formed by a single VP1 chain,
the galactosyl site manifests at the interface of two adjacent chains. The terminal galac-
toses of Gb3 and LNT bind in an aligning position, as shown in the magnified panel of
Figure 23a. However, due to their differing - and B-linkages, the adjoining monosac-
charides divert in different directions and establish differing molecular interactions with
VP1 (see Figure 23b). For a list of these contacts, please refer to Table 14.

In both complex structures (Gb3 and LNT), the terminal galactose establishes direct
hydrogen bonds with the side chain of His 81 and the backbone of Glu 142. Indirect
contacts, mediated by water molecules, occur to the side chains of Tyr 86cw and Gilu
142 and the backbone atoms of His 82, Leu 140, and Ala 143. Additionally, a less po-
lar CH-mt interaction [184] occurs between the methylene group of Gal and the aromatic
electron density of Tyr 86¢cw. The B-Gal of Gb3 does not directly interact with VP1 and
only maintains two water-mediated contacts to the side chains of Tyr 86cw and Asp
87cw. The B-GIcNAc of LNT establishes a direct H-bond to the side chain of Asp 299
and water-mediated contacts to backbone atoms of Asp 299 and Ala 143. The remain-
ing monosaccharides of Gb3 and LNT do not interact with VP1. They are visible in the
electron densities (see Figure 21Db), likely due to adopting preferred conformations within
the oligosaccharides.

3.2.1.6 The galactosyl binding site of ChPyV VP1 is conserved in NJPyV VP1

Based on the sequences in the NCBI Reference Sequence Database (Refseq) [161],
ChPyV VP1 (YP_004046682.1, 497 residues) and NJPyV VP1 (YP_009030020.1, 489
residues) are 83% identical (and 93% similar). In Stréh et al. [1], we showed that the
sialyl binding sites in NJPyV VP1 and ChPyV VP1 are highly similar, which | confirmed
by the structure of sLeX in complex with ChPyV VP1 (see Results, section 3.2.1.4). The
novel galactosyl binding site is located at a different part of the ChPyV VP1 surface,
again allowing for the assessment of conservation in NJPyV VP1. After deducing the
binding site residues in the ChPyV VP1-Gb3 complex structure, structural and sequence
alignments show that the galactosyl binding site is conserved in the VP1 of NJPyV (see
Figure 24). Implications for host tropism will be discussed in the next chapter.
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ChPyV VP1 + Gb3 ChPyV VP1 + LNT

Figure 23: The glycan binding sites of ChPyV VP1. a) Structural alignment of the three
ligand structures shows that the glycan binding sites are located on the outer surface of
the ChPyV VP1 pentamer, displayed with one monomer colored gold. While the binding
site of sLeX is mostly constituted by a single monomer, galactosyl ligand binding oc-
curs at the interface of two neighboring VP1 monomers. The distance between the O4
atoms of the sialic acid and the galactoses is indicated as a dashed line. b) Molecular
interactions between ChPyV VP1 and Gb3 (left) or LNT (right), which are displayed as
their terminal disaccharides. Protein loops are labeled in bold gray. Hydrogen bonds are
drawn as dashed lines. Water molecules are shown as spheres. All oxygen and nitrogen
atoms are colored red and blue, respectively.
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Table 14: Intermolecular contacts between ChPyV VP1 and galactosyl ligands.

Gb3 LNT
Contact Distances (A) Contact Distances (A)

a-Gal 02 H20-A143 2.6-2.8 B-Gal 02 H20-A143 2.6-2.8

O3 H82 2.7 O3 H82 2.8
H20-L140 2.7-2.8 H20-L140 2.7-2.8
H20-A143 2.7-2.8 H20-A143 2.7-2.9

04 E142 2.7 04 E142 2.9
H20-H82 2.6-2.7 H20-H82 2.6-2.8
06 H20-Y86  2.8-3.1 06 H20-Y86 2.7-3.2
H20-E142 2.8-2.7 H20-E142 2.6-2.8

B-Gal 03 H20-Y86 2.6-3.1 B-GIcNAc 06 D299 2.8
H20-D87 2.9-3.0 H20-D299 2.9-3.0

07 H20-H20-A143 2.7-2.7-2.8

Distance values are derived from single binding sites and may alter between chains.
Residues contributing backbone atoms are printed in italics.

DEccw

BC2 loop DE loop HI loop

ChPyV 75 GYSEVIHIﬂDaINNLLSIQ 139 HL AKMAAKEGGDG 295 MVKNEAIR
NJPYV 74 GYSEVIHHADGYBINNLLSVQ 138 HLLEAKMEAGPNSDG 294 LVKIABINEA IR

Figure 24: Structural and sequence alignments of the gglactosyl binding sites in ChPyV
VP1 (gold) and NJPyV VP1 (pink). VP1 residues 5 A around the Gb3 trisaccharide
(purple) are drawn as sticks. Oxygen and nitrogen atoms are red and blue, respectively.

Loops are labeled in bold gray. The ChPyV VP1 galactosyl binding site residues are
completely conserved in NJPyV VP1, as highlighted in the pairwise sequence alignment.
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3.2 Engagement of non-sialylated glycan ligands by polyomavirus major capsid proteins

3.2.2 Lyon IARC polyomavirus
3.2.2.1 Background

LIPyV was identified in a human skin sample and thus designated, chronologically, as
the 14™ human polyomavirus [140]. Only later, it was found that no seroreactivity against
LIPyV was traceable in a human cohort [143]. Instead, LIPyV was detected in stool
samples of diarrheic cats in Canada and China [141, 142]. Hence, LIPyV is currently
considered a feline virus. LIPyV was only distantly related to a structurally characterized
polyomavirus, the Merkel cell polyomavirus (MCPyV) with 61% VP1 sequence identity.
Besides its initial alleged human origin, the phylogenetic relation of LIPyV to tumor-
associated viruses, including MCPyV and a raccoon polyomavirus, prompted interest
in characterizing its glycan engagement. Crystallization was successful and yielded
well-diffracting crystals. Yet, crystal derivatization trials using a range of sialylated gly-
can analogs such as 2-O-Methyl-a-D-N-acetylneuraminic acid (2-O-Me-Neu5Ac), 3-
sialyllactose (3'SL), and 6-sialyllactose (6’SL) remained fruitless. To identify potential
receptor candidates, recombinant LIPyV VP1 was subjected to broad-spectrum glycan
array screening, eventually leading to the first neolacto-series glycan complex structures
of a polyomavirus VP1.

3.2.2.2 Expression and purification

A synthetic LIPyV VP1 gene, optimized for E. coli expression and cloned into the pET-
15b vector (see Materials, section 2.1.8.1), was transformed into E. coli BL21 (DE3). The
expression was conducted as described in the Methods. After extraction of the soluble
protein fraction, LIPyV VP1 was purified by IMAC (see Figure 25a). For glycan array
screening, the His6-tagged protein was directly subjected to SEC (see Figure 10). For
crystallization, the His6-tag was removed via site-directed digestion by TEV protease,
followed by IMAC and SEC purification (see Figure 25b-d).

3.2.2.3 Crystallization

To find a suitable crystallization condition for LIPyV VP1, the protein was concentrated
to 9.6 mg/mL and subjected to initial robot-pipetted crystal screening. Using the Crystal
Gryphon LCP (Art Robbins Instruments), the sitting drop screening plates were set up
with drops comprising protein solution and screening conditions in a 1:1 ratio (200 nL
each). After sealing, the equilibration took place at 20 °C. After five days, LIPyV VP1
revealed a propensity to crystallize in various solutions containing PEG 3350. Most of
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a Extraction & load IMAC fractions
MPSFTW 2 46 8 1012 14 16 18
50 kDa «
40 kDa S g
30 kDa k.t P T
-es
b Digest
P 1h P 2h P 25h
c M Load Flow through Elution
30kDa gy ~HEDEEDE - - - -
25 kDa
d M SEC fractions
50 kDa =
40 kDa
30 kDa w™-

Figure 25: SDS-PAGE analyses of the LIPyV VP1 purification. a) Protein extraction and
IMAC purification. The His6-VP1 runs above 30 kDa and was present in the soluble
fraction (S) of the extraction but not in the pellet sample (P). The protein remained on
the column during load and no His6-VP1 was present in the flowthrough (FT) and wash
(W) samples. The second wash with 20% buffer Bys (fractions 2-8) eluted some His6-
VP1, while the major yield occured within fractions 10-18 using 60% buffer Byis. b) The
digest of His6-VP1 using TEV protease, monitored over 25 h in comparison to the His6-
VP1 IMAC pool (P), yielded ~60% digested VP1. The difference in molecular weight
amounts to ~2 kDa. ¢) The reversed IMAC of the digested VP1 (Load fraction) yielded
pure LIPyV VP1 (~30 kDa) in the flow through, while partially digested pentamers and
impurities were eluted at 60% buffer Byis (Elution). d) SEC for buffer exchange and
final purification resulted in pure LIPyV VP1. Throughout the figure, marker lanes (M)
indicate the molecular weights. For the raw scans of the SDS-PAGE gels, please refer to
Figure 44 in the Appendices.

the crystal grew from drops with vast initial precipitation. However, the drops cleared up
as the crystals continued to grow for the next six months, implying that the precipitation
of LIPyV VP1 was reversible (see Figure 26).

3.2.2.4 The overall crystal structure of apo LIPyV VP1

After data collection of a native LIPyV VP1 crystal (PEG2-21 condition, see Table 15),
the structure was solved to 1.45 A resolution via molecular replacement using the unli-
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3.2 Engagement of non-sialylated glycan ligands by polyomavirus major capsid proteins

Table 15: Selection of crystallization conditions for the VP1 of Lyon-IARC polyomavirus

Condition Buffer/ salt solution Precipitant

PEGIlon1-2 0.2 M Potassium fluoride 20% w/v Polyethylene glycol 3350
PEGlon1-11 0.2 M Potassium iodide 20% w/v Polyethylene glycol 3350
PEGIon1-36 0.2 M Sodium tartrate dibasic dihydrate 20% w/v Polyethylene glycol 3350
PEGIon1-37 0.2 M Potassium sodium tartrate tetrahydrate 20% w/v Polyethylene glycol 3350
PEGlon1-44 0.2 M Ammonium phosphate dibasic 20% w/v Polyethylene glycol 3350
PEGIon2-8 0.2 M Sodium malonate pH 7.0 20% w/v Polyethylene glycol 3350
PEGIon2-11 4% v/v Tacsimate pH 5.0 12% w/v Polyethylene glycol 3350
PEGIlon2-15 4% v/v Tacsimate pH 5.0 12% w/v Polyethylene glycol 3350
PEGIlon2-16 8% v/v Tacsimate pH 7.0 20% w/v Polyethylene glycol 3350
PEGIon2-21 0.1 M Ammonium citrate tribasic pH 7.0 12% w/v Polyethylene glycol 3350
PEGIon2-30 0.2 M Ammonium tartrate dibasic pH 7.0 20% w/v Polyethylene glycol 3350
PEGIlon2-42 0.02 M Calcium chloride dihydrate 20% w/v Polyethylene glycol 3350

1 day 5 days 5 months

PEGIon1
37

Figure 26: Crystals of LIPyV VP1 are shown for the PEGlon1-37 and PEGlon2-21 con-
ditions in the initial robotic screen. Growth was monitored over five months. Removing
the smaller crystal in the PEGlon2-21 drop for seed stock preparation induced additional
crystallization.

ganded VP1 pentamer of Merkel cell polyomavirus (MCPyV) as the search model (PDB
4FMG) [95]. For statistics, please refer to Table 16. The refinement yielded a high-
quality electron density map, allowing for the manual adjustment of protein sequence
mismatches. Subsequently, the LIPyV VP1 structure was refined until the refinement
parameters converged (see Methods). The asymmetric unit of the crystal contains a sin-
gle LIPyV VP1 pentamer. The structurally resolved residues include G43 to D118 and
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Table 16: Data and refinement statistics for the LIPyV VP1 crystal structures.
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3.2 Engagement of non-sialylated glycan ligands by polyomavirus major capsid proteins

M123 to N325. The pentameric VP1 is similar to those of other polyomaviruses. The
core domain of VP1 adopts a single-JR fold of antiparallel B-sheets that contribute to
inter-chain contacts and are connected by extensive protein loops.

3.2.2.5 The MCPyV VP1 sialyl binding site is not conserved in LIPyV VP1

The closest structurally characterized relative of LIPyV VP1 is the VP1 of MCPyV with a
sequence identity of 61%. Sequence deviations are mainly found in the surface loops:
The sequence of LIPyV VP1 is one residue shorter in the BC loop, three residues longer
in the DE loop, one residue shorter in the EF loop, and one residue shorter in the HI loop
compared to MCPyV VP1 (Figure 27).

LIPyV 1 MAPKRKASKP VCSPPPKKDCSQTYVKCPKRCPKVPCVPKLL IKGGIEVLETVSGPDSITQ 60
MCPyV 1 MAPKRKASS - - TCKTPKRQC- - - - IPKPGCCPNVASVPKLLVKGGVEVLSVVTGEDS ITQ 54
LIPyV 61 I[ELFLQPR IERY] G FHPRD VN - BVPSPETILPS YAAARVPLPPLNED 119
MCPyV 55 I[ELYLNPR TT T SS IKENLPAYSVARVSLPMLNED 114

LIPyV 120 MTCNMIMMWE AVSVKTEV IGINTL INVIKEKQLETPQNGEHARAG | P | QGGPNYHFFS | GGE 179
MCPyV 115 ITCDTLQMWVEAISVKTEVVGISSL INVAYWDMKRVHDYG- - - AGQ I PVSGVNYHMFA | GGE 171

LIPyV 180 PLDLQGI V. R PEGEI-KPVNlKIVTKTPEP- TKLLKDGYYP |E IW 238
MCPyV 172 PLDLQGLVLDYOTENYPKTTNGGP | TIETVL GRKMTP QAKIAK LDKDGNYP | E VW 231
LIPyW 239 CPDPSRNENTRYFGSFTGGTDTPPVLQFTNTLTTVLLDENGIGPLCKADGLFVAAAD | CG 298
MCPyV 232 CPDPSKNENSRYYGS IQTGSQTPTVLQFSNTLTTVLLDENGVGPLCKGDGLF ISCAD | VG 291

LIPyV 299 FFEQ§=G- MRYRGLPRYFNVTLRKRWVKNPYGINSL INTLFNNFVPQLKGQPMTGDNSQV 357
MCPyV 292 FLEEKTSGKMALHGLPRYFNVTLRKRWVKNPYPVVNL INSLFSNLMPKVSGQPMEGKDNQV 351

LIPyV 358 EEVRVYDGREQLPGGLDLPR I IEQFKPKTFEVNVPVVGDVGDNVGEEHDNDTDNPNNNRD 417
MCPyV 352 EEVR I YEGSEQLPGDPD | VRFLDKFGQEKTVYPKPS VAP AAVTFQSNQQDKGKAPLKGPQ 411

LIPyV 418 NDHDQPL INNVPL ITAIL 435
MCPyV 412 KASQK- - - - - - ESQTQEL 423

Figure 27: The complete pairwise sequence alignment of LIPyV VP1 and MCPyV VP1.
The surface loops BC, DE, EF, and HI are highlighted with Clustal coloring.

In structural alignment, the Cac RMSDs between the VP1s of LIPyV and MCPyV amount
to 0.50 A and 1.60 A, calculated in PyMOL with and without outlier rejection, respectively
(Figure 28a). The sialyl binding site of MCPyV VP1 is located at the interface of the BC,
DE, and HI loops (see Figure 28b) [95], where the sequence variability is highest. The
only two residues contributing to MCPyV VP1 sialyl glycan binding that are conserved
in LIPyV VP1 are W81 and Y86 in the BC loop. The other binding site residues are not
conserved or do not align due to sequence length mismatches (see Figure 28c & d).
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Figure 28: Comparison of the LIPyV and Merkel cell polyomavirus (MCPyV) VP1 struc-
tures. a) Structural alignment of the pentamers in cartoon representation with one chain
colored in apricot (MCPyV VP1) and light teal (LIPyV VP1). Ca RMSD values are indi-
cated as calculated by PyMOL. A magnification focused on the surface loops is shown
in the right panel. Protein loops are labeled in bold gray. b) The sialyl binding site of
MCPyV VP1 (PDB 4FMJ) with the contributing residues and the terminal Neu5Ac moi-
ety (white carbons) drawn as sticks. ¢) The structural alignment of the MCPyV VP1 sialyl
binding site and LIPyV VP1 in the same orientation. Protein backbones are faded into
the background. Oxygen and nitrogen atoms are colored red and blue, respectively. d)
The MCPyV VP1 binding site loops in pairwise sequence alignment with LIPyV VP1,
with the relevant residues colored by chemical properties, with orange, red, blue, green,
and salmon for large and aliphatic, anionic, cationic, neutral, and small and aliphatic,
respectively.
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3.2 Engagement of non-sialylated glycan ligands by polyomavirus major capsid proteins

3.2.2.6 LIPyV VP1 does not bind sialylated glycan analogs in crystallo

For the complex formation of LIPyV VP1 with sialylated compounds, a range of different
sialyl glycan analogs, including 3'SL, 6'SL, and the GD3 oligosaccharide, were used for
co-crystallization and crystal soaking (see Table 17). However, these efforts remained
fruitless and repeatedly yielded unliganded LIPyV VP1 indistinguishable from the apo
structure. These findings imply that no sialyl binding site is present on the surface of
LIPyV VP1. For further investigation of glycan engagement, a sample of LIPyV VP1 was
prepared for broad-spectrum glycan array screening (see again Figure 10).

3.2.2.7 Glycan array screening signifies neolacto glycan binding by LIPyV VP1

The purified His6-VP1 of LIPyV (see Figure 10) was subjected to broad-spectrum glycan
array screening as described in the Methods. For a full list of glycan probes please refer
to Table A2 in the Appendices. As mentioned in the previous paragraph, the derivatiza-
tion trials of LIPyV VP1 crystals signified no binding of sialylated ligands. Yet, the probe
of NeuAca-(6’)-lacto-N-neooctaose (NeuAca-(6’)LNNnO, chart pos. 614, NeuAco-6Galf-
4GIcNAcB-3Galp-4GlcNAcB-3Galp-4GlcNAcB-3Galp-4Glc-DH) yielded a signal of 3100
+ 400 fluorescence intensity units. More frequently, signals arose from non-sialylated gly-
can probes, including those presenting Fuca2-Lacto-N-neohexaose (GalB-4GIcNAcp-
3[Fuca-2GalB-4GIcNAcB-6]GalP, pos. 115 & 116, 8,600 + 1500 and 25,400 + 130
units, respectively) or Lacto-N-neohexaose (GalB-4GIcNAcB-3[GalB-4GlcNAcB-6]Galp,
pos. 140, 32,000 units). Another signal was detected for para-lacto-N-neohexaose
(pLNnH) with the sequence GalB-4GIcNAcB-3GalB-4GIcNAcB-3GalB-4Glc (pos. 109,
3900 * 1000 units). These glycans correspond to the carbohydrate groups of neolacto-
series glycosphingolipid (GSL) with the formula (GalB-4GIcNAcB)n m-3/6Galp-4GicB-Cer.
Sample 143 with a branched Gala-3GalB-4GIcNAcB-3[Gala-3GalB-4GIcNAcB-6]Galp se-
quence ("B-like decaosylceramide") yielded a signal of 6300 + 0 units. Lastly, globotriose
(Gb3, Gala-4GalB-4Gic, pos. 23) and galactotetraose (Gal4, Gala-3GalB-4Gala-3Gal,
pos. 451) yielded signals of 3100 £ 400 and 3200 = 200 units, respectively. Results
refer to the array using 5 fmol of immobilized glycan probe per array spot. Fluorescence
intensities were rounded to full hundreds.

3.2.2.8 Neolacto-series oligosaccharide derivatization yielded LIPyV VP1
complex structures

Crystals of LIPyV VP1 were grown as described above. For a list of oligosaccharides
and their concentrations used in crystal derivatization trials, please refer to Table 17.
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Figure 29: Results of the glycan array screening using LIPyV VP1. Glycan probes are
sorted by sialyl linkages as indicated by the color code. Samples with errors >50% are
crossed out. Chart kindly provided by the Glycosciences Laboratory, Imperial College
London.

Table 17: Oligosaccharides used for the derivatization of LIPyV VP1 crystals.

Final Crystallographic

Oligosaccharide : :
concentration complex formation

3 | 2-O-Me-Neu5Ac 50 mM X
© | 3'-sialyl-N-acetyllactosamine (3'SLN) 20 mM X
E‘ 6’-sialyl-N-acetyllactosamine (6’'SLN) 20 mM X
® | GD3 oligosaccharide 20 mM X

pLNnH 20 mM v
= LacNAc 50 mM v
= | Lactose 20% v
2 | H-antigen triose type 2 50 mM X

Globotriose 50 mM X

Galactotetraose 50 mM X

As mentioned in the previous paragraphs, experimental results indicated that LIPyV VP1
does not bind sialyl ligands. Also using the oligosaccharides corresponding to the glycan
array hits of globotriose (Gb3), galactotetraose (Gal4), and blood group H antigen triaose
type 2 for derivatization yielded unliganded crystal structures. Furthermore, branched
neolacto-series oligosaccharides, those yielding the highest fluorescence intensities in
the glycan array screening, were not commercially available during this work.
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3.2 Engagement of non-sialylated glycan ligands by polyomavirus major capsid proteins

In contrast, positive results were obtained from crystals derivatized with 20 mM para-
lacto-N-neohexaose (pLNnH) or 50 mM N-acetyllactosamine (LacNAc) solutions (see
Methods). The derivatization with lactose, where the crystal was incubated in a 20% dis-
accharide solution also serving as the cryo-protectant, yielded complex formation. After
data collection, the complex structures were solved using the apo LIPyV VP1 pentamer
as the search model. All asymmetric units (ASUs) contained a single pentamer, as is
displayed in Figure 30a. For data and refinement statistics, please refer to Table 16.
Following simulated-annealing refinement, the Fo-Fc difference electron densities (see
Figure 30b) showed binding of pLNnH, LacNAc, and lactose in a novel location desig-
nated neolacto-series glycan binding site (see also Figure 31a & b).

3.2.2.9 The recessed location of the neolacto-series glycan binding site

The electron density indicating pLNnH binding to LIPyV VP1 occurs in a surface notch
towards the "canyon" of VP1, referring to the inter-capsomeric space in the assembled
particles. The neolacto-series glycan binding site is exclusively formed by a single VP1
chain (see Figure 31a) at a location more recessed compared to the sialyl binding sites in
the VP1s of other polyomaviruses, with a vertical space difference of 5.5 A (Figure 31b).
The accessibility of this recessed location will be addressed in the Discussions chapter.

3.2.2.10 Molecular interactions between LIPyV VP1 and neolacto ligands

The intermolecular contacts between LIPyV VP1 and pLNnH were assessed via the
atom distances and the orbital geometry. The terminal B-Gal forms hydrogen bonds with
the side chain of Asn 71 and backbone atoms of Asn 198 and Gly 230. Its alpha-faced
hydrogen atoms form CH-m interactions with the side chain of Tyr 231. The subterminal
B-GlcNAc establishes a hydrogen bond between its amide nitrogen atom and the Glu 100
side chain. An electrostatic attraction occurs between its partially negative carbonyl
oxygen and the cationic side chain of Lys 199. The third-from-last monosaccharide
in pLNNnH, another B-Gal, contacts the side chain of Tyr 78 via CH-m interactions. All
hydrogen bonds between pLNnH and LIPyV VP1 are listed in Table 18. The remaining
monosaccharides do not contact the protein. LacNAc and lactose bind less tightly as
signified by the weaker electron densities in Figure 30b and the elevated B-factors in
Table 16. Their contacts are those of pLNnH lacking the second B-Gal or, additionally,
the N-acetyl group.
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Vo
A

pLNnH LacNAc Lac

Figure 30: Results of the crystallographic LIPyV VP1 complex formation using neutral
oligosaccharides. a) The overall structure of the LIPyV VP1 pentamer from above (left)
and tilted around the lateral axis (right). The protein is shown in cartoon representation
with one monomer in light teal. Alpha helices are displayed as cylinders. b) All ligands of
LIPyV VP1 resolved by X-ray crystallography shown as sticks with the carbon, oxygen,
and nitrogen atoms colored in white, red, and blue, respectively. Fo-Fc difference maps
are shown as blue meshes around the individual oligosaccharides with a contour level of
6 = 2.5 and a radius of 1.6 A. For the map resolutions, please refer to Table 16.

68
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LPyV MCPyV
BKPyV NJPyV
mPyV TSPyV
LIPyV

Figure 31: The location of the neolacto-series glycan binding site in the VP1 of LIPyV.
a) The para-lacto-N-neohexaose (pLNnH) binds at the outer surface in a recessed lo-
cation oriented towards the "canyon" of LIPyV VP1. The binding site is solely consti-
tuted by a single VP1 monomer, as indicated by the light teal surface coloring. b)
The recessed location of the neolacto site becomes apparent in comparison with the
sialyl sites in the VP1s of B-lymphotropic polyomavirus (LPyV, PDB 4MBZ), BK poly-
omavirus (BKPyV, PDB 4MJ0), murine polyomavirus 1 (mPyV, PDB 1VPS), Merkel cell
polyomavirus (MCPyV, PDB 4FMJ), New Jersey polyomavirus (NJPyV, PDB 6Y5Y), and
Trichodysplasia spinulosa-associated polyomavirus (TSPyV, PDB 4U60). For the LIPyV
VP1-pLNnH complex, the ligands’ terminal disaccharide is shown. Cartoon representa-
tions of the individual VP1 loops are faded into the background. Oxygen and nitrogen
atoms are colored red and blue, respectively.
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B-Gal

B-GIcNAc

\ —3
" N71

Figure 32: Molecular interactions between LIPyV VP1 and para-lacto-N-neohexaose
(PLNnH). The protein residues (light teal) involved in binding and the oligosaccharide
(light orange) are drawn as sticks. Loops are labeled in bold gray. Waters are displayed
as spheres. Hydrogen bonds are indicated as dashed lines. Oxygen and nitrogen atoms
are colored red and blue, respectively. On the right, the symbol structure of pLNnH is
shown with the Symbol Nomenclature for Glycans legend. Monosaccharides not con-
tacting the protein are shaded gray.

A}

Table 18: Intermolecular contacts between LIPyV VP1 and pLNnH.

Monosaccharide VP1 contacts
Hydrogen-bonds Distances (A)
H20-N71 3.0-2.8
B-Gal (term.) 02 1,5 y7g 3.0-3.0
03 N71 3.2
04 G230 2.7
06 N198 2.8
B-GIcNAc N2 E100 2.9
03 H20-K199 2.7-2.9
06 H20-N198 3.0-2.7

Residues contributing backbone atoms to contacts are printed in italics.
Distance values are derived from a single binding site and may alter between chains.
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3.2.2.11 Models of LIPyV VP1 glycan complexes without experimental structures

Glycan binding models of oligosaccharides were prepared to investigate their theoretical
interactions with LIPyV VP1. In the first instance, a structure of the branched LNnH com-
prising six monosaccharides (GalB-4GIcNAcB-3[GalB-4GIcNAcB-6]GalB-4GIcNAcP) was
obtained from the PDB entry 6IAL with the title "Porcine E. coli enterotoxin B-pentamer
in complex with Lacto-N-neohexaose". In the enterotoxin complex, the B-1,3 arm of
LNnH engages a protein surface depression, while the -1,6 arm interacts with an ex-
posed arginine side chain [185]. Interestingly, this experimental LNnH oligosaccharide
structure aligns well with the pLNnH electron density in its LIPyV VP1 complex. Af-
ter geometry optimization using Phenix [155], the LNnH model was only slightly shifted
compared to the experimental pLNnH conformation (see Figure 33a). The -1,6-linked
arm of LNnH appears to interact with the backbone of Tyr 78 (Y78) and the side chain of
arginine 77 (R77, not fully resolved in Figure 33a), which may contribute to the elevated
intensities of the branched neolacto-series glycan array signals.

Branched neolacto glycans with terminal 2’-fucosyllactosamine (Fuca-2GalB-4GIcNAc)
moieties gave rise to high signals in the glycan array screening but using the H-antigen
type 2 glycan analog for crystal derivatization did not result in complex formation. Thus,
a second binding model was built by aligning the 2’-fucosyllactose structure from PDB
entry 6HUR with the LIPyV VP1-lactosamine complex, which elucidates the experimen-
tal outcome. The model reveals severe overlaps between the terminal fucose and the
protein irresolvable through rotation around the glycosidic bond (see Figure 33b).

3.2.2.12 The neolacto-series glycan binding site may be conserved in a few
polyomaviruses related to LIPyV

Viruses related to LIPyV were identified using its VP1 sequence in BLAST (see Meth-
ods) [148], resulting in the puma (Puma concolor) and the raccoon (Procyon lotor) poly-
omaviruses as the closest relatives. Other relatives are from the cow (Bos taurus),
the intermediate roundleaf bat (Hipposideros larvatus), the straw-colored fruit bat (Ei-
dolon helvum), Daubenton’s bat (Myotis daubentonii), the Chinese rufous horseshoe
bat (Rhinolophus sinicus), and the chimpanzee (Pan troglodytes). Among LIPyV’s rel-
atives, Merkel cell polyomavirus (MCPyV) is the only human polyomavirus, with a VP1
identity of 61%, and the only other structurally characterized polyomavirus (the chim-
panzee polyomavirus addressed in previous parts of this thesis belongs to a different
virus species). The VP1 sequences of these viruses were subjected to multiple se-
guence alignment (MSA) to evaluate the conservation of LIPyV VP1’s neolacto glycan
binding site (see Figure 34a) and to infer their phylogenetic relationship (see Figure 34b).
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b

H-antigen triose type 2
binding model

Figure 33: LIPyV VP1 glycan binding models. a) Relaxed model of lacto-N-neohexaose,
derived from PDB entry 6IAL, in association with the neolacto glycan binding site drawn
as sticks. Potential interactions not present in the experimental binding conformation of
pLNnH (outlined in dark gray) are indicated by dashed lines. Loops are labeled in bold
gray. b) Model of 2’-fucosyllactosamine, the glycan of H-antigen type 2, associated with
the same site. Overlaps between the ligand model and the protein surface are indicated
in red. All oxygen and nitrogen atoms are colored dark red and blue, respectively.

The MSA signifies that the neolacto binding site is completely conserved in the puma
virus (Pumfec polyomavirus LSF128) VP1 with no apparent steric hindrances (see Fig-
ure 34a). The same applies to the raccoon polyomavirus VP1. Despite its N198H vari-
ation, the histidine side chain could adopt the water-mediated contact by LIPyV VP1’s
N198 to pLNnH (see again Figure 32).

Bovine polyomavirus 2 and the bat polyomaviruses have completely conserved binding
site residues in the BC1 and BC2 loops but not within the EF1 loop of their VP1s (see
Figure 34a). Mutations such as N198G or K199M reduce the number of possible hydro-
gen bonds, making the engagement of neolacto glycans less likely but not impossible.
In contrast, the sister viruses MCPyV and chimpanzee polyomavirus 1a carry several
mutations in their VP1s that make neolacto binding unlikely (see Figure 34a). The
P199K substitution may clash with the oligosaccharide, and N198G and K199G remove
substantial amounts of hydrogen bonding. Furthermore, Y231N resolves the CH-m inter-
actions with pLNnH’s terminal B-Gal and destructs the sandwich-like architecture of the
binding site. The latter also applies to the Y78T mutation exclusively found in MCPyV.
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a
BC1 loop BC2 loop EF1 loop EF2 loop
77 87 95 195 204 214 224 234
Pumfec LSF128 MGVNAYD | EHMSDWYGYS YDFKPKDVN - - DVPSP E-GE INITTVTKRPMTPKNQALDP TAK AK L DRD[GYYP VE
Lyon IARC M TYD IERMSNWYGYSYEFHPKDVN- -DVPSP E - GENKP|VN IKTVTKTPMTPKNQGMDP TAKTKLLKDIGMYP | E
Raccoon MGVNS TD | EHSDWFGYS YDLKPMNP - - - DSPSP E-GE ITIKT I TKKDLTPKNQGMDP TAKAVLDRDGYYP | E
Bovine2 MGVNAPD IPTIMSDNYGYS YK | APSLSNP - STPNP K-GS I TIETVTGKPMTPKNQGLDP TAKAL LDKDGYYP VE
E. helvum 1 MGVNDPD | P TMGDWY TYS YDMKP AHSKGYDKPNP Q-GN INIETVTGKP TTPRNQGLDP TAKTKL LKDGFYP | E
Merkel Cell MGVNSPDLP TI[SNWYTYTYDLQPKGSSP - DQP | KTTN I TIETVLGRKMTPKNQGLDPQAKAKLDKDGNYP | E
P.tr. verus 1a MGVNSPD | P TMSDWYTYS YDMQPKGSSP - DDPK KPTN ITIET I LGRKMTPKNQGLDP AAKAKLDKDIGNYP VE
H.larvatus 1 MGVNAYDLEHMSNWYTYSYD IQPTK - - - - EEVPP K-GE ITIETVTKQKMTAKNQGLDP TAKTKL TKDIGYFP | E
R. sinicus 2 M TSD IDHMSRWYSYSYDIQPTS- - - -DVLPP T - GE| INITQTVTGKPMTAKNQGLDP | AKTKLTRDGYFP | E
M. daubentonii 1 MGVNTTD I DHMSKWYTYSYD IQPSS - - - -DV I PP T-GD IS IQTVTGRPMTAKNQGLDP TAKTKL TRDIGMFP | E
b h1 h2 E"
—0.053 Pumfec LSF128
0325 Lyon IARC
0129 Raccoon
0.088 0.297 Bovine 2
0107 0.18 Eidolon helvum 1
0.081 —QQE—'ﬁ Merkel Cell
0.038 Pan troglodytes verus 1a
0125 Hipposideros larvatus 1
0135 . .
0125 |31929—Rh|nolophus sinicus 2

10.023 pyotis daubentonii 1

Figure 34: Conservation of neolacto-series glycan binding in polyomaviruses related to
LIPyV. a) Multiple sequence alignment of the VP1s of LIPyV (bold) and related species,
truncated to the BC and EF loops. Just like the BC loop, the EF loop is divided
into an anterior (EF1) and a posterior part (EF2) and encloses a small B-sheet (with
strands E’, E”, and E”) and two short helices (h1 and h2). Strands E’ and E” are lo-
cated outside the relevant sequences and are not shown in the alignment. Residue
numbering corresponds to the LIPyV VP1 sequence. Positions responsible for glycan
binding in LIPyV VP1 are highlighted with Clustal coloring. b) Unrooted phylogenetic
tree based on the same MSA. Evolutionary distances are provided above the individ-
ual branches. Virus names® are truncated to the hosts for conciseness. The Gen-
Bank accession numbers are WAA14057.1 (Pumfec PyV LSF128), YP_009352870.1
(Lyon IARC PyV), YP_009021046.1 (Raccoon PyV), YP_009110709.1 (Bovine PyV 2),
YP_007346968.1 (E. helvum PyV 1), YP_009111420.1 (MCPyV), YP_009094189.1 (P.
troglodytes® verus PyV 1a), BBG61962.1 (H. larvatus PyV 1), BBG62110.2 (R. sinicus
PyV 2), and UYR20760.1 (M. daubentonii PyV 1).

73



Results

3.2.3 Sheep polyomavirus

In this section, | present results regarding ShPyV VP1 that were not part of Rustmeier
et al. [2], including the determination of a crystallographic dissociation constant (aided
by student Alexander Herrmann), a hemagglutination assay, the structural comparison
of the glycan binding sites of ShPyV and BKPyV, and the sequence-based assessment
of Forssman antigen engagement in other polyomaviruses.

3.2.3.1 Forssman pentaose binds to ShPyV VP1 with a micromolar
crystallographic dissociation constant

In Rustmeier et al. [2], | determined a Kd for the ShPyV VP1-Fp interaction, based on
the kinetic binding parameters, by surface plasmon resonance (SPR). Prior to that, we
performed crystal derivatization trials using serially diluted Fp solutions to estimate a
(thermodynamic) crystallographic dissociation constant (Kdc). All crystal complex struc-
tures were solved isomorphously. Detailed data and refinement statistics are minuted
in Table A1 on page 139 in the Appendices. Evaluation of the control density integrals,
which need to be consistent for a valid estimation (see Methods, section 2.2.6.3), re-
sulted in the exclusion of the 0.3125 mM Fp data set (see Appendices, Figure A1).
Subsequently, Michaelis-Menten analysis of the remaining data sets’ Fp electron den-
sity integrals plotted against the oligosaccharide concentrations yielded a Kd; of about
44 uM (see Figure 35).

3.2.3.2 ShPyV VP1 agglutinates sheep erythrocytes but not those of bovine or
human A-type blood

In Rustmeier et al. [2], flow cytometry showed that ShPyV VP1 attaches to sheep but not
human erythrocytes. Here, as a supplementary experiment, | assessed the interactions
between ShPyV VP1 and sheep blood, bovine blood, or human A-type erythrocytes
through a hemagglutination assay. At that, the bovine blood served as a Forssman-
negative reference from a species related to sheep [186]. The assay resulted in sheep
blood hemagglutination between 0.5 pl/uL and 0.001 pg/uL ShPyV VP1, while none of
the other erythrocyte samples were agglutinated (see Figure 36a). Since the lowest
ShPyV VP1 concentration in the first iteration (0.001 ug/uL = ~6 nM) yielded positive
results, a second sheep blood array was prepared. Therein, the concentration of ShPyV
VP1 was diluted to femtomolar concentrations, resulting in positive hemagglutination at
3x107"" or 30 picomoles (Figure 36b).
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Figure 35: Determination of a crystallographic dissociation constant (Kd;) for the ShPyV
VP1-Fp complex. Left: The bias-reduced Fo-Fc omit electron density of the Forssman
glycan calculated from the 10 mM Fp data set displayed at a contour level of 2.5 ¢ and
with a radius of 1.6 A around the ligand. The oxygen and nitrogen atoms are colored
red and blue, respectively. Middle: Ligand Fo-Fc densities from the dilution series of Fp
concentrations in ShPyV VP1 crystals used for integration. Right: Determination of the
crystallographic dissociation constant (Kd;) using Michaelis-Menten analysis. Each data
set comprises ten integral values. Medians are shown as diamonds colored according to
the middle panel with the null value in white. Significance is shown with *** for p < 0.001.
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Figure 36: Hemagglutination assay using different kinds of mammalian blood and ShPyV
VP1 as the agglutinin. a) From above: Arrays of sheep blood, bovine blood, and erythro-
cytes from human type A1 and human type A2 blood. b) Array of sheep blood with
tenfold dilutions of a 3 M ShPyV VP1 stock solution. Each row features a @ sample
using buffer instead of protein functions as a negative control.
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3.2.3.3 Structural analysis reveals a conserved glycan engagement strategy in
betapolyomaviruses.

To evaluate the relationship of the ShPyV VP1-Fp binding site to the glycan sites of other
polyomaviruses, structural alignments of the respective ligand complexes were prepared.
The left panel of Figure 37a shows the six modes for Neu5Ac engagement in polyoma-
virus VP1s (see also Introduction, Figure 5). A comparison with the ternary complex of
ShPyV VP1, Forssman pentaose (Fp), and a sialyl moiety (see Figure 37a, right panel)
reveals that the Fp molecule covers a surface area that corresponds to five of the sialyl
sites. Only the TSPyV site, which is also functional in ShPyV VP1, remains free.

The structural comparison also reveals that the methyl groups in the terminal monosac-
charides of the ShPyV VP1-Fp and BKPyV VP1-GD3 complexes spatially align (see
Figure 37b), mediated by a shared binding site architecture. The hydrophobic depres-
sion for the methyl group engagement is conserved in the two viruses, and sequentially
aligning residues confer specificity towards the glycan binding motifs (see Figure 38).
Collectively, this topological conservation indicates a common binding site origin, a topic
further addressed in the Discussions.

3.2.3.4 VP1 sequence analyses indicate Forssman binding in several
betapolyomaviruses related to ShPyV

To explore the presence of Forssman binding in the polyomaviruses from other Forssman-
positive hosts, such as mice, goats, horses, and dogs, VP1 sequence analyses were per-
formed. These show that within this selection of viruses, the residues required for antigen
recognition are only conserved in the murine polyomavirus 2 (mPyV2, see Figure 39a).
Beyond, | performed a BLAST run (see Methods) using the ShPyV VP1 BC2 loop, which
mainly contributes to Forssman binding, as the query sequence. This search identified
several betapolyomaviruses that share a common ancestor with ShPyV and feature a
conserved Forssman antigen (FA) binding site, including mPyV2 and viruses from bats,
multimammate mouse, lion, and red panda (see Figure 39b). No hits occurred for PyVs
of the alpha, gamma, and delta genera, suggesting that Forssman binding exclusively
occurs in ShPyV and potentially a few related betapolyomaviruses. The implications of
these findings, including an evaluation of these animals’ Forssman status, will be dis-
cussed in the next chapter.
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d

LPyV BKPyV mPyV MCPYV NJPyV TSPyV ShPyV
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Forssman

pentaose NeuSAc

a-GalNAc

BC2cw loop BC2cw loop

Figure 37: Relationship between the binding sites of Forssman pentaose and sialyl gly-
cans. a) Left: The aligned sialic acid moiety binding modes are shown in superposi-
tion for the VP1s of B-lymphotropic polyomavirus (LPyV, PDB 4MBZ), BK polyomavirus
(BKPyV, PDB 4MJ0), murine polyomavirus 1 (mPyV, PDB 1VPS), Merkel cell polyoma-
virus (MCPyV, PDB 4FMJ), New Jersey polyomavirus (NJPyV, PDB 6Y5Y), and Tri-
chodysplasia spinulosa-associated polyomavirus (TSPyV, PDB 4U60). The individual
protein loops are faded into the background. The sialic acids are colored according to
the VP1 identifiers. Right: In the same orientation, ShPyV VP1 in complex with Forss-
man pentaose (Fp) and the Neu5Ac of 3'SLN (PDB 7B6V). b) The ShPyV VP1-Fp and
BKPyV VP1-GDS3 glycan complex structures in comparison. The residues establishing
polar contacts towards Fp and the Neu5Ac-Neu5Ac motif feature an orange and green
surface color, respectively. The small panel shows the superposition of Fp’s a-GalNAc
and the terminal Neu5Ac moiety aligned to the BKPyV VP1 surface (from PDB 4MJ0).
In all images, oxygen and nitrogen atoms are colored red and blue, respectively.
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ShPyV VP1 - Fp BKPyV VP1 - NeuSAc

BC loop DE loop HI loop

ShPyV 46 GQPENEDEYGFSVTVSDDEGSD 120 HS[QKR 262 GFIETH@MS
BKPyV 56 GDPl-IDENIIRGFSILKILSAENDESSD 129 HAQSQK 268 GLIETNSEGTaa

Figure 38: 2D representations of glycan engagement in the VP1s of ShPyV and BKPyV.
In the diagrams, amino acids contributing to ligand binding are symbolized as circles.
Similar circle positions signify the same residue positioning within the VP1 sequences.
Circle colors correspond to residues hydrophobicity (light yellow), polarity (green), posi-
tive charge (blue), and negative charge (red). In the pairwise sequence alignment, bind-
ing site residues are colored accordingly. Polar and apolar interactions are indicated by
thick and finer dashes, respectively. Glutamine 49 aligns with a gap in the BKPyV VP1
sequence and has no equivalent in the right panel. Not shown on the right is leucine 67
of BKPyV VP1, which doesn’t interact with the glycan. Also, the subterminal sialic acid
moiety interacting with lysine 68 is omitted for clarity.
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a VP1s of PyVs from selected Forssman-positive hosts
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Figure 39:
Caption on next page
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Figure 39: Caption

Conservation of Forssman glycan engagement in a) PyVs from Forssman-positive hosts
and b) PyVs related to sheep polyomavirus. The MSAs were compiled with ShPyV
VP1 (NCBI: YP_009134726.1) as the reference, highlighted in bold. PyV species in
the upper MSA derive from house mouse (Mus musculus, mPyV2, ALN69893.1), wild
goat (Capra aegagrus, CaegPyV, YP_010087535.1), horse (Equus caballus, EcabPyV,
YP_006383691.1), and dog (Canis familiaris, CfamPyV, YP_009362021.1). The lower
MSA comprises the VP1s of ShPyV, mPyV2, and PyVs from a bat species (Myotis lucifu-
gus, MyoPyV, YP_002261488.1), multimammate mouse (Mastomys natalensis, Mnat-
PyV, YP_009111357.1), red panda (Ailurus fulgens, AfulPyV, AOW44158.1), and lion
(Panthera leo, PleoPyV, YP_009553611.1). Residue positions relevant for glycan bind-
ing are colored according to their conservation score from low (teal) to high (burgundy)
as calculated in JalView 2 [187]. ¢) Surface representations of ShPyV VP1 liganded with
Forssman pentaose and a sialic acid moiety (PDB 7B6V) with residues coloring accord-
ing to the MSA conservation scores. Structure images rendered in ChimeraX [158].
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Chapter 4: Discussions

4.0.1 Sea otter and avian polyomaviruses

This work showed that the VP1 of sea otter polyomavirus (SOPyV) and its homolog from
BKPyV share a conserved sialyl binding site. SOPyV VP1 also features highly conserved
residues of the TSPyV sialyl binding site, initially considered as another potential recep-
tor attachment point. However, my SOPyV VP1-GD3 oligosaccharide crystal structure
has revealed that a lysine residue (K63) in this putatively second binding site causes
steric hindrance for Neu5Ac engagement. Still, the high conservation of the remaining
TSPyV site in SOPyV VP1 is unlikely a product of chance. It is more probable that the
ancestor of SOPyV gained the ability to engage sialic acid moieties at the BKPyV sialyl
site and, in turn, lost the selection pressure to maintain the TSPyV site, allowing for the
introduction of sterically unfavorable residues such as K63. Yet, the significant conser-
vation of the TSPyV site in the SOPyV VP1 implies a recent abandonment, in contrast
to related betapolyomaviruses, where the TSPyV sialyl binding site is less conserved
(see Figure 40b). These considerations also imply that the sialyl binding site commonly
utilized by several members of the alpha-, beta-, and gammapolyomaviruses is phyloge-
netically older than the sialyl site of BKPyV and its relatives.

a BC2 loop DE loop
SOPyV 55 GFSNQ JEDFGDRTPNKEE|LP 119 VHSGGQRV - GT -
APyV 51 GYSTVI[FVQAEGY HSTEVP 114 MHSGAFRAFNG-
TSPyV 68 GYSEK ANSSDQBKPITSGE|IP 131 VHMATKRMYDD -
GHPyV 52 GFSQA ATSLNP PKAELP 119 VHSAS IRVMNGG-
ShPyV 56 GFSDN DDFGS PWKQFP 115 VHS AQKRVYEND
b
SOPyV 55 GFSNQVTUKEDFGDBTPINKEELLP 119 VISGGQRVGTSG
JCPyV 57 GFSKS IS I[SDTFESPSPINRDMLP 121 VHSNGQATHDNG
BKPyV 65 GFSLKLISAENDFSSBSPERKMLP 129 LHAGSQKVHEHG
S

SV40 67 GLSKSLIAAEKQFTD| DKEQLP 131 LHSGTQKTHENG

Figure 40: Conservation of the TSPyV VP1 sialyl binding site in the VP1s of a) SOPyV,
APyV, TSPyV, GHPyV, and ShPyV and b) SOPyV, JCPyV, BKPyV, and SV40. The
residue position responsible for sialyl glycan engagement in TSPyV VP1 are highlighted
in boxes with Clustal coloring.

To better understand the consequences of the SOPyV VP1 K63 residue for sialyl glycan
engagement, we sought to structurally characterize APyV VP1, which carries a similarly
sized’ glutamine residue (Q59) at the same residue position (see Figure 40a). As a
gammapolyomavirus, such as finch polyomavirus (FiPyV) and goose hemorrhagic poly-
omavirus (GHPyV), APyV VP1 was expected to engage sialyl glycans at the conserved

"Both lysine and glutamine feature five non-hydrogen atoms in their side chains.
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TSPyV site, which was later (theoretically) confirmed by AlphaFold’s structure predic-
tion. The folding model showed that the Q59 side chain, in contrast to K63 in SOPyV
VP1, folds inwards and should not inhibit the engagement of sialic acid moieties. How-
ever, this structure model may not reflect the physiological fold of APyV VP1 within the
assembled pentamer, nor does it provide information on the specific interactions with
potential sialyl glycan ligands. Due to its tendency to aggregate, which may be caused
by exposed hydrophobic residues (see again Figure 17c), gathering experimental data
on the interactions between APyV VP1 and potential sialyl glycan ligands proved chal-
lenging. Protein aggregates are amorphous and unlikely to crystallize, which hindered
analyses by X-ray crystallography. Other techniques, such as microscale thermophore-
sis or STD NMR, require stably monodisperse protein, which for APyV VP1 could not
be achieved. To overcome this problem, substituting the exposed hydrophobic residues
with polar amino acids using site-directed mutagenesis may increase solubility and en-
able further experimental procedures.

4.0.2 Chimpanzee polyomavirus
4.0.2.1 The roles of galactosyl and sialyl moieties for receptor engagement

In the Results, | described a novel galactosyl binding site in ChPyV VP1 located approx-
imately 15 A beside the sialyl glycan binding site (see again Figure 23). | showed that
this galactosyl site engages both a- and -linked galactoses and thus contrasts the rather
strict specificities of the glycan binding sites in other PyV VP1s, which usually only ac-
cept one configuration of a terminal monosaccharide. One of the characterized ligands,
lacto-N-tetraose (LNT, GalB-3GIcNAcB-3GalB-4Glc), is similar in sequence to the gly-
cans of gangliosides GM1 (GalB-3GalNAcB-4[Neu5Aca-3]GalB-4Gic) and GD1b (Galp-
3GalNAcB-4[Neu5Aca-8 NeuS5Aca-3]GalB-4Gilc), both of which carry terminal galactose
on one of their branches. Thus, it is plausible that the galactosyl binding site contributes
to the engagement of ganglioside receptors. Furthermore, LNT is an integral part of
the Lc4Cer glycosphingolipid (GSL) and its Lewis A antigen derivate, which may also
function as cellular anchor points. Lc4Cer is also the precursor of the ABO and Lewis b
GSLs, but these antigens carry fucosylated galactoses that probably do not fit into the
binding pocket. The other characterized galactosyl ligand of ChPyV VP1, globotriose
(Gb3, Gala-4GalB-4Gilc), corresponds to the glycan of the abundant Gb3Cer glycolipid.
However, Gb3Cer is probably too short to function as a direct attachment receptor. Ulti-
mately, to test if the recognition of galactosyl carbohydrates is sufficient for infection, in
vitro studies using cells depleted of membrane sialylation will be required.

82



Discussions

4.0.2.2 Differences in the glycan engagement of ChPyV and NJPyV and their
implications for host tropism

As discussed in the previous paragraph, the galactosyl binding site of ChPyV VP1 may
contribute to cellular attachment and thus influence tropism and viral host range. How-
ever, the NJPyV VP1, with a sequence identity of 83% to ChPyV VP1, gave similar
glycan array screening results (see again Figure 19). From a structural point of view, it
is disputable whether these viruses engage different receptors at all. Therefore, ChPyV
and NJPyV contrast other human-simian pairs such as HPyV9 and LPyV or BKPyV and
SV40, where subtle variations in the sialyl binding site residues of one member facilitate
the preferred engagement of Neu5Gc over Neu5Ac [188]. Because the VP1s of ChPyV
and NJPyV seem to function identically, their T antigens must be considered host range
factors. Here, the sequence differences are more prominent (78% identity), with the
large T antigens (LTAgs) of NJPyV (GenBank YP_009030021.1, 711 residues) being
considerably longer than the ChPyV homolog (YP_004046683.1, 615 residues). It is
conceivable that both viruses can enter the same cells due to the engagement of similar
receptors, where only the virus with the appropriate LTAg, interacting with the hosts’ tran-
scription and replication machinery, establishes productive infection. Viral reproduction
studies using simian and human cells with determined membrane glycan profiles may
clarify the question of host tropism.

4.0.3 Lyon IARC polyomavirus
4.0.3.1 Implications of LIPyV VP1 glycan engagement

In this work, | described the interactions between the linear neolacto-series oligosaccha-
ride para-lacto-N-neohexaose (pLNnH) and LIPyV VP1 in a novel neolacto glycan bind-
ing site. | showed that the minimal binding motif appears to be the terminal lactosamine
(Galp-4GIcNAcp) disaccharide, as free lactosamine yielded decent, albeit weaker, ligand
binding, whereas lactose showed only faint association with the protein.

Beyond the linear pLNnH, I, by theoretical models, propose that the elevated signals of
branched neolacto-series glycans, as seen in the glycan array screening, are mediated
by additional contacts to the surface of LIPyV VP1. Likewise, | show that the neolacto-
series binding site of LIPyV VP1 does not accept fucosylated lactosamine moieties on
the B-1,3-linked arm. These models significantly complement the experimentally ac-
quired complex structures for understanding the glycan engagement strategy of LIPyV
VP1.

Pursuing the crystallographic complex formation of the glycan array hits corresponding
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to globotriose and galactotetraose (Gal4), which display terminal a-Gal instead of B-Gal,
did not result in ligand binding. Although large portions of the LIPyV VP1 surface are ac-
cessible for engagement, a systemic problem cannot be ruled out in this context. To fully
confirm that complex formation with these oligosaccharides does not occur, solution-
based methods, such as STD NMR, should be employed.

In contrast to ChPyV and ShPyV, which feature active sialyl binding sites beyond those
of neutral glycans, LIPyV VP1 seems to not bind to sialylated ligands (the glycan array
hit for NeuAca-(6')-lacto-N-neooctaose is based on the neolacto-series core). Conse-
quently, the attachment of LIPyV VP1 to its host cells is potentially solely mediated by the
recognition of terminal lactosamine groups present in membrane glycolipids or glycopro-
teins. The neolacto glycan binding site of LIPyV VP1 is recessed toward the geometrical
center of the viral particle. Yet, (neo)lacto-series glycans carry multiple repeats of their
disaccharide building blocks, likely enabling viral engagement. However, the physio-
logical role of neolacto-series glycans, which occur in the glycolipids and milk of many
mammalian species, including humans, as receptors for LIPyV remains unknown. To ob-
tain a clearer picture, in vitro studies examining the role of neolacto glycans during LIPyV
infection will be necessary. Therefore, (sialyl glycan-depleted) cell lines with appropriate
membrane constitutions will be required.

4.0.3.2 Phylogenetics and host tropism

Lyon IARC polyomavirus (LIPyV), initially described as a human polyomavirus, was later
found in the feces of domestic cats several times. By evaluating the binding site conser-
vation in viruses related to LIPyV, | showed that a puma and a raccoon polyomavirus may
also use neolacto-series glycan receptors. The cat-associated LIPyV and its two closest
relatives infect species of the Carnivora order, including the Feliformia suborder (puma
and cat), and species native to the New World (puma and raccoon). The phylogenetic
relationships of these viruses and their hosts, which also share a common ancestor,
may reflect co-evolution [76]. | also showed that nested within the LIPyV-related viruses
is Merkel cell polyomavirus (MCPyV), which, by sequence, does not engage neolacto
glycans and instead uses glycosaminoglycan (GAG) and sialylated receptors for cell at-
tachment. During evolution, MCPyV and its chimpanzee sister virus may have developed
the ability to engage these differing infection receptors, reducing the selection pressure
to maintain a neolacto site. The alternative acquisition of the MCPyV VP1 sialyl glycan
binding site by recombination with the capsid protein of another (unknown) polyomavirus
is less likely, as this site remains unique to MCPyV and, by sequence, its sister virus.

84



Discussions

4.0.4 Sheep polyomavirus
4.0.4.1 The ancient origin of the Forssman antigen binding site

In the Results on ShPyV VP1, | showed that its Forssman glycan binding site shares
a glycan engagement strategy with the sialyl site of BKPyV VP1. In addition to the
betapolyomaviruses ShPyV and BKPyV, the alphapolyomaviruses B-lymphotropic poly-
omavirus (LPyV) and human polyomavirus 9 also use a similar but more recessed bind-
ing site for sialyl glycans in their VP1 proteins [96, 189]. Their shared binding site ar-
chitecture may have originated in an ancient VP1 that diverged to recognize different
monosaccharides, including the sialic acid in gangliosides or the a-GalNAc in the Forss-
man antigen. However, the original recognition motif, whether sialic acid, GalNAc, or
another monosaccharide, remains unknown.

4.0.4.2 The role of Forssman antigen in betapolyomavirus evolution and host
tropism

The sheep polyomavirus was initially identified as a genetic contamination in processed
lamb meat, and it so far remains unknown if the virus propagates in the animal [76]. It
is related to a group of monophyletic betapolyomaviruses with a few members featur-
ing a conserved Forssman binding region. It is conceivable that their last common viral
ancestor utilized FA to infect its host before diverging into the recent betapolyomavirus
species. During viral evolution, the heterophile distribution of the FA in animals may have
facilitated host switching, which is especially plausible for pervasive host species such
as bats and rodents. For example, the house mouse is a Forssman-positive animal, and
the pneumotropic polyomavirus of mice (Betapolyomavirus secumuris, mPyV2), a close
relative of ShPyV, is likely able to engage Forssman antigen (see again Figure 37).
Host switching mediated by FA may also explain why these monophyletic betapoly-
omaviruses comprise members found in phylogenetically distinct hosts such as lion and
red panda [77]. However, to my knowledge, it is unknown if bats, lions, and red pandas
express FA on their cell membranes. Based on the available knowledge on the genetic
determinants for Forssman antigenicity [186], lions should express an active Forssman
synthetase (see GenBank XM_042913499.1). In contrast, the genomes of red panda
(Ailurus fulgens) and the bat Myotis lucifugus do not possess a Forssman synthetase
(explored using the Forssman synthetase GBGT1 gene of the house mouse, not shown),
suggesting that these species lack Forssman antigen, assuming their genomic informa-
tion is complete.
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4.0.4.3 The utility of ShPyV VP1 for Forssman antigenicity typing

In Rustmeier et al. [2], flow cytometry experiments demonstrated that fluorescently la-
beled ShPyV VP1 can detect Forssman antigen on cells, similar to the recognition by an
antibody or lectin. A comparable result was achieved through a hemagglutination assay
presented in this thesis, showing that ShPyV VP1 only agglutinates Forssman-positive
erythrocytes. These results also suggested that the protein’s recognition of sialyl gly-
cans is negligible in a cellular context. As shown by the crystal structure, ShPyV VP1
recognizes the GalNAc-GalNAc (Forssman) disaccharide. For this specific recognition
motif, no distinct lectin is known, and deploying anti-Forssman IgM antibodies requires a
high product consumption. Under these considerations, labeled ShPyV VP1 may prove
helpful for typing the Forssman antigenicity in tissue samples. It may help clarify the dis-
tribution of Forssman antigen in animals and its occurrence in malignancies of humans.
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Chapter 5: Conclusions

Polyomaviruses (PyVs) infect a wide range of different animals. While the dsDNA viruses
were initially discovered in mammals such as mice and primates, including humans, the
known host range today also comprises birds and fish. New PyV species are consistently
discovered, and although the pathogenic potential of most of these viruses remains un-
known, the awareness of emerging viral diseases makes studying PyVs no less signifi-
cant. The first two isolated human polyomaviruses, BKPyV and JCPyV, are opportunistic
pathogens that can cause severe renal and cerebral diseases, respectively. The efforts
to determine PyV pathogenicity factors have resulted in what today is an established
paradigm: Most polyomaviruses require sialic acid-bearing receptors for infectious en-
try. As non-enveloped particles, many polyomaviruses use their major and outermost
capsid protein to recognize a terminal sialic acid moiety on their target cells’ glycolipids
and glycoproteins. Subtle differences in the VP1 sequences mediate the recognition of
different sialic acid motifs. The most prominent instance is in the sialyl binding sites of
BKPyV and the simian PyV SV40. Two single amino acid substitutions enable SV40 to
preferentially bind (i) Neu5Gc over Neu5Ac, two sialic acids that differ by hydroxylation at
the N-acetyl group, and (ii) GM1 over the b-series gangliosides. Such differentiations are
intertwined with the co-evolution of hosts and viruses: As humans lost the ability to pro-
duce Neu5Gc, engaging only Neu5Ac signified an increased fitness for the human virus.
A consequence, which is valid for PyVs and viruses in general, is that the presence or
absence of specific cellular receptors may facilitate or prevent viral diseases.

The deployment of glycan array screening has supported many studies of PyV-receptor
interactions. In a few examples, a single carbohydrate group (glycan) could be deter-
mined as the primary determinant of infection, including the lactoseries tetrasaccharide
¢ (LSTc) for JCPyV. Glycan microarray experiments involve the VP1’s screening against
a broad library of carbohydrates from various sources, which here, for the first time,
indicated interactions of VP1s with neutral glycans, contrasting the negatively charged
sialyl glycans or glycosaminoglycans. These findings enabled the characterization of
glycan analog complexes by X-ray crystallography, including the structures of chim-
panzee polyomavirus (ChPyV) VP1 with galactose-terminating oligosaccharides, Lyon
IARC polyomavirus (LIPyV) VP1 with neolacto-series sugars, and, foremost, the interac-
tion of sheep polyomavirus (ShPyV) VP1 with the Forssman antigen pentaose. These
interactions attest that the receptor usage within the polyomavirus family is even more
versatile than previously assumed.

87



Conclusions

Investigating the structural determinants of viral receptor binding also helps comprehend
their evolution. For instance, | demonstrate that the ShPyV VP1’s Forssman glycan
binding site is phylogenetically related to the sialyl site in the VP1s of BKPyV and SV40,
which provides valuable insights into the glycan engagement of ancestry viruses.

Lastly, my findings suggest that utilizing the outstanding binding affinity of ShPyV VP1 to
the Forssman antigen, a longstanding subject in the fields of glycobiology, immunology,
and oncology, may hold benefits for future research.
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Appendices

1 Rustmeier et al. (2023)

Rustmeier, N. H. et al. A novel and highly specific Forssman antigen-binding protein
from sheep polyomavirus. bioRxiv, 2023.04.10.536218 (2023) was distributed as a
preprint (https://doi.org/10.1101/2023.04.10.536218) under the CC BY 4.0
deed (https://creativecommons.org/licenses/by/4.0/). At the current stage,
the material has not undergone a peer-review process. Revised versions of this material
may be available online at later times.

For inclusion, the main document of Rustmeier et al. (2023) (https://www.biorxiv.
org/content/10.1101/2023.04.10.536218v2.full.pdf) was scaled to 95%. Pages
1-22, which only contain text, were converted to grayscale.

The Supplementary Tables S1 (https://www.biorxiv.org/content/biorxiv/
early/2023/04/15/2023.04.10.536218/DC1/embed/media-1.x1sx) and S2
(https://www.biorxiv.org/content/biorxiv/early/2023/04/15/2023.04.1
0.536218/DC2/embed/media-2.docx) were compiled by our Imperial College London
collaborators and are available online.

The Supplementary Material S3-S6 (https://www.biorxiv.org/content/biorxiv/

early/2023/04/15/2023.04.10.536218/DC3/embed/media-3.pdf) was appended
printing two pages per page.

Table 19: Author contributions Rustmeier et al. (2023)

Author Author Scientific Data Analysis & Paper
position ideas % (generation % interpretation % writing %

Nils H. Rustmeier 1 40 70 45 60
Lisete M. Silva 2 0-5 5 0-5 0
Antonio Di Maio 3 0-5 5 0-5 0
Joshua C. Mller 4 0-5 5 0-5 0
Alexander Herrmann 5 0-5 5 0-5 0
Ten Feizi 6 10 0 10 10
Yan Liu 7 20 10 15 10
Thilo Stehle 8 10 0 10 20
Title of paper: A novel and highly specific Forssman antigen-binding protein

from sheep polyomavirus
Status in publication process: Preprint available (https://doi.org/10.1101/2023.04.10.536218)
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Abstract

Polyomaviruses are small, non-enveloped double-stranded DNA viruses of humans
and other mammals, birds, and fish. Infections are usually asymptomatic and result in
latency, however, some polyomaviruses can induce severe diseases, including cancer,
in immunocompromised individuals. Established cellular receptors for polyomavirus
infection are sialylated glycolipids (such as gangliosides), membrane proteins, and

glycosaminoglycans. Polyomaviruses are usually highly host specific but the exact
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principles that govern host tropism remain unknown in many cases. Here, glycan array
screening shows that the major capsid protein VP1 of sheep polyomavirus (ShPyV)
binds to the Forssman glycolipid, an antigen of many vertebrates and a potential tumor
marker in humans. Following closer investigation, we can report for the first time that
a neutral, non-sialylated glycolipid acts as a polyomavirus receptor. Concurrently, we
present the first report of a viral protein that specifically engages the Forssman antigen.
We demonstrate that ShPyV VP1 binds to Forssman-positive erythrocytes but not
those of human A, B and O blood groups, which is a clear distinction from features
thus far described for Forssman lectins. X-ray crystallography and structural analysis
of the VP1-Forssman glycan complex define the terminal Forssman disaccharide as
the determinant of this protein-receptor interaction. These results strongly suggest that
the sheep polyomavirus can use Forssman antigen for infectious cell entry.
Furthermore, the ability of ShPyV VP1 to distinguish Forssman-positive from -negative
cells may prove useful for monitoring the Forssman-‘status’ of normal, preneoplastic

and neoplastic cells and tissues and establishing the antigen level as a biomarker.

Author summary

Elucidation of host cell receptor specificities of viral infection is crucial to understand
the pathobiology of associated diseases and develop treatments. However, for many
polyomaviruses the receptor engagement as the initial event in infection is poorly
understood. In only a few cases polyomavirus tropism has been pinned down to a
single type of glycan receptor. While many polyomaviruses utilize sialyl glycans to
attach to host cells, the role of non-sialylated glycans as receptors is so far
underestimated. Here, we show for the first time that a glycan of neutral charge, in this
case the carbohydrate portion of the Forssman antigen, acts as a ligand for a

polyomavirus capsid protein and may thus contribute to host tropism and infective cell
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entry. These results represent a significant addition to knowledge on polyomavirus-
glycan interactions and complement general principles of carbohydrate engagement
by viruses. Furthermore, as a specific binding protein of Forssman antigen, VP1 may

help to determine levels of this antigen in healthy and malignant tissues in humans.

Introduction

The Forssman antigen (FA), a neutral globo-series glycosphingolipid (GSL, see Table
1), is produced by the glycosyltransferase activity of Forssman synthetase (FS)'2.
Encoded by the GBGT1 gene, FS catalyzes the addition of aGalNAc to the non-
reducing end of globoside (see Table 1). This reaction results in the key immunogenic
motif of the Forssman antigen, the terminal GalNAca1-3GalNAcB Forssman
disaccharides. With few exceptions in humans, GBGT1 is transcribed but encodes for
an inactive FS, resulting in a predominantly Forssman-negative human population*?.
So far, only a small number of healthy individuals worldwide were found to carry an
activating mutation within GBGT1. In these individuals, the resulting allele gives rise to
a Forssman antigen-positive (FA+) erythrocyte phenotype, which is now recognized as
the human FORS blood group®-8. Other reports of healthy human FA+ tissues are
scarce, and human sera often contain natural anti-FA antibodies®''. More frequently,
Forssman antigenicity was described in cancerogenesis and a few other diseases of
humans'?2', Yet, both the genetics and the precise role of FA expression in disease

remain poorly understood.

The Forssman glycolipid also serves as a receptor for different bacterial infections in
animals?2-28, however, it is so far unknown if viruses also utilize FA to target their hosts.

In this study, by means of glycan microarray screening, nuclear magnetic resonance

104



bioRxiv preprint doi: https://doi.org/10.1101/2023.04.10.536218; this version posted April 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY 4.0 International license. .
1 Rustmeier et al. (2023)

78  (NMR), surface plasmon resonance (SPR), and cell binding assays, we show that FA,
79  which is the predominant glycolipid in ovine erythrocytes®®, serves as a cellular
80  attachment receptor for the VP1 of a polyomavirus originally identified in sheep®. This
81 designated sheep polyomavirus (ShPyV) is a member of a non-enveloped, double-
82 stranded DNA virus family with icosahedral capsids, scaffolded by the major capsid
83 protein VP1. To initiate an infection many polyomaviruses rely on the interaction
84  between their VP1 and sialic acid-equipped glycolipids in the target cell membranes?®'-
85 36 Although other infection receptors such as glycoproteins and glycosaminoglycans
86 have also been reported for some polyomaviruses®—?, detailed structural information
87 is so far only available for the interactions between VP1s and sialylated
88 oligosaccharides. Thus, our studies present the first example of a polyomavirus VP1
89 protein interacting with a non-sialyl neutral glycan, complementing the principles of
90 how polyomaviruses recognize their targets.

91

92 Results

93

94  Sheep polyomavirus VP1 binds the Forssman epitope with a strong preference over

95 other glycans

96

97 To identify potential attachment factors of ShPyV, we prepared recombinant VP1
98  pentamers as previously described*3. The protein was analyzed using a neoglycolipid-
99 based glycan screening array encompassing a broad spectrum of lipid-linked glycan
100 probes**. A full list of 672 glycan probes is in Table S1, and these include major types
101  of mammalian sequences found on glycoproteins (N- and O-linked), glycolipids, blood
102 group and Lewis antigen related, oligosaccharide fragments of glycosaminoglycan

103  heparin, as well as those derived from polysaccharides of bacteria, fungi, and plants.
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104 Among these are 204 sialylated glycan probes variously bound by several
105  polyomavirus VP1s described previously*>°. We detected a signal for the Forssman
106  glycolipid that surpasses all other signals by at least one order of magnitude (Fig. 1).
107 A dominance of the terminal GalNAca1-3GalNAcB Forssman disaccharide is apparent
108 as the VP1 did not give binding signals with globoside glycolipid (P-antigen, position
109 25, Table S1), the precursor of the Forssman glycolipid which lacks the terminal
110  a-linked GalNAc residue. Furthermore, there were no signals with other GalNAc-
111  terminating glycan probes, including the blood group A related glycan probes, and the
112 two Tn antigen probes GalNAca-Ser and -Thr (positions 221 and 222, Table S1). The
113  disaccharide probe GalNAca1-3GalNAc (position 223) with a ring-opened GalNAc
114 core (reduced by reductive amination) was also not bound. These suggest the
115  importance of adjoining monosaccharides beyond the aGalNAc residue for ShPyV VP1
116  binding. Among the sialylated glycans analyzed only one short a2,6-linked sialyl probe
117  with a 9-O-acetylated N-acetylneuraminic acid residue (Neu5,9Ac?) yielded a weak
118 signal (position 607). No binding signals were detected in the negative control
119  experiment with detection antibodies alone in the absence of ShPyV VP1 (Table S1).
120

121  To assess if the glycan binding revealed by the glycan microarray also occurs in
122  solution, we evaluated the interactions between ShPyV VP1 and the Forssman
123 pentaose (Fp) in the presence of a2,6-sialyllactose (6'SL) by saturation transfer
124 difference  NMR (STD NMR) spectroscopy, which reveals protein-to-ligand
125  magnetization transfer in the case of short-term binding (10 M < Kp < 103 M)%051, In
126 the first instance, the 'H reference resonances of isolated Fr and 6’SL were collected
127  (Fig. 2a and 2b), which allowed us to unambiguously assign the oligosaccharide
128  signals*352 (except for the overlaps within 3.5-4.0 ppm) in the 'H spectrum of a sample

129  comprising VP1, Fp, and 6'SL (Fig. 2c). Subsequently, we used the same sample to
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130 perform the STD NMR experiment. Evaluation of the resulting spectrum reveals
131  magnetization transfer to both Fp and 6’'SL, which infers that VP1 interacts with both
132 glycans in the solution (Fig. 2b). However, while resonances derived from all
133  monosaccharides in Fp (two GalNAc, two Gal, and a Glc) received magnetization
134 transfer, only the sialic acid methyl group of 6’SL re-emerged in the STD spectrum.
135 Yet, these results are in good agreement with the findings from the glycan array
136  analysis of ShPyV VP1, which indicated a much higher affinity for Fp than sialylated
137  glycans (Fig. 1). Strikingly, the methyl group of the aGalNAc in Fp gives a particularly
138  strong peak in the STD spectrum (Fig. 2b), which implies a prominent (and potentially
139  specificity-conferring) role in the VP1-Fp interaction.

140

141  ShPyV VP1 has a nanomolar affinity towards Forssman pentaose-decorated surfaces

142

143  After assessing the complex formation between ShPyV VP1 and Fr in the context of
144  the solid-supported glycan array and solution NMR, we sought to evaluate the
145 underlying binding kinetics by surface plasmon resonance (SPR) and compare the
146  performance of VP1 with the albumen gland agglutinin of Helix pomatia (HPA), an
147  aGalNAc-specific lectin with high affinity towards the Forssman antigen®3%4. Therefore,
148  we prepared an SPR chip decorated with Fp (see Fig. S3) and measured binding
149  responses using different dilutions of VP1 and HPA. The resulting response curves
150  show that within the given association time the pentavalent VP1 and hexavalent HPA
151  bind to the immobilized Fp without reaching a complex formation equilibrium, which
152  suggests that the proteins do not readily dissociate from the surface (Fig. 3a). Indeed,
153  fitting of the kinetic parameters results in extremely low dissociation rates (Koff) for both
154  proteins, which is a common phenomenon for multivalent binding systems. However,

155 the curves of VP1 result in a higher rate for complex formation (kon), determining an
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156  overall approximately three-fold lower dissociation constant (Kp) compared to HPA
157  (Fig. 3a).
158

159  ShPyV VP1 specifically binds to Forssman-positive erythrocytes

160

161  To confirm the functional relevance of the VP1-Fp complex in vitro, we performed cell
162  binding assays using different erythrocytes and compare the cell binding of VP1 with
163  commercial reagents for Forssman antigen detection, i.e., HPA and the monoclonal
164  anti-FA IgM antibody M1/87%. We incubated VP1 with Forssman-positive red blood
165 cells (RBCs) from sheep and human RBCs of the different ABO phenotypes and found
166  that ShPyV VP1 bound sheep RBCs with saturation but did not attach to any of the
167  human erythrocytes (Fig. 3b left). In contrast, the aGalNAc-specific lectin HPA bound
168 to the FA on sheep RBCs and to the antigens on human blood group A1 and A2
169 RBCs% (Fig. 3b left). To confirm that the carbohydrate portions of the antigens account
170  for binding, we incubated the two proteins with excessive amounts of the terminal
171  trisaccharides (trioses) of FA (GalNAca1-3GalNAcB1-3Gal) and A substance
172 (GalNAca1-3[Fuca1-2]Gal) and assessed the remaining sheep RBCs attachment. As
173  predicted, FA triose blocked VP1 and HPA, while A antigen triose could only inhibit
174 HPA attachment (Fig. 3b right). Lastly, we determined the effective protein
175  concentrations (EC50, see Methods) for sheep RBCs attachment using different
176  dilutions of ShPyV VP1, HPA, and M1/87. Evaluation of the response curves yielded
177  the lowest EC50 for ShPyV VP1 with a value of 1.2 nM, followed by M1/87 and HPA
178  with 3.3 nM and 5.2 nM, respectively (Fig. 3c). Collectively, these results show the
179  remarkable specificity and affinity of ShPyV VP1 towards the Forssman antigen.

180
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181  Crystal structure of Forssman pentaose bound to VP1 reveals an intricate network of

182  interactions

183

184  To characterize the binding of Forssman antigen by ShPyV VP1 with atomic detail, we
185  solved the crystal structure of the VP1 in complex with 10 mM of Forssman pentaose
186 (Fp) at 1.92 A resolution (Table S4). Initial electron density calculation using
187 unliganded ShPyV VP1 model (PDB 6Y61) shows that five molecules of the
188  oligosaccharide (GalNAca1-3GalNAcB1-3Gala1-4Galf1-4Glc) associate with the
189  outer surface of the pentameric VP1, at a position that does not overlap with the
190  previously described sialic acid binding site*? (Fig. S5b), in a five-fold symmetric array.
191  All five Forssman binding sites are identical and located between two neighboring VP1
192 monomers (Fig. 4a). In the binding sites without artificial crystal contacts, electron
193  density provides an unambiguous outline of the last four monosaccharides of Fp (Fig.
194  4b). The intermolecular contacts show that the terminal trisaccharide of Fp contributes
195 to binding, whereas the remaining $Gal and Glc divert away from VP1 and do not
196 interact with the protein surface. Closer inspection of the binding site reveals that the
197 methyl group of the terminal aGalNAc invades a hydrophobic surface depression
198  constituted by phenylalanine residues of two neighboring VP1 monomers, establishing
199 van der Waals interactions (Fig. 4c). Additionally, the N-acetyl moiety of aGalNAc
200 interacts with the Q266 and F66¢cw residues via hydrogen bonds (Fig. 4c). In BGalNAc,
201 the carbonyl oxygen forms two hydrogen bonds with the side chains of Q266 and N268
202  (Fig. 4c). Apart from these contacts, numerous interactions involve the hydroxyl groups
203  of Fp that are directed towards the protein surface. An overview of all contacts and their
204 distances is provided in Table 2. We also solved the crystal structure of VP1 in complex

205  with the FA glycan precursor, globo-N-tetraose, which reveals negligible binding only
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206  (Fig. S5). We therefore conclude that the terminal GalNAca1-3GalNAc disaccharide is
207  essential for the high affinity of the ShPyV VP1-Fp complex.

208

209 Discussion

210

211 Sheep polyomavirus (ShPyV) was originally identified as a genomic contaminant in
212 processed lamb meat, and it remains unknown if sheep are the natural hosts of this
213 virus®®. Our functional data show that ShPyV engages Forssman antigen (FA)-
214  decorated cells with high affinity and specificity, making it plausible that FA initiates
215  sheep polyomavirus infection. However, in sheep the FA was thus far only detected on
216  erythrocytes but not on leukocytes, bone marrow or other tissues?®%":%8, However, as
217  the studies about the distribution of Forssman antigen in sheep tissues are old, the
218  more sensitive techniques available today could help to elucidate the potential targets
219 cells for viral replication as well as the precise role of Forssman antigen during ShPyV
220 infection.

221

222 The antigenic determinant of Forssman antigen is the GalNAca1-3GalNAcB
223 disaccharide. In sheep erythrocytes it is predominantly linked to globotriasolyceramide,
224  givingrise to the linear Forssman pentaosylceramide (see Table 1), but it also appears
225  on the (unbranched) glycans of neolacto-series or Galili glycolipids?®. In other animals,
226  GalNAca1-3GalNAcp occurs on branched structures such as extended H-like antigens
227  (dog gastric mucosa and mucus)®*%, GM1 ganglioside (English sole fish)®', isoglobo-
228  ganglio-neolacto glycans (swine)®?, as well as in the form of mucin core 5 (GalNAca1-
229  3[NeuAca2-6]GalNAc) in bovine submaxillary mucin®. We believe that ShPyV VP1
230 can bind a range of different Forssman glycans, providing that the structural deviations

231 do not result in clashes with the protein. By the assessment of our ShPyV VP1-
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232 Forssman pentaose (Fp) complex structure, the designated minimal glycan binding
233 motif is the GalNAca1-3GalNAc disaccharide with few additional contacts to the
234 subsequent aGal. From structural perspective, this epitope recognition clearly
235 disallows branching of the glycan at certain positions, e.g., O3 of aGalNAc, N2 of
236 BGalNAc or O4 of aGal. For example, in the blood group A glycan fucose replaces the
237  N-acetyl group of the BGalNAc, which would result in overlaps with the protein and
238  accounts for the lack of binding (Fig. S5b). This feature distinguishes VP1 from many
239  other Forssman glycan-binding proteins such as Galectin-9, Helix pomatia agglutinin,
240  Sinularia lochmodes lectin-2, and Dolichos biflorus agglutinin, where recognition is
241  based on the subterminal or terminal GalNAc (see Fig. S6), resulting in a much broader
242  glycan binding capacity®4-57.

243

244  Previously we have shown that ShPyV VP1 interacts with sialylated trisaccharides in
245  crystal structures*3. Also, our new results from STD NMR and crystallography indicate
246 that sialyl and Forssman glycan binding occur independently from each at separate
247  sites of the protein surface (Fig. S5b). Yet, in our flow cytometry assays we did not
248 detect any binding to human erythrocytes although they are known to be decorated
249  with sialic acids. However, the preferred form of sialic acid for ShPyV VP1, as evinced
250 by our glycan array data, is 9-O-acetylated N-acetylneuraminic acid (Neu5,9Ac2),
251  which in human erythrocytes is present in too low amounts to result in detectable
252 binding®. These findings imply that human cells are incompatible targets for the sheep
253 virus.

254

255 Humans are considered a largely Forssman-negative species and the presence of
256 Forssman antigenicity is mostly associated with human cancer®®. During the last

257 decade, the elucidation of the genetic basis behind FA reactivation and the
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258 establishment of the human FORS blood group underline the continual relevance of
259  Forssman antigen®%. We propose that ShPyV VP1 complements and expands the
260 available resources for the comprehensive detection of Forssman antigen in cellular
261 and histological samples of healthy or malignant provenance. We also anticipate
262 refining mutant VP1 protein to precisely target the Forssman antigen for biomedical
263  use.

264

265 Summary

266

267 We show that the Forssman antigen serves as a cellular attachment receptor for the
268  maijor capsid protein VP1 of ShPyV. After initial detection by glycan array screening,
269 cell binding assays imply functional relevance. Structural analysis of VP1 in complex
270  with the carbohydrate moiety of FA, Forssman pentaose (Fr), characterizes the
271 determinants of the underlying interactions with high accuracy. Our findings have
272 significance for the fields of structural virology, glycobiology, and pathobiology as
273 follows:

274 (i) We report the first structural and functional data of a viral entity to specifically
275 interact with the Forssman antigen.

276 (ii) The ShPyV VP1 — Fp complex provides the first detailed information on how
277  a polyomavirus binds to a non-sialylated ligand.

278 (iii) The high specificity and affinity of ShPyV VP1 toward Forssman antigen
279 recommends this protein as a potential biomedical reagent.

280

281  Materials and methods

282

283  Protein expression and purification
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284  The VP1 of sheep polyomavirus was recombinantly produced as previously.*3 Briefly,
285 transformed E. coli BL21 (DE3) were grown in LB (Miller) medium supplemented with
286 100 pg/ml ampicillin at 37 °C. Expression was induced at an ODsoo of 0.7 with 400 uM
287 IPTG and carried out at 20 °C for 16 h. ShPyV VP1 was extracted from bacterial pellets
288 by sonification and subsequent centrifugation (17,000 rom at 4 °C). The Hiss-tagged
289 VP1 was purified by immobilized-metal affinity chromatography (IMAC) and gel
290 filtration (20 mM HEPES pH 7.5, 150 mM NacCl). For crystallization of ShPyV VP1 the
291 Hise-tag was cleaved off by incubation with 10 U/mg thrombin overnight at room
292 temperature. Tags and thrombin were separated from ShPyV VP1 by IMAC and gel
293 filtration. If not immediately used, the protein was stored at -20 °C.

294

295  Glycan array

296 The Hiss-tagged ShPyV VP1 was analyzed in the neoglycolipid (NGL)-based
297 microarray system’®. A broad-spectrum screening glycan microarray set
298 encompassing 672 sequence-defined lipid-linked glycan probes was used (the glycan
299  probes included, and their sequences are given in Supplemental Table S1). Details of
300 the preparation of the glycan probes and the generation of the microarrays are in
301  Supplementary Glycan Microarray Document (Supplemental Table S2) in accordance
302 with the MIRAGE (Minimum Information Required for A Glycomics Experiment)
303 guidelines for reporting of glycan microarray-based data’'. The microarray analyses
304 were performed essentially as described*’#8. In brief, after blocking the slides for 1h
305  with HBS buffer (10 mM HEPES, pH 7.4, 150 mM NaCl) containing 0.33% (w/v) blocker
306 Casein (Pierce), 0.3% (w/v) Bovine Serum Albumin (Sigma-Aldrich) and 5 mM CacClz,
307 the microarray was overlaid with the VP1 protein for 90 minutes as a protein-antibody
308 complex that was prepared by preincubating VP1 with mouse monoclonal anti-

309 polyhistidine and biotinylated anti-mouse IgG antibodies (both from Sigma) at a ratio
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310 of 4:2:1 (by weight) and diluted in the blocking solution to provide a final VP1
311  concentration of 150 pg/mL. Binding was detected with Alexa Fluor-647-labelled
312  streptavidin (Molecular Probes) at 1 ug/mL for 30 minutes. Apart from the protein-
313 antibody precomplexation step, which was performed on ice, all other steps were
314 carried out at ambient temperature. Microarray imaging and data analysis are
315 described in the Supplementary MIRAGE document (Supplemental Table S2).

316

317 NMR

318  All nuclear magnetic resonance (NMR) data were collected in a Bruker AVIII-600 MHz
319  spectrometer equipped with a TXI-z probe head at 298 K using 3 mm NMR tubes.
320 Samples were provided in 99 % D20-PBS containing 20 mM KH2PO4/K2HPO4 (pH 7.4)
321 and 150 mM NaCl. 'H reference spectra of isolate oligosaccharides samples were
322 recorded using pure solutions of 4 mM of Forssman pentaose and 2 mM of 6’SL.
323 Subsequently, the 'H oligosaccharide resonances of a sample containing 1 mM
324 Forssman pentaose and 1 mM 6’'SL in the presence of 20 uM ShPyV VP1 were
325 collected under suppression of protein signals. From the same sample, the saturation
326 difference transfer (STD) NMR experiment was performed using previously published
327 pulse protocols*®. NMR spectra were processed using TOPSPIN 4 (Bruker). The
328 carbohydrates used here were purchased from Biosynth, UK.

329

330 VP1 mutagenesis

331 Site-directed mutagenesis of VP1 was performed in samples of 20 uyl containing
332 1x ReproFast amplification buffer (Genaxxon), 20 ng template vector DNA, 50 ng
333 primers, 2 mM dNTP, and 1 unit of ReproFast polymerase (Genaxxon). Initial
334 denaturation was performed at 95 °C for 2 minutes, followed by 18 cycles of 95 °C for

335 1 minute (denaturation), 55-70 °C for 1 minute (annealing), and 72 °C for 6 minutes
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336  (elongation). Subsequently, DNA synthesis was completed at 72 °C for 10 minutes.
337 Parental template DNA was digested with 2 units of Dpnl for two hours at 37 °C. The
338  PCR product was directly transformed into E. coli DH5a.

339

340 DNA primers for the site-directed mutagenesis of ShPyV VP1 were ordered from

341  ThermoFisher Scientific and are displayed from 5’- to 3’ ends:

342
343 S95C_fwd: GCTGAACCAAGACATGACCTGCGATACCATCCTGATGTGGGAGG
344  S95C_rev: CCTCCCACATCAGGATGGTATCGCAGGTCATGTCTTGGTTCAGC
345

346 Fluorescence labeling

347 VP1 was expressed and purified as described above. Surficial cysteine residues were
348 reduced in degassed gel filtration buffer (20 mM HEPES pH 7.4, 150 mM NaCl)
349  supplemented with 80 mM DTT at 4 °C overnight. DTT was removed from the protein
350 solution using a PD-10 desalting column (Cytiva) with DTT-free gel filtration buffer. A
351  20-fold molar excess of cysteine reactive AFDye 488 Maleimide (Fluoroprobes) was
352 added to the protein solutions (0.5 - 0.7 mg/ml) and the reaction was incubated in the
353 dark at 4 °C for 16-20 h. Excess dye was quenched and removed by desalting in gel
354 filtration buffer supplemented with 10 mM DTT. VP1-488 conjugate was eluted in the
355 same buffer. The degree of labeling was photometrically determined according to the
356 manufacturer’s protocol (Fluoroprobes).

357

358 Flow cytometry

359 Defibrinated blood from sheep was purchased from TCS Biosciences Ltd and
360 BioTrading Benelux B.V., and human reference erythrocytes from Immucor. Prior to
361 analysis, all blood was diluted to 0.25 % in 1x PBS + 2 % fetal calf serum (FC buffer).

362  For staining, labeled protein was added to samples of ~1x10° cells in a total volume of
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363 100 pL. After incubation in the dark for 15 minutes, cells were precipitated by
364 centrifugation (1.5 min at 1900 rpm) and resuspended in fresh FC buffer. Unstained
365 reference samples were prepared accordingly without the addition of labeled protein.
366  For cell attachment inhibition assays, proteins were incubated with oligosaccharides
367 (Forssman antigen trisaccharide: Elicityl, France; Blood group A trisaccharide:
368  Biosynth, UK) for 5 minutes prior to their addition to the cellular samples (~1x10° cells
369 in 100 pL). To determine the concentration for half maximal cell attachment (effective
370 concentration, EC50), samples comprising serially diluted concentrations of labeled
371 protein, starting from 10 yg/mL for M1/87-FITC (Santa Cruz Biotechnology) and HPA
372 Alexa Fluor™ 488 conjugate (Invitrogen), and 5 ug/mL for VP1-488, were prepared as
373 described above. Here, the wash step was omitted to guarantee consistent protein
374  concentrations and to prevent agglutination. All samples were transferred to the flow
375 cytometer (LSR Il, BD Biosciences) and fluorescent fractions were captured at 520 nM.
376 100,000 events were recorded for all samples except those with agglutination, in which
377 case 10,000-20,000 events were recorded. All data were analyzed using FACSdiva
378  software (BD Biosciences). EC50 values were calculated using R"2.

379

380 Surface plasmon resonance

381 Assessment of the kinetic binding parameters was performed via surface plasmon
382 resonance (SPR) in a Biacore X-100 system. Using an adapted protocol’3, BSA
383  decorated with Forssman pentaose (~76 kDa) as the ligand was prepared via reductive
384 amination (see Fig. S3). After rebuffering into a 10 mM acetate buffer at pH 4,
385 approximately 100 response units (RU) of ligand were immobilized onto the CM5
386  sensor chip surface using amine coupling as described in the manufacturer’s protocol
387 (Cytiva). For the reference flow cell, native BSA (Sigma-Aldrich) was immobilized

388  similarly. Purified VP1 (162 kDa) and native HPA (79 kDa, Sigma-Aldrich) buffered in
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389 SPR assay buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 0.005 % Polysorbate 20)
390 were used as analytes in different concentrations between 0.2 nM and 20 uM. All
391 measurements were performed at 25 °C. During binding (120 s) and dissociation
392 (180 s), a flow rate of 30 yL/min was applied. After each cycle, the surfaces were
393 regenerated applying 10 mM glycine pH 1.5 for 120 s. Experimental curves were
394 interpreted using BlAevaluation software (Cytiva).

395

396 Crystallization and data collection

397 Purified ShPyV VP1 was concentrated to 3.5 mg/ml. Crystallization droplets comprised
398 1 pl protein and 1 pl reservoir solution (150 mM KSCN and 20 % (w/v) PEG 3,350).
399 The droplets were equilibrated against the 500 ul reservoir using the hanging drop
400 vapor diffusion method at 20 °C. For ligand derivatization, VP1 crystals were soaked
401 in crystallization solution supplemented with the respective oligosaccharides (10 mM
402  Forssman pentaose (Fr), 10 mM globo-N-tetraose, 5 mM Fp + 20 mM 3’SLN, 5 mM Fp
403 +20mM6’'SLN, 20 mM A antigen trisaccharide (all purchased from Biosynth, UK), and
404 20 mM Tfantigen (TCI Europe), at 20 °C for half an hour. Prior to flash freezing, crystals
405  were transferred to oligosaccharide soaking solutions supplemented with 20 % (v/v)
406  MPD for cryo-protection. X-ray diffraction experiments were performed at the Swiss
407  Light Source (SLS) beamline X06DA (PSl in Villigen, Switzerland). Data were collected
408  at a wavelength of 1 A with an excitation time and angle of 0.1 s and 0.1° per image.
409

410  Structure determination and refinement

411  X-ray diffraction images were integrated and scaled using XDS*. For each data set,
412 2,000-3,000 reflections were reserved as a test set for structure validation. Phases
413  were determined by molecular replacement using the native sheep polyomavirus VP1

414  structure as search model (PDB 6Y61) in Phaser (CCP4)7°. Phase refinement and
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model building were performed until validation parameters converged using Phenix

and Refmac5, and Coot, respectively’®-78. Oligosaccharides conformations are in

accordance with the restraints from the CCP4 libraries. All protein structure

representations were rendered in PyMOL (Schrodinger).

Data availability

Atomic coordinates of ShPyV VP1 in complex with carbohydrate ligands are deposited

in the RCSB Protein Data Bank (PDB) with the accession codes 7B6S (Forssman

pentaose, Fp), 7B6T (globo-N-tetraose), 7B6U (Fp + 6°SLN), and 7B6V (Fp + 3’SLN).

Other data can be provided by the authors upon request.
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Table 1 Carbohydrate antigens cited in this report.

Class Name Symbolic structure Sequence
8 LacCer OB—4.B—Cer GalB1-4GIcB-Cer
08
5 Gb3Cer OL0o @ cer Gala1-4Galp1-4GlcB-Cer
»n £
oc
85 Gb4Cer B3, ~a4 ~B4ap G
|—( —{ )—.— alNAcB1-3Gala1-4GalB1-4GlcB-Cer
g g (P antigen) Cer B B B
> Forssman a3—PB3 ~a4 ~p4ap
S | Lentaosylceramide | H FO—O—@—cCer| GalNAca1-3GalNAcB1-3Galal-4GalB1-4GlcB-Cer
2 &
g H antigen 2 Fuca1-2Galp1-R
2 3R
s B
o
3 &
5 A antigen 2 GalNAca1-3(Fuca1-2)GalB1-R
3 a3 g3
o
=
o a
® B antigen 2 Gala1-3(Fuca1-2)Galf1-R
T R
a3~B3
[o]
2 Tn antigen D—SerlThr GalNAca-Ser/Thr
X .
o TF antigen QB_DU_Ser/Thr Galp1-3GalNAca-Ser/Thr

Lac - lactose, Cer - ceramide, Gb3 - globotriose, Gb4 - globotetraose, R - glycan backbone linked to protein or lipid carriers

(O -cal [_|-canac @ -cic [l] -GleNAc 4 - Fuc
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Figure 1 Glycan microarray screening analysis of ShPyV VP1 reveals selective
engagement of Forssman glycolipid. The results are the means of fluorescence
intensities of duplicate spots, printed at 5 fmol per spot. The error bars represent half
of the difference between the two values. In the glycan array the 672 lipid-linked probes
are grouped into non-sialylated and sialylated glycans as annotated by the colored

panels. The list of glycan probes, their sequences, and binding scores are in Table S1.
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667 Figure 2 Assessment of the sheep polyomavirus VP1 — Forssman pentaose
668 interaction in solution by STD NMR. 'H spectra of a Forssman pentaose (Fp) and b
669  6’sialyllactose (6’SL) in their isolated forms. Proton resonances are labeled according
670 to the carbon positions in the monosaccharides. ¢ 'H spectrum of a sample comprising
671 20 yM ShPyV VP1, 1 mM Fp, and 1 mM 6’SL collected under protein suppression. d
672 The STD NMR spectrum that was recorded from the same sample.

673

126



bioRxiv preprint doi: https://doi.org/10.1101/2023.04.10.536218; this version posted April 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

1 Rustmeier et al. (2023)

a b
~ 3004 ShPyV VP1 Blood cell binding Binding inhibition
2 ___ 1001
X 1.24 uyM X
a2 500 ] = PBS
'c 200 8 Mock)
Y B
3 1004 124 nM £ .
g ko) Forssman
% 12.4 1M g triose
¥ 04 c%
0 100 200 300 A tanrggaen
Time (s) 01 —
Sh A1 A2 B O Fluorescence
3‘300' HPA Protein: [_] shPyv vP1 [JiJ] HPA
2 5004 1.27 uM 1004
[
=] L]
© 127 nM —
& 1001 X
2 c
o 12.7 nM S
® 01 : : : § 501 _ EC50
0 100 _ 200 300 “_5 Protein (nM)
Time (s) 2 o VP1 12
©
Kon Koff Kp n —m— M1/87 3.3
x10° M1y (x10*sT) (nM) ol —& HPA 52
VP1 241+0.08 8.7+0.2 3.6 100 10 ]
674 HPA 087+0.01 9.2+0.07 10.5 Protein concentration (nM)

675 Figure 3 Flow cytometry and surface plasmon resonance analyses of Forssman
676 antigen engagement. a Determination of the binding kinetics towards a Forssman-
677 decorated surface using ShPyV VP1 and HPA. Response curves are shown as
678 ftriplicates for each protein concentration. Kinetic parameters and the dissociation
679 constant are provided in the table below. b Absolute cell attachment of ShPyV VP1
680 and Helix pomatia agglutinin (HPA) to Forssman antigen-positive red blood cells
681 (RBCs) from sheep (Sh) and human erythrocytes of the blood groups A1, A2, B, and
682 O (left). Effects of Forssman and blood group A antigen trioses on ShPyV VP1 and
683 HPA attachment to sheep RBCs. Results are shown as concatenated and normalized
684  histograms (right). ¢ EC50 determination using ShPyV VP1, HPA, and anti-Forssman
685 IgM M1/87 to sheep blood cells. Significance is indicated with *** for p < 0.001.

686
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b

Figure 4 Forssman pentaose binds to the external surface of ShPyV VP1 with
numerous contacts. a The crystal structure of a single VP1 pentamer is shown with
five molecules of Forssman pentaose (Fp) associated to its outer surface. The bias-
reduced Fo-Fc omit electron density map of Fp is displayed as blue meshes around
the oligosaccharides, with a contour level of 2.5 o and a radius of 1.6 A. The individual
Fp binding sites locate between adjoining protein chains, indicated by the orange
coloring of one VP1 monomer. b Magnified view of a bound Fp molecule with its symbol
structure. The glucose of Fp, which is not visible in the crystal structure, is grayed out
in the latter. ¢ Molecular interactions between VP1 and Fp are displayed with the

hydrogen bonds drawn as dashed lines. VP1 coloring corresponds to panel a. Water
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698 molecules are shown as spheres. Throughout the figure, oxygen and nitrogen atoms
699 are colored red and blue, respectively.

700
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701  Table 2 Intermolecular contacts between ShPyV VP1 and Forssman pentaose.

Monosaccharide VP1 contacts

Van der Waals

aGalNAc Methyl F53, F56, F66cw, A122, F264
Hydrogen-bonds Distance (A)
aGalNAc O3 D64cw 2.74
Amide N Q266 2.70
Acetyl O F66cw 2.90
BGalNAc 04 H20-H20-S57 2.95-2.90-2.63
04 N59 3.06
04 Q266 2.55
06 Q47 2.95
Acetyl O Q266 2.96
Acetyl O N268 2.78
aGal 02 K270 3.31
04 D58 2.67
04 N59 3.45
04 H20-N59 2.61-2.83
06 D58 2.54

Residues using their backbone atoms to establish contacts are printed in italic. Distance
values are derived from a single binding site and may alter between chains.
702
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Figure S3 a The left panels show the analytical size exclusion chromatography (SEC) results of native BSA and Fp-BSA using a SD200 Increase
3.2/300 column (Cytiva). The right panels display the respective surface plasmon resonance (SPR) immobilization procedures. For the second
flow cell (FC2), fraction 3 of the Fr-BSA SEC was used. b SDS-PAGE of native BSA (left lane) and the three fractions of the analytical SEC of

Fp-BSA. The mass difference between BSA and Fp-BSA (lane 3) corresponds to a coupling of ~8 molecules of Forssman pentaose to one
molecule of BSA.

Table S4 Data collection and refinement statistics for the glycan complex crystal structures of ShPyV VP1.

Data set of derivate(s) Forssman pentaose Globo-N-tetraose Forssman pentaose + Forssman pentaose +
6’SLN 3’SLN
PDB accession code 7B6S 7B6T 7B6U 7B6V
Data collection
Space group P34 P34 P31 P31
a, b, c(A) 130.5, 130.5, 222.4 130.3, 130.3, 222.2 129.6, 129.6, 220.4 130.4, 130.4, 221.2
a, B,y () 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120
Resolution (A) 42.71-1.92 (2.04 - 1.92) 48.91-1.70 (1.80 - 1.70) 49.47 - 1.90 (2.02 - 1.90) 48.85-1.80 (1.91 - 1.80)
Total reflections 2'214'763 2'676'281 1'728'348 3'864'575
Unique reflections 321°069 462'792 325'151 390'469
Rmeas (%) 9.3 (68.4) 10.7 (108.5) 14.6 (122.3) 16.2 (127.3)
I/ol 16.67 (2.91) 13.51 (1.61) 9.46 (1.33) 11.02 (1.51)
CCii2(%) 99.9 (78.6) 99.8 (48.5) 99.6 (44.1) 99.7 (47.1)
Completeness (%) 99.8 (98.7) 99.9 (99.7) 99.8 (98.7) 99.8 (98.9)
Wilson B-factor (A2) 329 27.9 31.3 28.5
Refinement
Ruwork / Riree (%) 14.9/17.6 14.3/16.5 14.6/17.3 15.2/17.7
No. of atoms
Protein 20'468 20'343 20'393 20322
Water 2'254 3'256 2031 2'373
Glycan 564 411 761 636
B-factor (A2)
Protein 29.5 228 28.0 245
Water 37.4 348 35.8 30.8
Glycan 328 37.2 34.0 26.4
R.m.s.d
Bond length (A) 0.0093 0.0095 0.0090 0.0092
Bond angle (°) 1.65 1.64 1.65 1.72
Ramachandran outliers (%) 0.08 0.08 0.04 0.15

Clashscore 1.94 1.80 1.89 2.96
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Figure S5 a The crystal structure of ShPyV VP1 in complex with 10 mM globo-N-tetraose (GNT, PDB 7B6T), the glycan of the Forssman precursor
molecule globoside, reveals only negligible binding. b The co-complexes of ShPyV VP1 with Forssman pentaose (Fr), and 6’sialyllactosamine
(6'SLN, PDB ID 7B6U) or 3'sialyllactosamine (3'SLN, PDB ID 7B6V) show that the different glycan species bind to different sites on the protein
surface with no close contact between them. In a + b, the Fo-Fc electron densities are shown as blue meshes around the individual
oligosaccharides with a contour level of 2.5 ¢ and a radius of 1.6 A. ¢ Based on aGalNAc superposition, the side-by-side depiction of the Forssman
antigen glycan (GalNAca1-3GalNacB1-3Gala), A antigen glycan (GalNAca1-3[Fuca1-2]GalB), and the TF antigen (GalB1-3GalNAca1-Ser/Thr)
in association with the VP1 surface. In the A antigen and TF antigen glycan models the fucose and galactose, respectively, result in overlaps with
the protein (highlighted in purple). The Tn antigen, which corresponds to TF truncated by the terminal galactose, also cannot bind to VP1 as the
glycoprotein proceeds horizontally to VP1, which again would result in overlaps. In all panels of ¢, arrows indicate the linkage to the remaining
antigen portion. Throughout the figure, oxygen and nitrogen atoms are colored red and blue, respectively.

Figure S6 Different modes of
Forssman glycan binding in ShPyV
VP1, Galectin-9 carbohydrate
recognition domain (Gal-9 CRD),
Helix pomatia agglutinin (HPA), and
Dolichos biflorus agglutinin (DBA).
VP1 recognizes the GalNAca1-
3GalNAcB1-3Gala trisaccharide
sequence of Forssman pentaose (Fp)
via multiple hydrogen bonds to each
sugar unit (upper left panel). Human
Gal-9 CRD (PDB 5X4A) mainly
interacts with the BGalNAc of Fp
(upper right panel). HPA (PDB 2CGY)
and DBA (PDB 1LU1) interact
exclusively with the terminal aGalNAc
but not BGalNAc (bottom panels). All
proteins are shown as transparent
surfaces with an underlying cartoon
representation. Binding site residues
(colored according to the protein) and
Forssman glycans (light grey) are
shown as sticks. Arrows indicate the
direction of the linkage to the next
monosaccharide. Oxygen and
nitrogen atoms are colored red and
blue, respectively. Hydrogen bonds
are indicated as dashed black lines.

Forssman glycan binding by Sinularia
lochmodes lectin-2 (PDB 5X4A) is
homologous to HPA and not shown.
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Figure 41: Raw scan of the SDS-PAGE gels of purified VP1 samples for the glycan array.
This scan is the basis for Figure 10 on page 38.
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Figure 42: Raw scans of the SDS-PAGE gels of the SOPyV VP1 purification. This scan
is the basis for Figure 12 on page 40.
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Figure 43: Raw scans of the SDS-PAGE gels of the ChPyV VP1 purification. These
scans are the basis for Figure 20 on page 52.
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Figure 44: Raw scans of the SDS-PAGE gels of the LIPyV VP1 purification. These scans
are the basis for Figure 25 on page 60.
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2 Raw scans

Figure 45: Raw scan of the hemagglutination assay using ShPyV VP1 as coagulant. This
scan is the basis for Figure 36 on page 75.
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3 Supplementary crystallographic statistics
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Figure A1: Boxplots of omitted tripeptide (residues 143—145) reference Fo-Fc density
integrals for the crystallographic ShPyV VP1-Fp dissociation constant calculation. Out-
liers are shown in red, and the median and mean values are indicated as bold horizontal
lines and blue diamonds, respectively. The boxed areas comprise the interquartile range
(IQR) of the data, with the vertical lines extending towards non-outlying extreme values
(within 1.5 * IQR).
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Table A1: Data and refinement statistics for the crystal structures of ShPyV VP1 with the Forssman pentaose dilution series.

Data set 10 mM 5mM 1.25 mM 0.625 mM 0.3125mM 0.039 mM 0.0195 mM
Data collection
Space group P31

a, b, ¢ (A) 131, 131, 222

o, B, v (9 90, 90, 120
Resolution (A) 429-22 499-22 49.1-22 499-22 49.1-2.2 499-22 499-22
Total reflections 1,429,271 2,233,502 2,261,265 2,240,680 2,153,610 2,220,054 2,221,606
Unique reflections 214,373 212,193 214,900 216,291 215,471 212,369 213,407
Rmeas (%) 10.5(47.5) 25.1(169.2) 21.8(139.4) 20.4 (105.6) 18.9(101.6) 13.3(65.8) 26.0(138.7)
I/ol 15.17 (4.14) 10.11 (1.60) 10.43 (1.72) 12.27 (2.58) 12.21 (2.34) 15.23 (3.87) 9.68 (1.59)
CCy2 (%) 99.7 (89.4) 99.4(42.3) 99.5(55.7) 99.5(73.7) 99.5(62.8) 99.7 (83.6) 99.2 (53.9)
Completeness (%) 99.1 (94.7) 99.7 (98.4) 99.8 (98.8) 100 (100) 99.7 (98.0) 99.6 (97.9) 99.8 (98.7)
Wilson B-factor (A2) 36.0 37.5 38.3 34.7 34.3 36.8 33.5
Refinement
Rwork / Riree (%) 21.5/24.1 22.0/245 20.5/23.0 19.7/21.8 19.2/214 19.3/22.0 21.4/23.6

Main twin fractions (%)
H,K,L/H, -H-K, -L 79.4/20.6 724/276 605/39.5 476/34.7 524/476 71.3/28.7 70.1/29.9
Protein B-factor (A?) 29.9 29.0 32.6 28.6 28.0 27.5 29.7

Values in parentheses refer to the highest resolution bin.
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4 Supplementary glycan array material
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Figure A2: Graph of the SOPyV VP1 glycan array screening results. Glycan probes are
sorted by sialyl linkages as indicated by the color code. The crossed-out signal arose
from an artifact on the array slide and is erroneous. No preferential glycan binding was
detectable for SOPyV VP1.

4.1 Glycan probe list

A list of the probes in this work’s glycan arrays was deduced from the Supplementary
Table S1 (https://www.biorxiv.org/content/biorxiv/early/2023/04/15/202
3.04.10.536218/DC1/embed/media-1.x1sx) of Rustmeier et al. [2], distributed under
the CC BY 4.0 deed (https://creativecommons.org/licenses/by/4.0/). It was
converted to grayscale and attached as Table A2 on the following pages.
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Table A2. List of glycan probes in the broad-spectrum glycan screening array.

GlyTouCan
Pos? Probe” Sequence® D¢
Non-sialyl

1 Hanfland 1 Glcp-Cer G71142DF

2 Galactosylceramide Galp-Cer G65889KE

3 Galactocerebrosides Galp-Cer G65889KE

4 H-Di Fuco-2Gal-DH G66086EX
GalNAca-3Gal-DH

5 A-Tri Fuca-ZI G55958KV
GalNAca—3Gal-A0

6 A-tri-AO Fuccl—2| G55958KV
Galo-3Gal-DH

7 B-Tri Fucu-l 65861220
Galo-3Gal-A0

8 B-Tri-AO Fuca—L 65861220

9 GSC-426 (3-deoxy, 3-carboxymethyl) Galp-C30 N/A

10 Sulfatide SU-3Galp-Cer 672548Rz

11 GSF-1 SU-3Galp-C30 c72548R2

12 GSC-209 GlcAB-3Galp-Cerd2 699041PQ

13 GSC-210 SU-3G1lcAB-3Galp-Cerd2 653954AN

14 Glucocerebrosides Glep-Cer G71142DF

15 GSF-19 SU-6GLcB-C30 2119461

16 Lactocerebrosides Galp-4Glcp-Cer G84224TH

17 Lac Galp-4Glc-DH 674621DY

18 Lac-AO Galp-4Glc-A0 674621DY

19 GSC-432 (3-deoxy, 3-carboxymethyl) Galp-4Glcp-C30 N/A

20 GSC-296 GlcAB-3Galp-4Glcp-C30 G49110FU

21 GSC-353 SU-3GlcAp-3GalB-4G1lcp-C30 G08069TM

22 GalNAca-3GalB-4Glc GalNAca-3GalB-4Glc-DH 69534108

23 Globotri-AO Gala-4Galp-4Glc-A0 G06000DZ

24 Ceramide trihexoside Gala-4Galp-4Glcp-Cer a

25 Globoside (P-antigen) GalNAcB-3Gala-4GalB-4Glcp-Cer G00061MO0

26 Globo-H-Hexa Fuca-2Galp-3GalNAcp-3Gala-4Galp-4GlcNAc-DH G273180T
GalNAca-3Galp-3GalNAcP-3Gala-4Galp-4GlcNAc-DH

27 Globo-A-Hepta Fuca-2 G28008YF
Galo-3Galp-3GalNAcp-3Gala-4Galp-4GLNAC-DH

28 Globo-B-Hepta Fuca—i G26270KR

29 Forssmann glycolipid GalNAca-3GalNAcB-3Gala-4Galp-4Glcp-Cer 68006266
Galp-4Glc-A0

30 Fuc(3)-Lac-AO Fuca-:li G06210XB
(3-deoxy, 3-carboxymethyl)Galp-3Glcp-C30

31 GSC-430 Fuca—lll N/a
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3-deoxy, 3-carboxymethyl-Galp-4Glcp-C30

32 GSC-ZGO Fuca-3 N/A
SU-3Galp-4GLlcB-C30
|
33 GSC-150 Fuca-3 G14344KX
SU-3Galp-4Glcp-Cer36
|
34 GSC-160 Fuca-3 G14344KX
35 LacNAc(1 '3) Galp-3GlcNAc-DH G04616ST
36 LacNAc(1-3)-A0 Galp-3GLcNAc-A0 04616ST
37 LacNAc Galp-4GlcNAc-DH 651331BY
38 LacNAc-AO Galp-4GlcNAc-AO G51331BY
39 H-Tri-T2-AO Fuca-2Galp-4GLcNAc-A0 39064VB
GalNAca-3Galp-3GlcNAc-AO
|
40 A-Tetra-T1-AO Fuca-2 658507A2
GalNAca-3Galp-4GlcNAc-AO
|
41 A-Tetra-T2-AO Fuca-2 G17108EX
Gala-3Galp-3GlcNAc-AO
|
42 B-Tetra-T1-AO Fuca-2 626934c0
Gala-3Galp-4GlcNAc-AO
|
43 B-Tetra-T2-AO Fuca-2 G25651TK
Gala-3Galp-4Glc-AO
| |
Fuca-2 |
44 B-penta-AO Fuca-3 G065571C
45 Gala-4GalB-4GIcNAc Gala-4GalB-4GlcNAc-DH 6552052V
46 SU(3') -LN SU-3Galp-4GlcNAc-DH G116580G
Galp-3GlcNAc-DH
. |
47 Lea-Tri Fuca-4 G00047M0
Galp-3GlcNAc-AO
. |
48 Lea-Tri-AO Fuca-4 G00047MO
Fuca-2GalB-3GlcNAc-AO
|
49 Leb tetra-AO Fuca-4 G39211DH
Galp-4GlcNAc-DH
. |
50 Lex-Tri Fuca-3 G01187XC
Galp-4GlcNAc-AO
. |
51 Lex-Tri-AO Fuca-3 G01187XC
Galp-4GlcNAc- (Me) AO
. |
52 Lex-Tri-(Me)AO Fuca-3 G01187XC
SU-3GalB-3GlcNAc-DH
. |
53 SU(3')-Lea-Tri Fuca-4 63684512
SU-3Galp-3GlcNAc-AO
. |
54 Su(3')-Lea tri-AO Fuca-4 63684512
SU-3Galp-4GLlcNAc-DH
, |
55 SU(3")-Lex-Tri Fuca-3 626555CS
SU-3Galp-4GLlcNAC-AO
. |
56 Su(3')-Lex tri-AO Fuca-3 626555CS
57 Orsay-1-AO GalB-4GLcNACB-6Gal-A0 G59901EA
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58

Orsay-2-AO

Galp-4GlcNAcB-3Gal-A0 692536LD
59 Orsay-3-AO Galp-3GlcNAcB-6Gal-AO G24010vW
60 Orsay-4-AO Galp-3GlcNAcB-3Gal-AO 623041XK
(3-deoxy, 3-carboxymethyl) Galp-4G1lcNAcB-3Galp-Cer36
61 GSC-225 Fuca-3 N/A
SU-3Galp-4G1cNACH-3Galp-C30
|
62 GSC-236 Fuca-3 G68845UH
63 DLNN GlcNAcB-3Galp-4Glc-DH 687727%V
64 LNT Galp-3GlcNAcB-3Galp-4Glc-DH c45827GY
65 Paragloboside Galp-4GlcNAcp-3Galp-4Glcp-Cer G58896AZ
66 LNnT Galp-4GlcNAcB-3Galp-4Glc-DH 648059¢D
67 B-like pentaosylceramide |caia-3ca1p-4cicNacp-3calp-4Glep-cer 6606450K
68 Klaus glycolipid Galp-3Galp-4GLcNACB-3Galp-4GLlcp-Cer 67021388
69 GSC-207 GlcAB-3GalB-4GLcNAcB-3Galp-4GLcp-C30 8786712
70 GSC-191 GlcAB-3Galp-4GLcNAcB-3Galp-4GLcp-Cer36 8786712
71 GSC-189 GlcAB-3Galp-4GlcNAcB-3GalB-4Glcp-Cerd2 6878671z
72 SU(3')-Tri SU-3Galp-4GLcNACB-3Gal-DH G69745TK
73 GSC-208 SU-3GLcAB-3Galp-4GLcNACP-3Galp-4Glep-C30 39133HC
74 GSC-192 SU-3G1cAB-3Galp-4GlcNAcB-3Galp-4Glcp-Cer36 639133HC
75 GSC-190 SU-3GLcAB-3Galp-4GLcNACP-3Galp-4Glep-Cerd2 39133HC
76 Led-ll pentaosylceramide (ruca-2ca1p-361cNacp-3calp-4Glcp-Cera G00050M0
77 Led-l pentaosylceramide  |ruca-2ca1p-3c1cNacg-3Galp-4Glep-cern 00050M0
78 LNFP-I Fuca-2Galp-3GLcNAcB-3Galp-4Gle-DH 0165028
79 LNFP-I-AO Fuca-2Galp-3GLcNAcB-3Galp-4Glc-AO 0165028
Gala-3Galp-4GlcNAcB-3Galp-4Glcp-Cer
. |
80 B-hexaosylceramide Fuca-2 67759330
GalNAca-3Galp-3GlcNAcp-3Galp-4Glc-DH
81 A-Hexa Fuca-2 G11928TH
Fuca-4
GalNAca-3Galp-3GlcNAcp-3Galp-4Glc-DH
82 A-Hepta Fuca-2 613040AD
Galp-3GlcNAcp-3Galp-4Glc-DH
|
83 LNFP-II Fuca-4 G98173LG
Galp-3GlcNAcB-3Galp-4Glc-AO
|
84 LNFP-II-AO Fuca-4 69817316
Galp-3GlcNAcp-3Galp-4Glc-DH
| |
85 LNDFH-II Fuca-4 Fuca-3 G70115%G
Fuca-2GalB-3GlcNAcB-3GalB-4Glcp-Cer
i |
86 Leb-hexaosylceramide Fuca-4 c095521.A
Fuca-2Galp-3GlcNAcB-3Galp-4Glc-DH
|
87 LNDFH-I Fuca-4 65054070
Fuca-2GalB-3GlcNAcB-3GalB-4Glc-AO
|
88 LNDFH-I-AO Fuca-4 65054050
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LNTFH-I

Fuca-2Galp-3GlcNAcB-3Galp-4Glc-DH

89 Fuca-4  Fuca-2 GA47970KN
Galp-4GlcNAcP-3Galp-4Glc-DH
|
90 LNFP-III Fuca-3 G83916HL
Galp-4GlcNACP-3Galp-4G1lc-AO
|
91 LNFP-III-AO Fuca-3 G83916HL
92 LNnFP-I Fuca-2Galp-4GLcNAcB-3Galp-4Gle-DH 4255308
93 LNnFP-I-AO Fuca-2Galp-4GLcNAcB-3Galp-4Glc-AO 4255308
GalNAca-3Galp-3GlcNAcp-3Galp-4Glc-DH
|
94 A-Hexa-T1 Fuca-2 G11928TH
GalNAca-3Galp-4GLcNACP-3Galp-4Glc-DH
|
95 A-Hexa-T2 Fuca-2 G06031DD
Gala-3Galp-3GlcNAcB-3Galp-4Glc-DH
|
96 B-Hexa-T1 Fuca-2 G22270QF
Gala-3Galp-4GlcNACP-3Galp-4Glc-DH
|
97 B-Hexa-T2 Fuca-2 6545850
Fuca-2GalB-4GlcNAcB-3GalB-4Glc-DH
|
98 LNnDFH-I Fuca-3 G94480cC
Fuca-2Galp-4GlcNAcB-3Galp-4Glc-AO
|
99 LNnDFH-I-AO Fuca-3 Goa480cC
Galp-4GlcNAcP-3Galp-4Glc-DH
| |
100 LNnDFH-II Fuca-3 Fuca-3 G11636EE
Galp-4GlcNACP-3Galp-4G1lc-DH
| |
101 LNnDFH-V Fuca-3  Fuca-2 G24183x2
Fuca-2GalB-4GlcNAcB-3GalB-4Glc-DH
|
102 LNNnTFH-I Fuca-3  Fuca-2 G77137FD
SU-3Galp-3GLoNACP-4Galp-4Glc-DH
|
103 SU(3')-LNFP-II Fuca-4 G547231Y
SU-6Galp-3GLcNACH-3Galp-4Glc-DH
|
104 SU(G')-LNFP-" Fuca-4 G45702SF
SU-3Galp-4GLoNACP-3Galp-4Glc-DH
|
105 SU(3')-LNFP-Ill Fuca-3 G00777SR
SU-6Galp-4GLcNACH-3Galp-4G1c-DH
|
106 SU(G')-LNFP-"' Fuca-3 G82272GJ
SU-6
|
SU-3GalB-4GlcNAc-3GalB-4Glc-DH
|
107 SU(3',6)-LNFP-III Fuca-3 G97370PT
108 pLNH-b GalB-3GlcNAcP-3Galp-3G1lcNAcB-3Galp-4Glc-DH G91182AF
109 |pLNnH GalB-4GLcNAcB-3Galp-4GLcNACP-3Galp-4Gle-DH 85278ER
Galp-4GlcNAcp-6
|
Galp-4Glc-DH
|
110 MFLNH-I Fuco-2GalB-3GlcNAcp-3 6245047
111 GSC-216 GlcAB-3Galp-4GlcNAcB-3Galp-4GlcNAcB-3Galp-4Glcp-Cerd2 G81408RV
112 GSC-217 SU-3G1cAB-3Galp-4GlcNAcB-3Galp-4GlcNACE-3Galp-4Glcp-Cerd2 610503Mp
113 GSC-218 GlcAB-3GalB-4GlcNAcB-3Galp-4GlcNAcB-3Galp-4Glcp-Cer36 G81408RV
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114 GSC-219 SU-3G1lcAB-3GalP-4GlcNAcB-3Galp-4GLlcNAcB-3GalB-4Glcp-Cer36 610503MP
Fuca-2Galp-4GlcNAcB-6
|
Galp-4GlcNAcB-3Galp-4Glc-DH
|
115 GSC-915 Galp-4GlcNAcp-3 6543882L
Fuca-2GalBp-4GlcNAcp-6
|
Galp-4GlcNAcp-3Galp-4Glc-AO
|
116 GSC-915-A0 GalB-4GlcNAcp-3 6543882L
Fuca-2Galp-4GlcNAcB-6
|
Galp-4GlcNAcB-3Galp-4Glc-DH
|
117 [GSC-915-2 GlcNAcB-3 695493aR
118 |GSC-915-3 Fuco-2Galp-4GLcNAcB-6Galp-4GlcNACB-3Galp-4Gle-DH 61756vD
119 |GSC-915-4 (new) Galp-4GlcNAcB-6Galp-4GlcNACP-3Galp-4Gle-DH 695676DT
120 GSC-915-5 GlcNAcB-6Galp-4GLcNACB-3Galp-4Glc-DH G85628BP
Fuca-2GalB-4GlcNAcB-6
|
Galp-4GlcNAcp-OY
|
121 PSM-F1H2HN3-0OY GlcNAcp-3 G66089AB
122 LNnO Galp-4GlcNAcp-3Galp-4GlcNAcp-3Galp-4GlcNAcp-3Galp-4Glc-DH G85735NR
GlcNAcB-6
|
Gal-R0
|
123 Orsay-5-A0 Galp-3GlcNAcB-3 699775NW
Galp-4GlcNAcp-6
|
Gal-A0
|
124 Orsay-6-A0O Galp-3GlcNAcp-3 G00594CD
Galp-4GlcNAcp-6
|
Gal-R0
|
125 Orsay-7-AO Galp-4GlcNAcB-3 G46885E0
Galp-4GlcNAcp-6
|
Galp-4Glc-DH
|
126 LNH Galp-3GlcNAcp-3 G62056VT
Galp-3GlcNAcB-3Galp-4GlcNAcB-6
Galp-4Glc-DH
127 iLNO GalB-3GlcNAcp-3 616900UB
Galp-3GlcNAcP-3Galp-4GlcNAcB-6
Galp-4Glc-AD
128 iLNO-AD GalB-3G1lcNAcp-3 G16900UB
Galp-4GlcNAcp-6
|
Galp-4GlcNAcp-6
| |
Galp-3GlcNAcp-3 Galp-4Glc-DH
|
129 LND Galp-3GlcNAcp-3 G06511XS
Galp-4GlcNAcp-6
|
Galp-4Glc-DH
|
130 LNnH Galp-4GlcNAcp-3 6540210
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Galp-3GlcNAcB-3Galp-4GLcNACB-6

Fuca-3 Galp-4Glc-AD
131 MFiLNO-IV-AD GalB-3GlcNAcp-3 G48120WX
Galp-3GlcNAcP-3Galp-4GlcNAcB-6
Fuca-3 Galp-4Glc-DH
132 DFILNO Fuca-2Galf-3GlcNAcp-3 G41868HL
Galp-3GlcNAcB-3Galp-4GLlcNACE-6
Fuca-3 Galp-4Glc-AD
133 DFIiLNO-AD Fuca-2GalB-3GlcNAcp-3 G41868HL
Fuca-2GalB-3GlcNAcB-3GalB-4G1lcNAcB-6
|
Fuca-3 Galp-4Glc-DH
134 TFiLNO(1-2,2,3) Fuca-2Galp-3GlcNAcp-3 G22402PS
Fuca-2Galp-3GlcNAcB-3Galp-4GlcNAcB-6
| |
Fuca-3 Galp-4Glc-AD
135 TFiLNO(1-2,2,3)-AD Fuca-2GalB-3GlcNAcp-3 622402p8
GlcNAcB-6
|
GlcNAcB-6 Galp-4GlcNAcp-3Galp-4Glcp-Cer
| |
GalB-4GlcNAcB-3
. |
136 Nonaosylceramide GLcNAcB-3 636571WY
Galp-4GlcNAcp-6
|
Galp-4GlcNAcp-3Galp-4Glcp-Cer
. |
137 |-octaosylceramide Galp-4GlcNAcp-3 G98726UE
Fuca-2Galp-4GlcNAcB-6
|
Galp-4GlcNAcp-3Galp-4Glc-Cer
. |
138 H3 (with H3-Fuc)* Fuca-2Galp-4GlcNAcB-3 G41082WI
GalNAca-3Galp-4GlcNAcB-6
| |
Fuca-2 Galp-4GlcNAcp-3Galp-4Glcp-Cer
|
GalNAca-3Galp-4GlcNAcp-3Galp-4GlcNAcp-3
139 Ad (with Ad+Fuc)* Fuca-2 G79776GH
Galp-4GlcNAcp-6
|
Galp-4GlcNAcp-6 Galp-4GlcNAcp-3Galp-4Glcp-Cer
| |
Galp-4GlcNAcp-3
. |
140 I-dodecaosylceramide Galp-4GlcNAcp-3 G75919PR
Galp-4GlcNAcp-6
|
Galp-4GlcNAcp-6 Galp-4GlcNAcP-3Galp-4Glcp-Cer
| |
Galp-4GlcNAcp-6 Galp-4GlcNAcp-3
| |
Galp-4GlcNAcp-3
. |
141 I-hexadecaosylceramide Galp-4GlcNAcp-3 609960sS
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Galp-4GlcNAcp-6

Galp-4GlcNAcp-6 Galp-4GlcNAcp-3Galp-4Glcp-Cer
| |
Galp-4GlcNAcp-6 Galp-4GlcNAcp-3
| |
Galp-4G1lcNAcp-6 Galp-4GlcNAcp-3

Galp-4GlcNAcp-3

142 l-eicosaosylceramide Galp-4GlcNAcp-3 6157130
Gala-3Galp-4GlcNAcB-6
|
Galp-4GlcNAcp-3Galp-4Glcp-Cer
. . |
143 B-like decaosylceramide |cal«-3calp-4Glcnacp-3 614974EY
Gala-3Galp-4GlcNAcB-6
|
Gala-3Galp-4GlcNAcB-6 Galp-4GlcNAcp-3Galp-4Glcp-Cer
| |
B-like Galp-4GlcNAcp-3
. |
144 |pentadecaosylceramide Gala-3GalB-4GlcNAcp-3 43365V
Gala-3Galp-4GlcNAcp-6
|
Gala-3Galp-4GlcNAcp-6 Galp-4GlcNAcp-3Galp-4Glcp-Cer
| |
Gala-3Galp-4GlcNAcp-6 Galp-4GlcNAcp-3
| |
Galp-4GlcNAcp-3
. . . |
145 B-like eicosaosylceramide |cal«-3calp-4clenacp-3 612460AY
Gala-3Galp-4GlcNAcp-6
|
Gala-3Galp-4GlcNAcp-6 Galp-4GlcNAcp-3Galp-4Glcp-Cer
| |
Gala-3Galp-4GlcNAcp-6 Galp-4GlcNAcp-3
| |
Gala-3Galp-4GlcNAcp-6 Galp-4GlcNAcp-3
| |
B-Iike Galp-4GlcNAcp-3
. . |
146 pentaeicosaosylceramide |cal«-3calp-4clenacp-3 G28658YC
Galp-3GlcNAcp-3Galp-4GlcNAcB-3Galp-4Glc-DH
|
147 PLNFH-IV Fuca-3 6254711
Galp-3GlcNAcB-3Galp-4GlcNAcB-3Galp-4Glc-DH
|
148 DFpLNH-II Fuca-4 Fuca-3 666892DM
Fuca-2GalBp-3GlcNAcB-3Galp-4GlcNAcp-3Galp-4Glc-DH
|
149 TFpLNH-I Fuca-4 Fuca-3 G50182HI
Galp-4GlcNAcp-6
| |
Fuca-3 Galp-4Glc-DH
|
150 MFLNH-III Galp-3GlcNAcp-3 G58399HX
Galp-4GlcNAcp-6
| |
Fuca-3 Galp-4Glc-DH
|
Galp-3GlcNAcp-3
|
151 DFLNH(b) Fuca-4 632679VL
Galp-4GlcNAcp-6
|
Galp-4Glc-DH
|
Fuca-2Galp-3GlcNAcp-3
|
152 DFLNH(c) Fuca-4 G17140vY
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Galp-4GlcNACB-6

Fuca-3 Galp-4Glc-DH
153 DFLNH(a) Fuca-zcalp-sclcmcp-:li G42436GS
GalB-4GlcNACB-6
Fucm-g (Lalﬂ-AGlc-DH
Fuca-2Gal§-3GlcNAcﬂ-;
154 TFLNH Fuca-all G518552Y
Galp-3GlcNAcP-3Galp-4GlcNAcB-6
Fuca-3 éalp—AGlc—DH
155 |MFIiLNO-IV Galp-3GlcNAcB-3 G48120Wx
Galp-3GlcNAcP-3Galp-4GlcNAcB-6
Fuca—lll Fucol—i éalp—dGlc—DH
Galp-3GlcNAcp-3
156 TFiLNO Fuca-4 63277333
Galp-4GlcNAcp-6
Fuca—g éalp—thlcNAcp—s
Galp—3G1cNAcp—; éalﬂ—AGlc—DH
157 MFLND Galp—3G1cNAcp—L 6944311
Galp-4GlcNAcp-6
Fuco(-g (Lalﬂ-AGlc-DH
158 MFLNnH(a) Galp-AGlcNAcp-:li G09962WA
Galp-4GlcNAcp-6
Fuca-g (l;alﬂ-AGlc-DH
Galp-AGlcNAcp-:li
159 DFLNnH Fuca-zli G63053GR
Gala-3Galp-4GlcNAcB-6
Fuco(-i (lzalﬂ-AGlcNAcB-3Galﬁ-4Gch-Cer
Gala-BGalﬂ-AGlcNAcp-;
160 |B-lll dodecaosylceramide ruca-l G15059WT
Gala-3Galp-4GlcNAcB-6
Fuca-2 Galp-4GlcNAcp-3Galp-4Glcp-Cer
B-IV Gala-3Galp-4GlcNAcp-3Galp-4GlcNAcB-3
161 tetradecaosylceramide Fuco(-L 620265RT
162 Man2(a2) Mano-2Man-DH 6293131
163 Man2(a3) Mana-3Man-DH GO7490EK
164 Man2(a6) Mana- 6Man-DH G51379UR
Mana-6Man-DH
165 Man3(a3,a6) Mamx—; G809260A
Mana-3
Mana-6Mana- 6l|dan-DH
166 Man5(a3,a6) Mana-:li 651964G0
167 |Man1GN1 ManB-4GLcNAC-DH G24464VD
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168

Man2GN1

Mana-3Manp-4GlcNAc-DH G47023PF
169 Man2aGN2 Mana- 6Manp-4G1cNACP -4G1cNAC-DH 605108UT
Mana-6
|
Manp-4GlcNAcp-4GlcNAc-DH
|
170 Man3GN2 Mana-3 62062410
Mana-3Mana-6
|
Manp-4G1lcNAcp-4GlcNAc-DH
|
171 Man4aGN2 Mana-3 G409156X
Mana-6
|
Mana-3Mana-6
172 Man4bGN2 ManB-4GlcNAcB-4GLcNAC-DH G56756FT
Mana-6
|
Mana-3Mana-6
Manp-4GlcNAcp-4GlcNAc-DH
|
173 Man5GN2 Mana-3 G03652TR
Mana-6
|
Mana-3Mana-6
|
Manp-4GlcNAcp-4GlcNAc-DH
|
174 Man6GN2 Mana-2Mana-3 G197470A
Mana-6
|
Mana-3Mana-6
|
Manp-4GlcNAcp-4GlcNAc-DH
|
175 Man7(D1)GN2 Mana-2Mana-2Mana-3 G401980D
Mana-6
|
Mana-3Mana-6
Manp-4GlcNAcp-4GlcNAc-AO
|
176 Man7(D1 )GNZ-AO Mana-2Mana-2Mana-3 G401980D
Mana-2Mana-6
|
Mana-3Mana-6
|
Manp-4G1lcNAcp-4GlcNAc-DH
|
177 Man7(D3)GN2 Mano-2Mana-3 6860531C
Mana-2Mana-6
|
Mana-3Mana-6
|
Manp-4GlcNAcp-4GlcNAc-DH
|
178 Man8(D1D3)GN2 Mana-2Mano-2Mana-3 G86385RC
Mana-2Mana-6
|
Mana-2Mana-3Mana-6
Manp-4GlcNAcp-4GlcNAc-DH
|
179 Man9GN2 Mana-2Mana-2Mana-3 656202TA
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Man9GN2-AO

Mana-2Mana-6

Mana-2Mana-3Mana-6

Manp-4G1lcNAcp-4GlcNAc-AO

180 Mana-2Mana-2Mana-3 G56202TA
Mana-2Mana-6
|
Mana-6
| |
Mana-2Mana-3 Manp-4G1lcNAcp-4GlcNAc-DH
181 Glc1Man9GN2 Glca-3Mana-2Mana-2Mana-3 G82207VX
Mana-2Mana-6
|
Mana-6
| |
Mana-2Mana-3 Manp-4G1lcNAcp-4GlcNAc-AO
|
182 Glc1Man9GN2-AO Glca-3Mana-2Mana-2Mana-3 G82207VX
Mana-6
|
Mana-3Mana-6
Manp-4G1lcNAc-AO
|
183 GIcZMan7(D1)GN1 -AO Glca-3Glca-3Mana-2Mana-2Mana-3 G59454TE
Mana-6
|
Mana-3Mana-6
|
Manp-4GlcNAc-AO
184 GIc3Man7(D1)GN1 -AO Glca-2Glca-3Glca-3Mana-2Mana-2Mana-3 G40350YP
Mana-6
|
Xylp-2Manp-4GlcNAcB-4GlcNAc-DH
|
185 Man3XylGN2 Mana-3 G80513FH
Galp-4GlcNAcp-2Mana-6 Fuca-6
|
ManB-4GlcNAcB-4GlcNAc-DH
|
186 N1 Mano-3 G39893KL
Mana-6
|
Manp-4GlcNAcp-4GlcNAc-DH
|
187 N2 Galp-4GlcNAcB-2Mana-3 G86386QT
Mana-6
|
ManB-4GlcNAcB-4GlcNAc-DH
|
188 N2 Galp-4GlcNAcB-2Mana-3 6863860T
Galp-4GlcNAcp-2Mana-6
|
Manp-4GlcNAcp-4GlcNAc-DH
|
189 N4 Mana-3 G10106TL
GlcNAcp-2Mana-6
|
Man-AO
|
190 GlcNac2Man3-A0O GlcNAcp-2Mana-3 663059V
GlcNAcB-2Mana-6 Fuca-6
|
Galp-4 Manp-4GlcNAcB-4GlcNAc-DH
|
191 N3 GlcNAcB-2Mana-3 617389uM
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GlcNAcB-2Mana-6

Manp-4GlcNAcp-4GlcNAc-DH

192 NGA2 GlcNAcB-2Mana-3 68887670
GlcNAcp-2Mana-6
GlcNAcﬂ—4l|llanﬂ—AGlcNAcﬁ—AGlcNAc—DH
193 NGA2B GlcNAcﬁ—ZMamx—; G76241TN
GlcNAcp-2Mana-6
GlcNAcﬂ—4l|llanﬂ—AGlcNAcﬁ—AGlcNAc—DH
GlcNAcﬁ—AMamx—L
194 NGA3B G1lcNAcp-2 64525650
GlcNAcp-6
GlcNAcB-2Mana-6
lldanﬂ-AGlcNAcB-AGlcNAc-DH
GlcNAcﬂ-ZManm-;
195 NGA4 GlcNAcp-4 G91247WI
GlcNAcp-2
GlcNAcp-AhLanm-G
GlcNAcp-6 I
GlcNAcﬂ-Mldanﬂ-AGlcNAcB-AGlcNAc-DH
GlcNAcﬂ-AManm-;
196 NGAS5B GlcNAcB-2 60168518
Mana-6
Mano(-SlLano(-G
GlcNAcﬂ-Alldanﬂ-AGlcNAcB-AGlcNAc-DH
197 GNMan5BGN2 GlcNAcp-ZMana-:li 6986020
Galp-4GlcNAcp-2Mana-6
llllanp—AGlcNAcﬁ—AGlcNAc—DH
198 NA2 Galp—AGlcNAcp—ZMana—L G66741¥Q
Galp-4GlcNAcp-2Mana-6
llllanp—AGlcNAcﬁ—AGlcNAc—DH
Galp—AGlcNAcp—AMamx—L
199 NA3 Galp-4GlcNAcB-2 624604V
Galp-4GlcNAcB-6
Galp-4GlcNAcp-2Mana-6
lldanﬂ-AGlcNAcB-AGlcNAc-DH
Galﬂ-AGlcNAcp-AMano(-;
200 NA4 GalB-4G1lcNAc-2 G09568JT
201 Fuc-GlcNAc Fuco-6GLcNAC-DH 646208LD
Mana-6 Fuca-6
Dldanﬁ—AGlcNAcB—tiélcNAc—DH
202 Man3FGN2 Mana-3 6459951V

jeusjew Aee uedf|b Aiejuswsddng ¢



Sl

Mana-6

Xylp-2Mana-4GlcNAcB-4GlcNAc-DH

203 Man3FXyIGN2 Mana-3 Fuca-3 G89349ET
GlcNAcp-2Mana-6 Fuca-6
|
ManB-4GlcNAcB-4GlcNAc-DH
|
204 NGA2F GlcNAcB-2Mana-3 G65984FE
Galp-4GlcNAcp-2Mana-6 Fuca-6
|
Manp-4GlcNAcp-4GlcNAc-DH
|
205 NA2F Galp-4GlcNAcB-2Mana-3 G00998NT
Galp-4GlcNAcp-2Mana-6 Fuca-6
|
ManB-4GlcNAcB-4GlcNAc-AO
|
206 NA2F-AO Galp-4GlcNAcp-2Mana-3 G00998NT
Galp-4GlcNAcp-2Mana-6 Fuca-6
|
GlcNAcB-4ManB-4GlcNAcB-4GlcNAc-DH
|
207 NA2FB Galp-4GlcNAcB-2Mana-3 67432516
Galp-4GlcNAcp-2Mana-6
|
Fuca-3 Manp-4GlcNAcp-4GlcNAc-DH
|
Galp-4GlcNAcp-4Mana-3
208 NA3-Lex GalB-4GlcNAc-2 G57601XR
209 Glc2Man-AO Glca-3Glca-3Man-AO G42254JC
210 Glc2Man2-A0 Glca-3Glca-3Mana-2Man-A0 A
211 Glc2Man3-A0 Glca-3Glca-3Mana-2Mana-2Man-A0 G66733GQ
P-6Mana-6
|
Mana-6
| |
Mana-3 Manp-4G1lcNAcp-4GlcNAc-AO
Mana-3
P-6Mana-6
|
Mana-6
| |
Mana-3 Manp-4G1lcNAcp-4GlcNAc-AO
| 6909660P
212 (6P)Man5GN2AO Mana-2Mana-3 G88621MY
P-6Mana-6
|
Mana-6
|
Mana-3 Manp-4GlcNAcp-4GlcNAc-AO
|
213 (6P)Man6GN2AO Mana-2Mana-3 G88621MY
214 SM3 SU-3Galp-4Glcp-Cer 620044TD
215 Asialo-GM2 GalNAcB-4Galp-4Glcp-Cer 69056288
SU-3GalNAcp-4Galp-4Glcp-Cer
|
216 SB2 su-3 G28868PL
217 |Asialo-GM1 GalB-3GalNAcB-4Galp-4GLlcB-Cer G218561.C
218 |Asialo-GM1-Tetra GalB-3GalNAcB-4Galp-4GLc-DH 0040705
Galp-3GalNAcp-4Galp-4Glcp-Cer
219 |SM1a su-3 659508T™
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SU-3Galp-3GalNAcp-4Galp-4GLlcp-Cer

220 SB1a su-3 G63813E7
221 GalNAc-Ser GalNAca-Ser-DH 657321F1
222 GalNAc-Thr GalNAca-Thr-DH 657321F1
223 GalNAca-3GalNAc GalNAca-3GalNAc-DH 6453886V
224 Galp-3GalNAc Galp-3GalNAc-DH 67843688
225 Galp-3GalNAc-AO Galp-3GalNAc-AO 67843688
226 Galp-6GalNAc Galp-6GalNAc-DH 6275891C
227 Galp-6GalNAc-AO Galp-6GalNAc-AO 6275891C
228 Man-Ser Mano-Ser-DH G61491DK
229 |Man-Ser-Succ Mana-Ser-Succ-DH G61491DK
230 Man-Thr Manoa-Thr-DH G61491DK
231 Man-Thr-Succ Mana-Thr-Succ-DH G61491DK
232 A8/ GlcNAca-4GalB-OX 694473FP
S0-6
233 A8/2 Fucm—zélcNAcp—OY G82872XE
234 A15/1 SU-6G1cNACB-0Y 617441VE
GIcNAca-4Galp-3Galp-OX
235 A15/3 Fuca-2 G56757GN
236 |B13/a GlcAB-3Galp-3GLcNACB-0X 83866MT
237 Notch-1 Fuca-Thr-DH G96881BQ
238 [Notch-2 GleNAcp-3Fuca-Thr 2623861
239 Notch-3 Galp-4GlcNAcB-3Fuca-Thr-DH 66060528
240 XyIG Ic-AO Xyla-3Glc-A0 G612240H
241 Xyl2Glc-AO Xyla-3Xyla-3Glc-A0 G86535WT
242 GIcNAcB-3Fuc-AO G1lcNAcp-3Fuc-A0 68566180
243 GIcNAcB1-2Fuc-AO GlcNAcB-2Fuc-A0 63279516
244 GIcNAcB1-4Fuc-AO GlcNAcB-4Fuc-A0 610008BD
245 GIcNAcB-2Man-AO GlcNAcB-2Man-A0 G65609%C
S0-2
AUA-4G1cNS-20
246 Hep-2-AO* su—o.ls G01871HO
S0-2
AUA-4G1cNSa-4TIdoAa-4G1cNS-A0
247 Hep-4-AO* su-(ls su-z| su-ls G58161DR
SU-2
A(|JA—4GlcNSa—4IdoAcl—4G1cNScl—4IdoAa—4GlcNS—A0
248 Hep-6-AO* Su-6  su-2 su—ls SU—L su-6 623622XF
S0-2
AIIIA-AGlcNSo(-AT" Ax-4GlcNSa-4IdoAa-4GleNSa-4IdoAx-4G1eNS-DE
249 Hep-8-AO* su-6 su-z| su-ls SU-L su-(ls su-z| su-ls e737216C
SU-2
A(lJA— 4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4G1lcNS-AO
250 Hep-10-AO* Su-6  su-2 su—tli su—i su-6 610593KB
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SU-2
|

AUA-4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4GleNSa-4IdoAa-4G1leNSa-4IdoAa-4GleNSa-4IdoAa-4G1lcNS-A0

|
SU-6 sU-2 SU-6 SU-2 SU-6 sU-2 SU-6 SU-2 SU-6 sU-2 SU-6

251 Hep-12-AO* G28885L1
SU-2
AUA-4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4GlcNS-AO
252 Hep-14-AO* su—é su—zl su—ls su—L SU—L su—zl su—ls SU—L SU—L su—zI su—ls SU—L SU—L 69318616
SU-2
AUA-4GLcNSo-4IdoAa-4GleNSa-4IdoAx-4GLeNSa-4IdoRAa-4GLeNSa-4IdoAa-4GLeNSa-4IdoAa-4GleNSa-4IdoAa-4GLeNSa-4TIdoAa-4GLeNS-AO
253 Hep-16-A0* su-é su-z| su-tls SU-L suls su-z| su-tls SU-L su-é su-z| su-tls su-i su-é su-zl su-ls G63800GK
su-2
AUA-4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4GlcNSa-4IdoAa-4GlcNS-AO
254 Hep-18-AO* su—é su—z| su—ls su—zl SU—L su—zl su—ls SU—L su—o.ls su—zI su—ls SU—L su—o.ls SU—L su—ls SU—L SU—L 639322DH
su-2
|
AUA-4GLcNSo-4IdoAa-4GLeNSa-4IdoAx-4GLeNSa-4IdoRa-4GLeNSa-4IdoAa-4GLeNSa-4IdoAn-4GLeNSa-4IdoAa-4GLeNSa-4TIdoAa-4GLeNSa-4 IdoAx-4GLeNSa-4IdoAa-4GLeNS-A0
| | | | | | | | | | | | | | | | | | |
255 Hep-20-AO* SU-6 SU-2 SU-6 SU-2 SU-6 SU-2  SU-6 sU-2  SU-6 SU-2  SU-6 SsU-2  Su-6 SU-2  SU-6 SsU-2  Su-6 SU-2  SU-6 G665240T
256 |GN2-AO GlcNACB-4GLcNAC-A0 0798280
257 GN3 G1lcNACB-4GLcNACB-4GlcNAC-DH 681262CB
258 GN3-AO G1lcNACB-4GLcNACB-4GlcNAC-AO 681262CB
259 GN4-AO* GlcNACB-4GLcNACB-4GlcNACB-4GLcNAC-AO G985110W
260 GN5-AO* G1lcNACB-4GlcNAC-4GLcNACE-4GLCNACR-4GLeNAC-AO 690142vY
261 GN7-AO* GlcNACB-4GLcNACB-4GLcNACB-4GLcNACR-4GLcNACB-4GLCNACR-4GLcNAC-AO G45618KR
262 GN8-AO* GlcNACB-4GLcNACB-4GLcNACB-4GLcNACB-4GLcNACE-4GLCNACB-4GLcNACB -4GLCNAC-AO G92110HD
263 GIcN4-AO (chitosan) GlcNB-4GLcNB-4GlcNB-4GLcN-AO G16905ET
264 GIcN5-AO (chitosan) G1cNB-4GLcNB-4GlcNB-4GLcNB-4GLeN-A0 6192490
265 GIcN6-AO (chitosan) GlcNB-4GLcNB-4GlcNB-4GLcNB-4GLeNB-4GLeN-AO 64022208
266 GIcNAc2(1-6)-A0O G1cNACP-6G1cNAC-AO G33817CT
267 |Malto-2-AO Glca-4Glc-AO c41366RG
268 |Malto-3-AO Glca-4Glca-4Gle-A0 c33575EC
269 |Malto-4-AO Glca-4Gleu-4Glca-4Glc-A0 788008Y
270 Malto-6-AO Glca-4Glca-4Glca-4Glca-4Glca-4Glc-AO GO3116ET
271 Malto-7-AO Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glc-AO G49764YU
272 Malto-8-AO* Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glc-AO G593030X
273 Malto-9-AO* Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glc-AO G25434YA
274 Malto-10-AO* Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glc-A0 G04793KB
275 Malto-11-AO* Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glc-A0 G88822KL
276 Malto-12-AO* Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glc-A0 G85465ZH
277 Malto-13-A0* Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glc-A0 G86630CT
278 |Malto-2 Glca-4Gle-DH 41366RG
279 |Malto-3 Glca-4Glca-4Gle-DH c33575EC
280 |Malto-4 Glca-4Gleu-4Glea-4Gle-DH 788008Y
281 Malto-6 Glca-4Glca-4Glca-4Glca-4Glca-4Glc-DH GO3116ET
282 Malto-7 Glca-4Glca-4Glca-4Glca-4Glca-4Glca-4Glc-DH G49764YU
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283 Dext-2-AO Glca-6Glc-A0 6393265A
284 Dext-3-A0 Glca-6Glca-6Glc-A0 633569DD
285 Dext-4-AO Glca-6Glca-6Glca-6G1lc-A0 G86640EE
286 Dext-5-A0* Glca-6Glca-6GLlca-6Glca-6GLc-A0 G420080K
287 Dext-6-AO* Glca-6Glca-6Glca-6Glca-6Glca-6G1lc-A0 7334881
288 Dext-8-AO* Glca-6Glca-6Glca-6Glca-6Glca-6Glca-6Glca-6GLc-A0 639376aB
289 Dext-9-AO* Glca-6Glca-6Glca-6Glca-6Glca-6Glea-6Glca-6GLlea-6G1e-A0 G16611XN
290 Dext-10-AO* Glca-6Glca-6Glca-6Glea-6Glca-6Glca-6Glca-6Glca-6Glca-6GLe-A0 613237DH
291 Dext-11-AO* Glca-6Glca-6Glca-6Gloa-6Glca-6Glca-6Glca-6GLlca-6Glca-6Glca-6Gle-A0 G214858C
292 Dext-12-A0* Glca-6Glca-6GLlca-6Glca-6GLlca-6Glea-6Glca-6Glca-6Glca-6Glca-6Glca-6GLe-A0 4852028
293 |Dext-13-A0O* Glca-6GLea-6G1ca-6Glca-6G1ca-6G1ca-6Glca-6Glca-6GLcu-6G1cu-6G1ca-6G1ca-6GLe-A0 c8a102vI
294 Dext-2 Glca-6Glc-DH 6393265A
295 Dext-3 Glca-6Glca-6Glc-DH 6335690D
296 Dext-4 Glca-6Glca-6Glca-6Glc-DH G86640EE
297 Dext-6* Glca-6Glca-6Glca-6GLlca-6Glca-6GLc-DH 67334851
298 Dext-7* Glca-6Glca-6Glca-6Glca-6Glca-6Glca-6GLlc-DH 6009361V
299 Lam-2-AO Glcp-3Glc-A0 65214835
300 Lam-3-A0O Glcp-3Glcp-3Glc-A0 4441403
301 Lam-4-AO Glcp-3Glcp-3Glcp-3Glc-A0 G451401E
302 Lam-5-A0 GlcB-3Glcp-3Glcp-3Glcp-3Glc-A0 6593600C
303 Lam-6-AO* Glcp-3Glcp-3Glcp-3G1lcp-3Glep-3Gle-A0 6281657K
304 Lam-7-AO GlcB-3Glcp-3Glcp-3Glcp-3Glep-3Glcp-3Gle-A0 G81788HU
305 Curd-8-A0O* GlcB-3Glcp-3Glcp-3Glcp-3Glcp-3Glep-3Glep-3Glc-A0 G37467FA
306 Curd-9-A0* GlcB-3Glcp-3Glcp-3Glcp-3Glcp-3Glep-3Glep-3Glep-3Gle-A0 G02401HG
307 Curd-10-AO* GlcB-3Glcp-3Glcp-3Glcp-3Glcp-3Glep-3Glep-3Glep-3Glep-3Glc-A0 64759401
308 Curd-11-AO* GlcB-3Glcp-3Glcp-3Glcp-3Glep-3Glcp-3Glep-3Glep-3Glep-3Glep-3Glc-A0 G89899RZ
309 Curd-12-A0* Glcp-3Glcp-3GLlcp-3Glcp-3Glep-3G1lep-3G1ep-3G1lop-3G1ep-3G1lep-3G1cp-3G1c-A0 1780710
310 Curd-13-A0* Glcp-3Glcp-3GLlcp-3Glcp-3Glep-3G1lep-3G1ep-3G1lep-3G1ep-3G1ep-3G1cp-3G1ep-3G1lc-A0 G76359NE
311 Lam-2 Glcp-3Glc-DH 65214835
312 Lam-3 Glcp-3Glcp-3Glc-DH 4441403
313 Lam-6* GlcB-3Glcp-3Glcp-3Glcp-3Glcp-3Gle-DH 628165JK
314 Lam-7 GlcB-3Glcp-3Glcp-3Glcp-3Glep-3Glep-3Gle-DH G81788HU
315 Cello-3-A0 Glcp-4Glcp-4Glc-A0 G41078ED
316 Cello-4-A0 GlcB-4Glcp-4Glcp-4Glc-A0 Ge5718MY
317 Cello-5-A0* GlcB-4Glcp-4Glcp-4Glcp-4Glc-A0 64972552
318 Cello-6-AO* GlcB-4Glcp-4Glcp-4Glcp-4Glcp-4Glc-A0 622490RY
319 Cello-7-AO* GlcB-4Glcp-4Glcp-4Glcp-4Glcp-4Glcp-4Gle-A0 69707702
320 Cello-8-AO* GlcB-4Glcp-4Glcp-4Glcp-4Glcp-4Glcp-4Glep-4Gle-A0 6495408V
321 Cello-9-AO* GlcB-4Glcp-4Glcp-4Glcp-4Glcp-4Glcp-4Glcp-4Glep-4Gle-A0 68908308
322 Cello-10-AO* Glcp-4GlcB-4Glcp-4Glcp-4Glep-4Glep-4Glep-4Glep-4Glep-4Gle-A0 674022VE
323 Cello-11-AO* Glcp-4GlcB-4Glcp-4Glcp-4Glep-4Glop-4Glep-4Glep-4Glep-4Glep-4Gle-A0 G10534ET
324 Cello-12-A0* Glcp-4Glcp-4Glcp-4Glcp-4Glep-4Glep-4Glep-4Glop-4Glep-4Glep-4Glep-4Gle-A0 G66324UC
325 Cello-13-A0* Glcp-4GlcB-4Glcp-4Glcp-4Glep-4Glep-4Glep-4Glep-4Glep-4Glep-4Glep-4Glep-4Gle-A0 34839AN
326 |Cellobiose GlcB-4Glc-DH 1246008
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327 Pust-3-A0 Glcp-6Glcp-6Glc-A0 687091WI
328 |Pust-4-AO Glep-6GLep-6GLcB-6GLe-A0 6527638
329 Pust-5-A0 Glcp-6Glcp-6Glcp-6Glcp-6Glc-A0 65478002
330 Pust-6-A0 Glcp-6Glcp-6Glcp-6GLlcp-6Glep-6G1lc-A0 652505EM
331 Pust-7-AO* Glcp-6Glcp-6Glcp-6Glcp-6Glcp-6Glcp-6G1lc-A0 637879VE
332 Pust-8-AO* Glcp-6Glcp-6Glcp-6Glcp-6Glcp-6G1cp-6Glcp-6Glc-A0 68525257
333 Pust-9-AO* Glcp-6Glcp-6Glcp-6Glcp-6Glcp-6G1cp-6Glcp-6Glcp-6Glc-A0 Ga7833CT
334 Pust-10-AO* Glcp-6Glcp-6GLlcp-6Glcp-6GLcp-6GLlep-6G1ep-6GLep-6GLcp-6GLc-A0 620094BR
335 Pust-11-AO* Glcp-6Glcp-6GLlcp-6Glcp-6G1ep-6GLlep-6Glcp-6GLcp-6GLcp-6G1ep-6G1lc-A0 684174KV
336 Pust-15-A0* Glcp-6Glcp-6GLlcp-6Glcp-6Glep-6GLlep-6GLcp-6GLcp-6GLp-6GLcp-6GLlop-6G1ep-6Glep-6G1cp-6GLc-A0 4406220
337 Pust-15a-A0 Glcp-6Glcp-6GLlcp-6GLlcp-6G1ep-6GLlep-6GLcp-6GLcp-6G1p-6GLcp-6G1lop-6G1ep-6GLep-6G1cp-6GLc-A0 440622
338 Kojibiose Glca-2Gle-DH 686562DX
339 Cyano-2-A0O Glca-2Gle-A0 686562DX
340 [Cyano-3-AO Gleoa-2Glea-2GLe-A0 62300UR
341 Cyano-4-AO Glca-2Glca-2Glca-2Gle-A0 G61681xz
342 Cyano-5-A0 Glca-2Glca-2Glca-2Glca-2Glc-A0 G60080EX
343 Cyano-6-A0* Glca-2Glca-2Glca-2Glea-2Glca-2G1le-A0 ©97485LN
344 Cyano-7-AO* Glca-2Glca-2Glca-2Glca-2Glca-2Glca-2Gle-A0 6929445
345 Cyano-9-A0* Glca-2Glca-2Glca-2Glca-2Glca-2Glca-2Glca-2Glca-2Gle-A0 G02032cC
346 Nigerose Glca-3Gle-DH G56660NC
347 |Nigerose-AO Glca-3Glc-A0 G56660NC
348 Poria-3-A0 Glca-3Glca-3Glc-A0 6546040G
349 |Poria-4-AO Gleal-3G1leal-3Gleal-3G1c-A0 997080
350 Poria-5-A0 Glca-3Glca-3Glca-3G1lca-3Gle-A0 633834HE
351 Poria-6-A0 Glca-3Glca-3Glca-3G1lca-3Glca-3G1lc-A0 G00736xN
352 Poria-7-AO Glca-3Glca-3Glca-3Glca-3Glca-3Glca-3G1c-A0 G11787AF
353 Poria-8-AO* Glca-3Glca-3Glca-3Glca-3Glca-3Glea-3Glca-3G1lc-A0 G09921EA
354 Poria-9-AO* Glca-3Glca-3Glca-3Glca-3Glca-3Glea-3G1ca-3G1lca-3Gle-A0 60569821
355 Poria-10-AO* Glca-3Glca-3Glca-3Glca-3Glca-3Glea-3G1ca-3G1ca-3Gla-3G1lc-A0 G07079vC
356 |Poria-11-AO* Gleca-3GLea-3G1ea-3G1ca-3G1ca-3G1ca-361ca-3G1ca-3G1a-3G1ca-36G1c-A0 c10484mA
357 |Poria-12-AO* Glca-3GLea-3G1ea-3G1ca-3G1ca-361ca-361ca-3G1ca-3G1a-3G1ca-3G1ca-3G1e-A0 c858521T
358 |Poria-13-A0O* Glca-3GLea-3G1ca-3G1ca-3G1ca-361ca-361ca-361ca-3G1a-3G1ca-3G1ca-3G1cu-3G1e-A0 64473RB
359 i-Pano-3-A0 Glca-4Glca-6Glc-A0 60734806
360 Pullu-4-AO Glca-6Glca-4Glca-4Gle-A0 65596700
361 Pullu-6-AO Glca-4Glca-4Glca-6GLlca-4Glca-4Gle-A0 6781511
362 CBG-2-A0 Glcp-2Glc-A0 6638731D
363 CBG-3-A0 Glcp-2Glcp-2Glc-A0 G10430NG
364 CBG-4-A0 GlcB-2Glcp-2Glcp-2Glc-A0 62140100
365 CBG-5-A0* GlcB-2Glcp-2Glcp-2Glcp-2Gle-A0 652982UK
366 CBG-6-A0O* Glcp-2Glcp-2Glcp-2Glcp-2Glep-2Glc-A0 G13923FW
367 [CBG-7-AO* Glcp-2Glcp-2G1lcp-2Glcp-2Glep-2G1lep-2G1e-A0 c13975cx
368 CBG-8-AO* GlcB-2Glcp-2Glcp-2Glcp-2Glcp-2Glep-2Glep-2Glc-A0 G50790RU
369 CBG-10-AO* Glcp-2Glcp-2Glcp-2Glcp-2Glcp-2Glep-2Glep-2Glep-2Glep-2Gle-A0 63084652
370 CBG-11-AO* Glcp-2G1lcp-2Glcp-2Glcp-2Glep-2Glcp-2Glep-2Glep-2Glep-2Glcp-2Glc-A0 622031CK
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CBG-12-A0*

Glcp-2Glcp-2G1lcp-2Glcp-2Glep-2G1ep-2G1ep-2G1lep-2G1ep-2G1ep-2G1cp-2G1c-A0 G54563TN

372 |CBG-13-AO* Glcp-2Glcp-2G1lcp-2Glcp-2Glep-2G1ep-2Glep-2G1lep-2G1ep-2Glep-2G1cp-2G1ep-2G1c-A0 7367088
373 Barley-3-AO Glcp-4Glcp-3Glc-A0 G25144vw
374 Barley-3a-AO Glcp-3Glcp-4Glc-A0 7015180
375 Barley-3b-AO Glcp-4Glcp-3Glc-A0 G25144vw
376 Barley-4a-AO Glcp-3Glcp-4Glcp-4Glc-AO G40028TR
377 Barley-4b-AO Glcp-4GlcB-4Glcp-3Glc-A0 0307426
378 Barley-5-A0* Glcp-4Glcp-4Glcp-4Glcp-3Glc-A0 638036YP
379 Barley-5a-A0O Glcp-3GlcB-4Glcp-6GLlcp-4Gle-A0 60398556
380 Barley-6-AO* (Glcp-3/4Glcp) 2-4Glcp-3Glc-A0 G70453EL
381 Barley-6a-AO Glcp-3Glcp-4Glcp-6Glcp-4Glep-3Gle-A0; and GlcB-3Glcp-4GlcP-4Glcp-4Glcp-3Gle-AO (ratio ~1:1) G19625CFG1711902
382 Barley-8-AO* (Glcp-4/3G1cp) 3-4Glcp-3Glc-AO0 639884NV
383 Barley-9-AO* (GlcB-4/3G1cp) 4-3G1lc-A0 G81330VE
384 Barley-10-AO* (Glcp-4/3Glcp) 4-4Glcp-3Glc-A0 G25123LE
385 |Barley-11-AO* (Glcp-4/3G1cp) 5-3G1lc-R0 61231420
386 Barley-12-AO* (Glcp-4/3Glcp) 5-4Glcp-3Glc-A0 684562LP
387 |Barley-13-AO* (Glcp-4/3G1cp) 6-3G1c-R0 8084200
388 Barley-14-AO* (Glcp-4/3Glcp) 6-4Glcp-3Glc-AO0 651450PK
389 |[Barley-15-AO* (GlcB-4/3G1cp) 7-3G1e-RO 5023300W
390 Barley-16-A0O* (Glcp-4/3Glcp) 7-4Glcp-3Glc-AO0 G74548HF
391 Grifo-3-A0O* Glc3(p-3/B-6) -AO N/A
392 Grifo-4-AO* Glcd (p-3/B-6) -AO N/A
393 Grifo-6-A0* Glc6 (p-3/B-6) -AO N/A
394 Grifo-7-AO* Glc7 (B-3/B-6) -BO N/A
395 Grifo-8-AO* G1c8 (p-3/B-6) -0 N/A
396 Grifo-9-A0* G1c9 (p-3/B-6) -AO N/A
397 Grifo-10-AO* G1c10 (B-3/p-6) -AO N/A
398 Grifo-11-AO* Glcll (B-3/p-6) -AO N/A
399 Grifo-12-A0O* Glcl2 (B-3/p-6) -AO N/A
400 Grifo-13-A0O* Glc13 (B-3/p-6) -A0 N/A
401 Grifo-14-AO* Glcl4 (B-3/p-6) -A0 N/A
402 Grifo-15-A0O* Glc15 (B-3/p-6) -A0 N/A
403 Grifo-16-A0O* Glc16 (B-3/p-6) -A0 N/A
404 Lentin-2-AO Glc2 (B-3/B-6) -BO G67098NW
405 Lentin-3-A0O Glc3 (B-3/B-6) -0 N/A
406 Lentin-4-AO* Glc4 (B-3/B-6) -BO N/A
407 Lentin-5-A0* Glc5 (B-3/B-6) -BO N/A
408 Lentin-6-AO0* G1c6 (B-3/B-6) -BO N/A
409 Lentin-7-AO* Glc7 (B-3/B-6) -BO N/A
410 Lentin-8-AO* Glc8 (B-3/B-6) -RO N/A
411 Lentin-9-A0* G1c9 (B-3/B-6) -BO N/A
412  |Lentin-10-AO* Glc10 (p-3/B-6) RO N/A
413 |Lentin-11-AO* Glcll (p-3/B-6)-RO N/A
414  |Lentin-12-AO* Glcl2 (p-3/B-6)-RO N/A
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Lentin-13-A0O*

Glc13 (B-3/p-6) -A0 N/A
416 NSG-11-AO* Glcp-3Glcp-3GLlcp-3Glcp-3Glep-3G1lep-3G1ep-3Glep-3G1cp-3G1ep-3G1lc-A0 G89899RZ
417 HE-8-AO Glcp-3Glcp-3GLlcp-3Glep-3Glep-3G1lep-3G1ep-3Glc-A0 637467FA
418 HE-9-AO Glcp-3Glcp-3GLlcp-3Glcp-3Glep-3G1lep-3G1ep-3G1lep-3Gle-A0 G02401HG
419 HE-10-AO Glcp-3Glcp-3GLlcp-3Glcp-3G1ep-3G1lep-3G1ep-3Glep-3G1ep-3G1e-A0 64759401
GIcP-3Glcp-3G1cp-3GLcp-3G1cp-3G1cp-3G1cp-3G1c-A0
420 HE-9B7-A0 Glcp-tls 637927¥1
GIcB-3GlcP-3GLcp-3GLcB-3G1lcp-3GLop-3G1cp-3G1cp-3G1c-AO
421 HE-10B2-A0 Glcﬁ—ls 620249DD
GIcP-3G1cp-3G1cp-3G1cp-3G1cp-3G1cop-3G1cp-3G1cp-3G1c-A0
422 HE-10B3-A0 Glcs-(ls G55512M0
GIcB-3GlcP-3GLcp-3GLcB-3G1cp-3GLop-3G1cp-3G1cp-3G1c-AO
423 HE-10B5-A0 Glcp—ls G50784KX
GIcP-3G1cp-3G1cp-3GLcp-3G1cp-3G1cp-3G1cp-3G1cp-3G1c-A0
424 HE-10B7-A0 Glcp-(ls G444388G
GIcB-3Glca-3Glcp-3GLc-AO
425 Gu-6B1/3-A0 Glcp—ls Glcp—ls G22277CS
GIcP-3G1cp-3G1cp-3G1cp-3G1cp-3G1op-3G1cp-3G1cp-3G1c-A0
426 HE-11B3/6-A0 Glcp-(ls Glcp-tl; 638565%H
427 Man4(B4) Manp-4Manp-4Manp-4Man-DH G01132F0
428 Man6(B4) Manp-4Manp-4Manp -4Manp -4Manp - 4Man-DH 633969TN
429 Xyl5(B4) XylB-4Xylp-4Xylp-4Xylp-4Xyl-DH G17192Mx
430 Xyl6(B4) XylB-4Xylp-4Xylp-4Xylp-4Xylp-4Xyl-DH G95210WK
431 Ara6(a5) Arac-5Arac-5Arac-5Arac-5Arac-5Ara-DH G06678GR
432  |Ara7(a5) Arac-5Arac-5Arac-5Arac-5Arac-5Arac-5Ara-DH 08367GY
433 Gal Gal-DH G68158BT
434 Gal-AO Gal-A0 G68158BT
435 GalNAc GalNAc-DH 627025MB
436 GalNAc-AO GalNAc-AO G27025MB
437 Glc Glc-DH 61502116
438 Glc-AO Glc-20 615021LG
439 GN GlcNAc-DH G64581RP
440 GN-AO GlcNAC-RA0 G64581RP
441 Man-AO Man-20 670323¢3
442 Fuc Fuc-DH 682576Y0
443 Fuc-AO Fuc-A0 682576¥0
444 Rha Rha-DH G07006BT
445 Rha-AO Rha-A0 G07006BT
446 |Gala-6Glc-AO Gala-6Glc-AO 091658
447 (6P)-Glc-AO P-6Glc-A0 69713100
448 (6P)-Man P-6Man-DH 65675602
449 (6P)-Man-AO P-6Man-20 65675602
450 (6P)-Fructose-AO P-6Fru-20 G00100EG
451 SU-Tyr SU-Tyr-DH Non glycan
452 SU'ChOIeSterOI SU-Cholesterol Non glycan
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453 GN-Asn GlcNAcB-Asn-DH 64910810
Xyla-6
GlcB-4Glcp-4Glep-4Gle-DH
454 Xyl3Glc4 Xyla-L Xylo-6 623659%Q
455 |Glc4(a6,04,04) Glca-6Glca-4Glea-4Gle-DH 559670
456 |Glc(a6,04,04)-A0 Gleoa-6GLea-4Glea-4Gle-A0 6559670W
GIcNAGB-6
<|3al -AO
457 01-A0 GlcNAcﬁ—L G57681KL
458 Rutinose-AO Rhaa-6Glc-A0 85868UC
459 Gal4 Gala-3GalB-4Gala-3Gal-DH 626927BM
460 Ceramides Cer Non glycan
461 Gala-4Glc-AO Gala-4Glc-AO 6007092M
aGala-3Galp-4aGalo-3Gal-DH
462 Carra-Tetra-1S su-J: N/A
aGala-3Galp-4aGalo-3Gal-DH
463 Carra-Tetra-2S su-4 su—J: N/A
aGala-3Galp-4aGalo-3Galp-4aGala-3Gal-DH
464 Carra-Hexa-3S su-l su-J: su-l N/A
aGala-3Galp-4aGalo-3Galp-4aGala-3Gal-DH
465 Carra-Hexa-4S su—‘li su—L su—Jl su—J; N/A
2Gala-3Galp-4aGala-3Galp-4aGala-3Galp-4aGalo-3Gal-DH
466 |Carra-Octa-4S su-l su-J: su-l su-J: N/A
467 |Gal2GIcNAc(1-3)-AO Gala-3GalB-3GLcNAC-AO G74668VC
468 GalManNAc(1-4)-AO Galp-4ManNAc-AO 661994TY
a 2-3-Sialy
469 |[GSC-187 NeuAco-3Galp-C29 63020722
470 |GSC-40 NeuAco- (S) -3Galp-Cerd2 N/A
471 NeuAca-(3')Lac NeuAca-3Galp-4Glc-DH G56516VE
472 NeuAca-(3')Lac-AO NeuAca-3GalB-4Glc-AO 656516V
473  |Neu4,5Ac-(3")Lac (4-OAc) NeuAca-3Galp-4GLc-DH 69801MT
474 Neu4,5Ac-(3")Lac-AO (4-OAc) NeuAca-3Galp-4Glc-A0 669801MT
475 |GSC-16 NeuAca-3Galp-4Glcp-Cer32 6912377k
476 |GSC-178 NeuAca-3Galp-4Glcp-Cer3d 6912377k
477 |GSC-17 NeuAca-3Galp-4Glcp-Cer36 6912377k
478 |GSC-18 NeuAca-3Galp-4Glcp-Cerd2 6912377k
479 |GSC-197 KDNo-3GalB-4Glcp-Cer28 31170
480 |GSC-199 KDNo-3Galp-4GLcB-C30 31170
481 GSC-198 KDNa-3GalB-4Glcp-Cer3d 31170
482 |GSC-75 (4-deoxy) NeuAca-3Galp-4GLlcB-Cer36 84113uS
483 |GSC-76 (7-deoxy) NeuAca-3Galp-4GLlcB-Cer36 €95173vV
484 |GSC-77 (8-deoxy) NeuAca-3Galp-4GLlcB-Cer36 G764220K
485 |GSC-153 (4,8-deoxy) NeuAcoa-3Galp-4GLcp-Cer36 €317331Y
486 |[GSC-51 (9-deoxy) NeuAca-3Galp-4GLlcB-Cer36 G83530GE
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487 GSC-78 (4-OMe) NeuAca-3GalB-4Glcp-Cer36 G01376ME
488 |GSC-79 (9-OMe) NeuAco-3GalB-4GLcB-Cer36 co18840W
489 GSC-23 (C7)NeuAca-3Galp-4Glcp-Cer36 635990AX
490 |GSC-24 (C8) NeuAco-3Galp-4GLcB-Cer36 ©964860L
491 GSC'50 (C8 diastereoisomer)NeuAca-3Galp-4Glcp-Cer36 G66544BX
492 Neua-(3')Lac Neua-3Galp-4Glc-DH 6284725
493 Neua-(3")Lac-AO Neua-3Galp-4Glc-AO 6284723
494 NeuAcB-(3')Lac NeuAcp-3GalB-4Glc-DH G79930NT
495 NeuAcp-(3')Lac-AO NeuAcp-3Galp-4Glc-A0 G79930NT
NeuAca-3Galp-4GlcB-C30
|
496 GSC-161 Fuca-3 G84173YM
NeuAca-3Galp-4Glcp-Cer36
|
497 GSC-162 Fuca-3 G84173YM
498 SAA# NeuAca-3GalB-3GlcNAc-DH 659168YE
499 SAA#1-AO NeuAca-3GalB-3G1lcNAc-AO 659168YE
500 NeuAca-(3')LN NeuAca-3GalB-4GlcNAc-DH 610203DW
501 NeuAca-(3')LN-AO NeuAca-3GalB-4GlcNAc-AO 610203DW
502 NeuGca-(3')LN NeuGca-3Galp-4GlcNAc-DH G48236KP
503 PI-1 NeuAca-3 (6-NAc) Galp-4GlcNAc-DH 63614108
504 PI-1-AO NeuAca-3 (6-NAc) GalB-4G1cNAc-A0 G3614108
505 PI-2 NeuAca-3 (6-NBz) GalB-4G1cNAc-DH N/A
506 PI-2-AO NeuAca-3 (6-NBz) Galp-4G1cNAc-AO N/A
NeuAca-3GalB-3GlcNAc-DH
. |
507 SA(3')-Lea-Tri Fuca-4 G81971FM
NeuAca-3GalB-3GlcNAc-AO
, |
508 SA(3')-Lea-Tri-AO Fuca-4 G81971FM
NeuAca-3Galp-4GlcNAc-DH
. |
509 SA(3')-Lex-Tri Fuca-3 690387aM
NeuAca-3Galp-4GlcNAc-AO
, |
510 SA(3')-Lex-Tri-AO Fuca-3 690387AM
NeuAca-3Galp-4G1lcNAcB-C30
|
511 GSC-440 Fuca-3 G00054M0
(4-OAc) NeuAca-3GalB-4G1lcNAcB-C30
|
512 GSC-512 Fuca-3 628073V
(9-OAc) NeuAca-3Galp-3GlcNAcB-C30
|
513 GSC-513 Fuca-4 62018920
(9-OAc) NeuAca-3GalB-4G1lcNAcB-C30
514 GSC-511 Fuca-3 68390406
NeuAca-3Galp-4GlcNAcB-3Galp-C30
|
515 GSC-479 Fuca-3 G32081WS
NeuAca-3Galp-4GlcNAcB-3Galp-Cer36
|
516 GSC-105 Fuca-3 632081Ws
NeuAca-3Galp-4G1lcNAcp-3GalB-Cer36
|
517 GSC'121 (3-deoxy) Fuca-3 G99300JR
NeuAca-3Galp-4GlcNAcB-3Galp-Cer36
|
5']8 GSC-1 23 (4-deoxy) Fuca-3 G87091PM
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NeuAca-3Galp-4GlcNAcp-3GalB-Cer36

519 |GSC-133 (2-OMe) Fuca-3 69231040
NeuAca-3Galp-4GlcNAcB-3Galp-Cer36
|
520 GSC-131 Quva-3 60464302
NeuAca-3Galp-4GlcNAcp-3GalB-Cer36
|
521 GSC-163 Rhao-3 G25419XX
NeuAca-3GalB-4GlcNAcB-3Galp-Cer36
|
522 GSC-1 27 (6-deoxy) Tala-3 G509732A
KDNa-3Galp-4G1lcNACB-3Galp-C30
|
523 GSC-341 Fuca-3 G41295aY
NeuGca-3Galp-4GlcNAcB-3Galp-Cer36
|
524 GSC-177 Fuca-3 616924VT
NeuAca-3 (4-deoxy) Galp-4G1lcNAcp-3Galp-Cer36
525 GSC-175 Fuca-3 67534500
NeuAca-3 (6-deoxy) Galp-4G1lcNAcB-3Galp-Cer36
526 GSC-176 Fuca-3 6624860L
NeuAca-3 (4, 6-deoxy) GalB-4G1lcNAcB-3Galp-Cer36
|
527 GSC-257 Fuca-3 G95228YK
528 LSTa NeuAca-3Galp-3GlcNAcB-3Galp-4Glc-DH G210661E
529 LSTd NeuAca-3Galp-4GlcNAcB-3Galp-4Glc-DH G28800UK
530 GSC-272 NeuAca-3Galp-3GlcNAcB-3Galp-4Glcp-C30 67953600
531 GSC-147 KDNoi- 3GalB-3GlcNAcB-3Galp-4Glcp-Cer36 G03118Wz
532 |GSC-396 NeuGco-3Galp-3GLcNACB-3Galp-4GLcp-C30 693871V
533 |Sialylparagloboside NeuAco-3GalB-4GLcNAcB-3Galp-4GLcB-Cer 0176733
534 GSC-273 NeuAca-3Galp-4GlcNAcB-3Galp-4Glcp-C30 60176735
535 |GSC-31 NeuAco-3Galp-4GLcNAcB-3Galp-4Glcp-Cer36 0176735
Neua-3GalB-4GlcNAcB-3Galp-4Glcp-Cer36
|
536 GSC-516B su-6 c38781HC
NeuAca-3Galp-3GlcNAcp-3GalB-4Glc-DH
|
537 SA(3")-LNFP-II Fuca-4 G91326YS
NeuAca-3Galp-4GlcNB-3Galp-4Glcp-Cer36
|
538 GSC-533 Fuca-3 G22545YE
NeuAca-3Galp-4GlcNAcB-3Galp-4Glcp-Cer36
|
539 GSC-64 Fuca-3 G96401FK
Neua-3GalB-4GlcNAcB-3Galp-4Glcp-Cer36
|
540 GSC-472 Fuca-3 G53444Fs
KDNa-3Galp-4GlcNAcB-3Galp-4Glcp-C30
|
541 GSC-314 Fuca-3 69942967
KDNa-3Galp-4GlcNAcB-3Galp-4Glcp-Cer36
|
542 GSC-149 Fuca-3 69942967
KDNa-3Galp-4GlcNAcB-3Galp-4GlcBp-C30
|
543 GSC-311 Rhao-3 G38543TA
SU-6
|
NeuAca-3Galp-4GlcNAcp-3Galp-4Glcp-Cer36
|
544 GSC-268 Fuca-3 62322508
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SU-6
|
Neua-3Galp-4GlcNp-3Galp-4Glcp-Cer36

545 GSC-268 deNAc Fuca-3 G15122E0
SU-6
|
NeuAca-3Galp-4GlcNAcB-3Galp-4Glcp-Cer36
|
546 GSC-269 Fuca-3 G85894LP
SU-6
|
Neua-3Galp-4GlcNAcB-3Galp-4Glcp-Cer36
|
547 GSC-406 Fuca-3 8833222
SU-6 SU-6
| |
NeuAca-3Galp-4GlcNAcp-3Galp-4Glcp-Cer36
|
548 GSC-270 Fuca-3 67823681
549 NeuAca-(3')LNnO NeuAca-3Galp-4GlcNAcp-3GalB-4GlcNAcB-3Galp-4GlcNAcB-3Galp-4Glc-DH G30764XF
GalB-4GlcNAcB-6
| |
Fuca-3 Galp-4Glc-DH
|
550 MSMFLNH NeuAca-3Galp-3GLcNAcB-3 68748520
NeuAca-3GalB-4GlcNAcB-3Galp-4GlcNAcB-3Galp-4Glcp-Cer36
|
551 GSC-221 Fuca-3 60129617
NeuAca-3Galp-4GlcNAcp-3GalB-4GlcNAcB-3Galp-4Glcp-Cer36
| |
552 GSC-220 Fuca-3 Fuca-3 G452151
NeuAca-3GalB-4GlcNAcB-3GalB-3GlcNAc-DH
|
553 [C4U SU-6 SU-6 SU-6 G46196NW
NeuAca-3Galp-4GlcNAcB-2Mana-6 Fuca-6
|
Manp-4GlcNAcp-4GlcNAc-DH
|
554  |A2F(2-3) NeuAca-3Galp-4GlcNAcB-2Mana-3 G90889KG
NeuAca-3Galp-4GlcNAcB-6
NeuAca-3Galp-4GlcNAcp-2Mana-6 Fuca-6
|
ManB-4GlcNAcB-4GlcNAc-DH
|
NeuAca-3Galp-4GlcNAcB-2Mana-3
|
555 P6-1 (GTP 4N(2,3)-4A+F) NeuAca-3GalB-4GlcNAcp-4 6721319M
NeuAca-3Galp-4GlcNAcB-6
|
NeuAca-3Galp-4GlcNAcB-3Galp-4GlcNAcp-2Mana-6 Fuca-6
|
Manp-4GlcNAcp-4GlcNAc-DH
|
NeuAca-3Galp-4G1lcNAcp-2M: -3
P7-2 (GTP 4N(2,3)- euhca-3Galp-dGleNAch 1
556 4A+1R+F) NeuAca-3Galp-4GlcNAcB-4 6925946
NeuAca-3Galp-4GlcNAcp-3Galp-4G1lcNAcP-6
|
NeuAca-3GalB-4GlcNAcB-3Galp-4GlcNAcB-2Mana-6 Fuca-6
| |
Manp-4GlcNAcp-4GlcNAc-DH
|
NeuAca-3Galp-4GlcNAcP-2M -3
P8-1 (GTP 4N(2,3)- SuRca-3GaLp-4GieNACH-2Han
557 4A+2R+F) NeuAca-3Galp-4GlcNAcp-4 G64894MA
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P22-1 (GTP 3N(2,3)-

NeuAca-3Galp-4GlcNAcB-6

NeuAca-3Galp-4GlcNAcB-2Mana-6 Fuca-6

ManB-4GlcNAcB-4GlcNAc-DH

558 3A(2,6)+F) NeuAca-3Galp-4GlcNAcB-2Mana-3 G25902AL
559 GM4 NeuAca-3Galp-Cer G30207PZ
560 Haematoside NeuAca-3Galp-4Glcp-Cer 691237TK
561 GM3 NeuAca-3Galp-4Glcp-Cer 691237TK
562 GM3(Gc) NeuGca-3Galp-4Glcp-Cer G75789AR
GalNAcp-4Galp-4Glcp-Cer
563 GM2 NeuAca-3 G79389NT
GalNAcB-4Galp-3Glcp-C30
564 GSC-576 NeuAca-3 G46127ND
GalNAcB-4Galp-4Glcp-Cer36
|
565 GSC-108 NeuAca-3 G79389NT
GalNAcP-4Galp-4Glcp-Cer36
|
566 GSC-193 KDNa-3 GOS5517EK
567 GM1b NeuAca-3Galp-3GalNAcB-4GalB-4Glcp-Cer 603277¥1
SU-6
|
568 GSC-335 NeuAca-3Galp-3GalNAcB-4GalB-4Glcp-Cer36 654000YH
Galp-3GalNAcP-4Galp-4Glcp-Cer
569 GM1 NeuAca-3 G48558GR
Galp-3GalNAcp-4Galp-4Glc-DH
|
570 GM1-penta NeuAca-3 G466130T
Galp-3GalNAcP-4Galp-4Glcp-Cer
571 GM1(Gc) NeuGca-3 G24034CH
Galp-3GalNAcp-4Galp-4Glc-DR
|
572 GM1(Gc)-penta NeuGca-3 628604UG
573 |GM1b-DH NeuAco-3Galp-3GalNAcB-4Galp-4Glc-DH G14633CL
NeuAca-3Galp-3GalNAcp-4Galp-4Glcp-Cer
574 GD1a NeuAca-3 G46677TE
NeuAca-3Galp-3GalNAcp-4GalB-4Glc-DH
|
575 GD1a-hexa NeuAca-3 669277LC
GalNAcB-4Galp-3GalNAcp-4Galp-4Glcp-Cer
|
NeuGca-3 NeuAca-3
GalNAcB-4Galp-3GalNAcp-4Galp-4Glcp-Cer
| | G438172U
576 GalNAc-GD1a(Ac,Gc) NeuAca-3 NeuGca-3 G70381UX
KDNa-3Galp-3GalNAcP-4Galp-4Glcp-Cer36
577 GSC-195 KDNa-3 G87111CL
578 |GSC-488 NeuAca-3Galp-3GalNAcB-C30 ©02684WR
579 GSC-491 NeuAca-3Galp-3 (6-deoxy-6-carboxymethyl)GalNAcB-C30 N/A
SU-6
|
580 GSC-489 NeuAca-3Galp-3GalNAcB-C30 632167RW
GalNAcP-6Galp-4Glcp-Cer36
581 GSC-284 NeuAca-3 832760P
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GalNAcP-4Galp-3Galp-C30
582 |GSC-575 NeuAca-:lf 67247508
NeuAco-3Galp-4G1CNACP-6Galp-4GLcp-Cer36
583 GSC-154 Fuca—; 6422566D
584 GSC-446 NeuAca-3Galp-4GlcNAcB-6GalNAca-3Galp-4Glc-C30 633350YB
585 GSC-441 NeuAca-3Galp-4GlcNAcB-6GalNAca-3Galp-4Glcp-C30 67526221
NeuAca-3Galp-4G1CNACP-4GalNACP-3Galp-4GIcP-C30
586 GSC-384 Fuca-zli G76759MR
a 2-6-Sialy
587 GSC-27 NeuAca-6Galp-Cer36 G63069TR
588 |GSC-144 KDNo- 6Galp-Cer36 6513241F
589 GSC-13 NeuAca- (S) -6Galp-Cer36 N/A
590 GSC-72 NeuAca- (S) -6Galp- (S) -Cer36 N/
591 GSC-60 NeuAca-6Glcp-Cer36 59170KM
592 GSC-9 NeuAca- (S) -6Glcp-Cer36 N/A
593 [GSC-59 NeuAca-6G1cNACB-Cer36 075390P
594 GSC-95 NeuAca- (S) -6G1cNACB-Cer36 N/A
595 [NeuAca-(6")Lac NeuAca-6Galp-4Gle-DH 69893KP
596 NeuAca-(6")Lac-AO NeuAca-6GalB-4Glc-A0 G69893KP
597 GSC-61 NeuAca-6Galp-4Glcp-Cer36
598 GSC-12 NeuAca- (S) -6Galp-4Glcp-Cer36 N/A
599 |GSC-234 NeuAco- (S) ~6Galp- (S) -4Glcp-Cer36 N/A
600 GSC-73 NeuAca- (S) -6Galp-4Glcp- (S) -Cer36 N/
601 Neua-(6')Lac Neua-6Galp-4Gle-DH 650804BU
602 Neua-(6")Lac-AO Neuoa-6Galp-4Glc-A0 65080480
603 |NeuAcB-(6')Lac NeuAcp-6Galp-4Glc-DH cls288MA
604 NeuAcp-(6')Lac-AO NeuAcB-6Galp-4Glc-AO c18288MA
605 |[NeuAca-(6")LN NeuAco-6Galp-4GLcNAC-DH G09376MR
606 NeuAca-(6')LN-AO NeuAca-6Galp-4GlcNAC-AO G09376MR
607 |Neu5,9Ac-(6")LN (9-OAc) NeuAco-6Galp-4GLcNAC-DH 63094560
Galp-3GLcNAGP-3Galp-4Glc-DH
608 LSTh NeuAca-6 G19017MP
609 GSC-397 NeuGca-6Galp-3G1lcNAcB-3GalB-4Glcp-C30 G96427WI
610 LSTc NeuAca-6Galp-4GlcNAcB-3Galp-4Glc-DH G72506RN
NeuAca-6Galp-4GICNACP-3Galp-4G1c-DH
611 SA(6')-LNFP-VI Fucc(-.la G95310NT
NeuAco-6Galp-4G1oNACP-3Galp-4Glcp-Cer36
612 |GSC-97 Fuca—; ©09046VD
Fuca-2Galp-4G1oNACE-6
Fucc(-.la <|;alp-4G1c-Ao
613 MSDFLNnH-AO NeuAca-GGalp-AGlcNAcp-:li 69296500
614 |NeuAca-(6')LNnO (F1) NeuAco-6Galp-4GLcNACB-3Galp-4GLcNACB-3Galp-4GLcNACB-3Galp-4Glc-DH  (position of NeuAc not fully defined) N/
NeuAca-6Galp-4GlcNAcB-6
éalp—llGlc—DH
615 MSLNH GalB—SGlcNAcﬁ—; G08723AU
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Galp-4GlcNACB-6

Galp-4Glc-DH

616 MSLNnH-I NeuAco-6Galp-3GLcNAcR-3 658274p8
NeuAca-6Galp-4GlcNAcB-6
|
Galp-4Glc-DH
|
617 DSLNnH NeuAca-6Galp-4GlcNAcp-3 G59924XR
Galp-4GlcNACB-6
| |
Fuca-3 Galp-4Glc-DH
|
618 MFMSLNnH NeuAca-6Galp-3GLcNAcR-3 G84742FE
NeuAca-6Galp-4GlcNAcB-2Mana-6
|
ManB-4GlcNAcB-4GlcNAc-DH
|
61 9 A2(2-6) NeuAca-6Galp-4GlcNAcB-2Mana-3 G73866zZM
NeuAca-6Galp-4GlcNAcp-2Mana-6
|
Manp-4GlcNAcp-4GlcNAc-DH
. |
620 AGP-Bi-Ac2 NeuAco-6Galp-4GLlcNAcB-2Mana-3 G738662M
NeuGca-6Galp-4GlcNAcB-2Mana-6
|
ManB-4GlcNAcB-4GlcNAc-DH
|
621 AGP-Bi-Gc2 NeuGca-6Galp-4GlcNAcp-2Mana-3 G98223HN
NeuGc (Ac) a-6Galp-4GlcNAcp-2Mana-6
|
Manp-4G1lcNAcB-4GlcNAc-DH
. |
622 AGP-Bi-AcGc NeuAc (Gc) a-6GalP-4GLcNACB-2Mana-3 G951121M
GalNAcP-4Galp-4Glcp-Cer36
|
623 |GSC-442 NeuAco-6 6299070
624 GSC-68 NeuAca-6Galp-3GalNAcB-4GalB-4Glcp-Cer36 G48236RC
Galp-3GalNAcB-4Galp-4Glcp-Cer36
625 GSC-155 NeuAco-6 G54721WC
NeuAca-6GalB-3GalNAcB-4Galp-4Glcp-Cer36
|
626 |GSC-107 NeuAco-6 30725V
627 BSM-Di-A1-AO NeuGca-6GalNAc-AO G75206XT
628 BSM-Di-A2-AO NeuAca-6GalNAc-AO G08371CD
629 GSC-70 NeuAca-6Galp-6GalNAcB-4GalB-4Glcp-Cer36 G716598D
a2-3- and «a2-6-Sialy
NeuAca-3Galp-3GlcNAcp-3GalB-4Glc-DH
|
630 DSLNT NeuAca-6 G387108X
NeuAca-3Galp-4GlcNAcp-2Mana-6
|
Manp-4GlcNAcB-4GlcNAc-DH
|
NeuAca-3Galp-4GlcNAcp-4Mana-3
631 A3 NeuAca-6GalB-4GLcNACR-2 62833002
NeuAca-3GalB-3GalNAcp-4Galp-4Glcp-Cer36
|
632 |GSC-118 NeuAco-6 4571480
NeuAca-3Galp-3GalNAc-DH
|
633 DST NeuAca-6 G65191ST
NeuAca-3Galp-3GalNAc-AO
|
634 DST-AO NeuAco-6 G65191ST
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NeuAca-3Galp-3GalNAGP-C30
635 GSC-490 NeuAca-(ls GO4267XF
a 2-8-Sialy
636 |GSC-230 NeuAco-8NeuAca-3Galp-Cer36 G43195TR
637 GSC-231 NeuAca-8NeuAca-6GalB-Cer36 62700221
638 |GSC-439 NeuAco-8NeuAco-8NeuAca-6Galp-Cer36 G84520A
639 |GSC-232 NeuAco-8NeuAca-6GLcp-Cer36 69590406
640 |GSC-229 NeuAco-8NeuAca-3Galp-4Glcp-Cer36 G98544DH
641 GSC-437 NeuAca-8NeuAca-8NeuAca-3Galp-4Glcp-Cer36 69389950
642 |GD3 NeuAco-8NeuAca-3Galp-4Glep-Cer G98544DH
643 |GD3-tetra NeuAco-8NeuAca-3Galp-4Glc-DH 68192810
644 |GD3-tetra-AO NeuAco-8NeuAca-3Galp-4Glc-AO 8192810
GalNAcP-4Galp-4GIlcp-Cer
645 GD2 NeuAca-8NeuAca-3 G02657AK
Galp-3GalNAcp-4Galp-4Glcp-Cer
646 GD1b NeuAco-8NeuAca-3 G37184KW
Galp-3GalNAcp-4Galp-4GLlc-DH
647 |GD1b-DH NeuAco-8NeuAca-3 c9761208
NeuAca-BNeuAca-3Galp-3GalNAcP-4Galp-4G1lcp-Cer
648 GQ1b NeuAca-8NeuAca-3 G18625KA
649 SA2(a8) NeuAca-8NeuAc-DH G96368TK
650 SA3(a8) NeuAca-8NeuAca-8NeuAc-DH 6092901z
651 SA4(a8) NeuAca-8NeuAca-8NeuAca-8NeuAc-DH G55973YK
652 SA5(a8)* NeuAco-8NeuAca-8NeuAca-8NeuAca-8NeuAc-DH 83157EH
653 |SA6(a8)* NeuAco-8NeuAca-8NeuAca-8NeuAca-8NeuAca-8NeuAc-DH 612986PF
654 SA7(a8)* NeuAca-8NeuAca-8NeuAca-8NeuAca-8NeuAca-8NeuAca-8NeuAc-DH G46657CU
655 |SA8(u8)* NeuAca-8NeuAca-8NeuAca-8NeuAca-8NeuAca-8NeuAc-8NeuAca-8NeuAc-DH 614163TR
656 |SA9(a8)* NeuAca-8NeuAca-8NeuAca-8NeuAca-8NeuAca-8NeuAc-8NeuAca -8NeuAc-8NeuAca-DH 632997eD
657 |SA10(a8)* NeuAca-8NeuAca-8NeuAca-8NeuAca-8NeuAca-8NeuAca-8NeuAca-8N 8NeuAca-8NeuAc-DH 38397KQ
a 2-3- and a2-8-Sialy
NeuAca-BNeuAca-3Galp-3GalNACP-4Galp-4GLlcp—Cer
658 GT1a NeuAca-3 G68110IF
NeuAca-3Galp-3GalNAcP-4Galp-4Glcp-Cer
659 GT1b NeuAca-8NeuAca-3 G40183QN
Galp-3GalNAcp-4Galp-4GLc-DH
660 GT1c-DH NeuAca-8NeuAco-8NeuAca-3 65076260
Other sialy linkages
NeuAca-3/6Galp-3G1cNACH-3Galp-4G1c-DH
661 SA(3/6)LNFP-I ruca-L 654312KX
662 Gsc'ge NeuAca-9NeuAca-3Galp-4Glcp-Cer36 G805441IB
663 SA2(a2-9) NeuAca-9NeuAc-DH 6560267A
0664 SA3(a2-9) NeuAca-9NeuAca-9NeuAc-DH G82952PX
665 SA4(a2-9) NeuAca-9NeuAca-9NeuAco-9INeuAc-DH G736637A
666 SAS(GZ-Q) NeuAca-9NeuAca-9NeuAca-9NeuAca-9NeuAc-DH G90126NY
667 SAG(GZ-Q) NeuAca-9NeuAca-9NeuAca-9NeuAca-9NeuAca-9NeuAc-DH G56108YR
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668 NeuAc NeuAc-DH 695058CG
669 NeuAc-AO NeuAc-20 695058CG
670 NeuGc NeuGc-DH c437245A
671 NeuGc-AO NeuGc-20 c437245A
672 |[GSC-62 NeuAca-2GlcB-Cer36 7422200

a Probe position in the histogram charts (Supplementary Figure 2).
b, The oligosaccharide probes are all lipid-linked. Asterisks that follow the names of certain probes indicate that predominant components are shown.

¢, Unless otherwise indicated they are neoglycolipids (NGLs) prepared from reducing oligosaccharides by reductive amination with the amino lipid, 1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine
(DHPE). AO, NGLs prepared from reducing oligosaccharides by oxime ligation with an aminooxy (AO) functionalized DHPE (Liu et al., Chem. Biol. 14, 847-859, 2007); AD, fluorescent NGLs prepared from
reducing oligosaccharides by reductive amination with a fluorescence labelled lipid, the anthracene-modified DHPE (ADHP) (Stoll et al., Eur. J. Biochem. 267(6), 1795-804, 2000); Cer, natural glycolipids
with various ceramide moieties; Cer36, synthetic glycolipids with ceramide having a total of 36 carbon atoms; C30, a synthetic lipid [2-(tetradecyl)hexadecanol] with 30 carbon atoms. OX and OY designate,
respectively, the C1-4 fragment and the C5-6 fragments of GalNAcol of reduced oligosaccharides after mild periodate oxidation followed by reductive amination with DHPE (Chai et al., Methods Enzymol.
362, 160-195, 2003). AUA, 4,5-unsaturated hexuronic acid; aMan, 2,5-anhydro-mannose; aGal, 3,6-anhydro-galactose.

41D in the international glycan structure repository GlyTouCan https://glytoucan.org/.
N/A, structure that will be registered in the GlyTouCan repository in due course.
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