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Abstract

Glycobiology, the study of saccharides and their biological significance, delves into
understanding glycans, oligosaccharides that form essential structures in various living
organisms. However, these glycans, covalently linked to proteins or lipids, possess a
structural complexity that exceeds that of nucleic acids and proteins, attributed to their non-
templated assembly. This complexity, characterised by diverse linkage positions, degrees of
branching, and isomerism, facilitates glycans' multifaceted roles, including cell-cell

recognition, immune response, and protein function optimization.

Structural Biology is one of the fields concerned with the study of glycobiology, however
current model-building software leans heavily towards proteins. A major hurdle is the
absence of upfront knowledge of glycan compositions at glycosylation sites. While protein
sequences are easily derived from DNA, glycan sequences are not directly encoded in
genomes. As a result of these challenges, many modelled N-glycan chains in glycoproteins
show errors as featured in numerous communications and remediation efforts. Therefore,
part of the thesis was devoted to implementing a software solution that would enable
scientists building atomic models of glycoproteins to easily access information retrieved from
glycoproteomic studies. The new code, implemented as part of the Privateer carbohydrate
model validation and analysis software, was demonstrated to be useful in validation of

modelled N-glycan compositions during iterative model building.

Following the successful bridging of atomic coordinates and glycoproteomic data, the
research pivoted to assess the interplay between amino acid identities and N-glycan
composition. Limited data indicated a potential relationship, especially with aromatic amino
acids. Thankfully, the advent of AlphaFold motivated the implementation of a grafting
algorithm in the Privateer software, responsible for transplanting N-glycan atomic
coordinates, therefore enabling the expansion of N-glycan atomic structure data. The
development of new software tools enabled the discovery of potentially meaningful
discriminatory relationships in terms of neighbouring amino acid chemical properties and the

N-glycan processing products.
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algorithm indicates that terminal f-Man sugars should be modelled as a-Man
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recognition, rather than N-glycosylation. 86

Figure 3.4: Summary of computed RSCC scores for terminal sugars modelled
within 97 cluster representatives of glycoproteins. A) (left) RSCC scores for
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considered to demonstrate a good fit between modelled monosaccharide and its
associated experimental density (right). Scatterplot of resolution values of PDB
depositions that contain the modelled two branch N-glycans, grouped by
experimental method, where X-Ray is X-Ray crystallography and EM is cryo-EM.
B) (left) RSCC scores for terminal sugars of modelled N-glycans that are
composed of three branches, grouped by N-glycan type. Red dashed line
denotes the threshold value of 0.80, which is considered to demonstrate a good
fit between modelled monosaccharide and its associated experimental density.
(right) Scatterplot of resolution values of PDB depositions that contain the
modelled three branch N-glycans, grouped by experimental method, where X-

Ray is X-Ray crystallography and EM is cryo-EM.

Figure 3.5: Superposition of IgG1 (PDB ID: 6YT7%) - coloured in orange, IgG2
(PDB ID: 4L4J%*) - coloured in yellow, 1IgG3 (6D582?) - coloured in light blue, IgG4
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representation are neighbours up to 7 A distance away from terminal sugars of

the modelled biantennary complex N-glycans.

Figure 3.6: Individual neighbouring amino acid detections at first detected radius
distance in the vicinity of terminal sugars of modelled N-glycans. Green circles
denote an individual neighbour amino acid at the terminal end associated with
high-mannose N-glycan product across 86 representatives, red circles denote a
processed N-glycan product across 18 representatives. Red, green and yellow
dashed lines represent radius distance cutoff thresholds used in subsequent
enrichment analyses. The violin plot background denotes the distribution density
of amino acid distances. Individual amino acids are represented in their three
letter codes and are colour coded according to the assigned grouping in terms of
redundant chemical features used in subsequent analyses (orange — sulphuric,
grey — featureless, light blue — positive/basic, red — negative/acidic, teal — polar,

black — aromatic, coral — hydrophobic).

Figure 3.7: Amino acid enrichment ratios over a variety of distance radius

threshold cutoffs in vicinity of terminal sugars of modelled N-glycans. A) 5 A
radius threshold, B) 7 A radius threshold, C) 9 A radius threshold. The labels
above bars represent the enrichment ratio in the dataset for individual amino

acids.
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Figure 3.8: Detections of individual neighbouring amino acids grouped by
redundant chemical features in the vicinity of terminal sugars of modelled N-
glycans. Green circles denote an individual neighbour amino acid at the terminal
end associated with high-mannose N-glycan product across 86 representatives,
red circles denote a processed N-glycan product across 18 representatives. Red,
green and yellow dashed lines represent radius distance cutoff thresholds used
in subsequent enrichment analyses. The violin plot background denotes the
distribution density of amino acid type distances. Individual amino acid are
grouped into redundant clusters and are represented by colour coded labels
which correspond to a direct mapping described in Figure 3.6 (orange — Cys;
grey — Gly; light blue — His, Lys, Arg; red - Glu, Asp, teal — Ser, The, GIn, Asn;
black — Phe, Trp, Tyr; coral — Ala, Val, Leu, lle, Pro, Met).

Figure 3.9: Amino acid type enrichment ratios over a variety of distance radius
threshold cutoffs in vicinity of terminal sugars of modelled N-glycans. A) 5 A
radius threshold, B) 7 A radius threshold, C) 9 A radius threshold. The labels
above bars represent the exact values that were used to calculate enrichment
ratio for individual Amino Acid types in the dataset. Values in the bracket on the
numerator represent the number of Amino Acid type detections out of total

neighbouring amino acids detected.

Figure 3.10: Comparison of origin points and their detected neighbouring amino
acid outputs between two analyses using an identical view of a glycoprotein

structure (PDB ID: 1H4P). A) Origin of the probe point (ASN165, chain A) circled
in blue and its associated amino acid neighbour outputs visualised using protein
surface representation with different colours and their labels denoting converted

radius distance threshold criteria by Suga et al. The conversion of sphere surface

. . . A . . .
area to radius distance was converted using: r = /E’ where r is radius and A is

sphere’s surface area. The neighbouring amino acid output is an approximation
and not a direct conversion, as the authors employed a more elaborate method
to compute surface area to detect neighbouring amino acids. The purpose of the
approximation is to serve as a visual aid in the comparison to the study
presented in this chapter. B) Origin of multiple probe points (BMA6, MANS,
BMAZ10, chain C) circled in blue and its associated amino acid neighbour outputs
visualised using protein surface representation with different colours and their

labels denoting radius distance threshold used in this study. The modelled N-
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glycan and the glycoprotein were automatically eliminated from consideration in
this study, due to the following reasons: 1) Glycoprotein was expressed in a
fungal expression system, 2) modelled N-glycan likely contains potential
modelling mistakes, specifically terminal mannose sugars being modelled as [3-

Man anomers, thus failing to return a match on GlyConnect database.

Figure 4.1: Panel a) Structural alignment of the crystal structure of human CD1b
in complex with phosphatidylglycerol (PDB 5WL1), shown in cyan, onto the
model predicted by AlphaFold (accession code P29016), shown in magenta. The
N-glycosylation at position N38 was reconstructed with Privateer?, where the
linked Man6 structure was selected from a library of highly populated conformers
at equilibrium, obtained from molecular dynamics simulations at 300 K. Panel b)
Close-up view of the grafted Man6, with the structure rotated around the z-axis
by 180°, represented in sticks with colouring compliant to the SNFG scheme. The
relative positions of the Trp 23 sidechain stacking the Man6 core is highlighted in

sticks in both the crystal structure (cyan) and in the AlphaFold model (magenta). 120

Figure 4.2: Visualisation of Man9 N-glycan grafting attempt at ASN139 of P16870
predicted by AlphaFold. Protein backbone depicted in ribbon representation, with
the colour scheme portraying pLDDT score (residues coloured in white represent
high confidence). Six cluster representatives of Man9 N-glycan were grafted that
produced clashes with protein backbone (coloured in transparent colours), with
the seventh and only cluster representative producing a graft that did not produce
any clashes (coloured in non transparent colours, according to the SNFG colour
scheme for individual monosaccharides, i.e. blue - GIcNAc sugar, green - Man

sugar) 123

Figure 4.3: Amino acid type enrichment ratios over a variety of distance radius
threshold cutoffs in vicinity of terminal sugars of associated N-glycan type grafts

on predicted AlphaFold structures at scale. A) 5 A radius threshold, B) 7 A radius
threshold, C) 9 A radius threshold. The labels above bars represent the exact

values that were used to calculate enrichment ratio for individual Amino Acid

types in the dataset. Values in the bracket on the numerator represent the

number of Amino Acid type detections out of total neighbouring amino acids

detected. 126
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Figure 4.4: Amino acid enrichment ratios over a variety of distance radius
threshold cutoffs in vicinity of terminal sugars of Man9 N-glycan grafts on
predicted AlphaFold structures at scale. A) 5 A radius threshold, B) 7 A radius
threshold, C) 9 A radius threshold. The labels above bars represent the

enrichment ratio in the dataset for individual amino acids.

Figure 4.5: Amino acid type enrichment ratios over a variety of distance radius
threshold cutoffs in vicinity of terminal sugars of Man9 N-glycan grafts on
predicted AlphaFold structures at scale. A) 5 A radius threshold, B) 7 A radius
threshold, C) 9 A radius threshold. The labels above bars represent the exact
values that were used to calculate enrichment ratio for individual Amino Acid
types in the dataset. Values in the bracket on the numerator represent the
number of Amino Acid type detections out of total neighbouring amino acids
detected.

Figure 4.6: Amino acid type enrichment ratios over a variety of distance radius
threshold cutoffs in vicinity of terminal sugars of processed N-glycan grafts on
predicted AlphaFold structures at scale. A) 5 A radius threshold, B) 7 A radius
threshold, C) 9 A radius threshold. The labels above bars represent the exact
values that were used to calculate enrichment ratio for individual Amino Acid
types in the dataset. Values in the bracket on the numerator represent the
number of Amino Acid type detections out of total neighbouring amino acids
detected.
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Introduction

1.1 Glycobiology

Glycobiology, the study of the structure, biosynthesis, and biology of saccharides
(oligosaccharides), is an essential yet often underappreciated aspect of biochemistry and
molecular biology. At the core of glycobiology are glycans, oligosaccharides that are found
covalently linked to proteins (forming glycoproteins) or lipids (forming glycolipids). Glycans
can be found on the surface of all cells and many proteins in all living organisms. They are
incredibly diverse, far surpassing nucleic acids and proteins in terms of structural complexity.
This is because, unlike proteins and nucleic acids, which are linear polymers produced
through a template-driven process, glycans are assembled in a non-templated manner. This
absence of a template allows for the creation of numerous configurations that differ in terms
of linkage positions, degree of branching and isomerism, giving rise to a multitude of

possible structures?®.

Glycans perform a variety of roles essential to biological processes, and this diversity of
function is due, in large part, to their structural complexity. Glycans are central to cell-cell
communication, protein folding, immune response, and microbial pathogenesis, among
many other functions. For instance, the glycans present on cell surfaces are critical for cell-
cell recognition and adhesion?’, playing significant roles in embryonic development?,
immune response?®, and disease processes®. Additionally, glycans attached to proteins
(glycoproteins) can influence the protein's folding, stability, and are critical for proper protein

function3-32,

Glycans are introduced into products through a co- or post-translational modification known
as glycosylation, a biological mechanism where an oligosaccharide (glycan) is covalently
attached to a functional group of another molecule, such as protein or lipid, in an en-bloc
manner, particularly in the case of N-glycosylation®. Likewise, the glycosylation modification
can also occur by covalent attachment of a single sugar residue to another molecule, such
as protein or lipid, which may further be extended by additional sugar residues, particularly in
the case of O-glycosylation. It occurs in specific regions of the cell, most commonly in the
endoplasmic reticulum (ER) and the Golgi apparatus. The glycosylation modification is
universally facilitated by glycan processing enzymes. On the other hand, covalent
oligosaccharide attachment to proteins is also possible without glycan processing enzymes,

in the process defined as glycation, usually occurring in the bloodstream, creating glycated
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proteins®. The rate of glycation, in principle, is dependent upon the extent of ageing and
disease progression in individuals, thus being less prevalent than glycosylation®-¢,
Therefore, glycosylation describes the process of oligosaccharide attachment to molecules
such as protein or lipids through a covalent linkage, driven by glycan-processing enzymes.

1.2 Chemical properties of monosaccharides

The most basic building block of oligosaccharides are monosaccharides, known as sugars.
Monosaccharides are defined as molecules, consisting predominantly of carbon, oxygen and
hydrogen atoms, although there are examples of sugars containing other types of atoms.
The number of carbon atoms in the backbone of the monosaccharide is used to classify
sugars, such as trioses (three carbons), tetroses (four carbons), pentoses (five carbons),
hexoses (six carbons), heptoses (seven carbons), octoses (eight carbons) and nonoses
(nine carbons). Oligosaccharides involved in protein glycosylation are predominantly
composed of hexose monosaccharides, with some notable exceptions such as xylose
sugars being pentoses and sialic acid sugars being nonoses®’. All monosaccharides contain
a carbonyl functional group (C=0). If the carbonyl forms an aldehyde group at the end of the
carbon backbone of the sugar, then it is named aldose. If the carbonyl is located inside of
the carbon backbone of the sugar forming a ketone group, then it is named ketose.

In addition to the carbonyl functional group, sugars also contain multiple hydroxyl functional
groups (-OH), typically one per each carbon in the backbone that does not already contain
the carbonyl group. As a result, sugars have at least one or more chiral centres. The varying
arrangement of hydroxyl groups around the chiral carbons leads to different stereoisomers of
the same monosaccharide (Figure 1.1). As a result, Symbol Nomenclature for Glycans
(SNFG) notation uses a defined colour mapping for specific sugar stereoisomers (Table
1.1)%®. It is common to name sugar stereoisomers based on their stereodescriptor, “D-" and
“L-". The “D-" and “L-" stereodescriptors rely on the chiral carbon most distant from the
carbonyl group®. Visually, this can be described using Fischer projection, which is a two-
dimensional representation of a molecule that shows the stereochemistry at each of the
chiral centres. In the Fischer projection, the chiral carbon used to assign “D-" and “L-"
configuration is the penultimate carbon. If the hydroxyl group on the penultimate carbon is on
the right, then the sugar is labelled as “D-". Otherwise, the hydroxyl group on the left of
configurational chiral carbon is labelled as “L-" (Figure 1.1). The two different configurations

are enantiomers (mirror images) of each other, but D-sugars are the form that are most
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commonly found in nature and most readily utilised in cellular metabolism. L-sugar

metabolism is the exception, done in some bacteria and malignant tumour cells*%41,

H H
~ © ~ o
—0 =0
H—+—OH HO—+—H
HO—+—H H——+—O0OH
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OH OH
L-Fructose D-Fructose
o] (o]
Y A Z
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HO—r——H HO——H HO—r—H
HO——r—H H——0H H——r—O0H
H«P HP Hf
OH OH OH
D-Galactose D-Mannose D-Glucose

Figure 1.1: A selection of six-carbon (hexose) sugars, represented in Fischer projection.
Ketose sugars have ketone functional groups, aldose sugars have aldehyde functional
groups. Hydroxyl group position on the penultimate carbon (L- left, D- right) determines the

configuration of the sugar.

While monosaccharides can exist in linear form, they often naturally occur in a cyclic form in
aqueous solution due to the reversible reaction between the carbonyl group and one of the
hydroxyl groups*?. The reaction results in a cyclic ring structure, where the sugar either
becomes a pyranose (six-membered ring) or a furanose (five-membered ring). Hexose
sugars can be both pyranose and furanose, depending on which hydroxyl group performs
the nucleophilic attack on the carbonyl. As shown in Figure 1.2, if the hydroxyl group on the
fourth carbon (C4) of D-glucose in Fischer projection performs a nucleophilic attack on the
carbonyl of aldehyde group at the first carbon (C1), then a D-glucofuranose product occurs.
If the hydroxyl group on the penultimate carbon (C5) performs a nucleophilic attack on the
carbonyl of the aldehyde group at the first carbon (C1), then a D-glucopyranose product

OCcCurs.
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B-D-Glucofuranose H—1—O0OH B-D-Glucopyranose
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H OH
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a-D-Glucofuranose a-D-Glucopyranose

Figure 1.2: D-Glucose in linear and cyclic forms (pyranose and furanose). The oxygen
shown in olive at C4 position performs a nucleophilic attack on the aldehyde at C1 to form
D-Glucofuranose in either a or f anomeric configurations. The oxygen shown in orange at
C5 position performs a nucleophilic attack on the aldehyde at C1 to form D-Glucopyranose

in either a or B anomeric configurations.

In the process of forming the ring, as the carbonyl on either ketone or aldehyde group is
planar, the nucleophilic attack can occur either from above or below. When the ring is
formed, the first carbon (C1) becomes a new chiral centre, known as the anomeric carbon.
The stereochemistry at the anomeric carbon creates an additional description of the sugar -
whether it is the alpha (a) or beta (B) form of the monosaccharide, known as anomeric
configuration (Figure 1.2). In the alpha form, the hydroxyl group on the anomeric carbon is
on the opposite side (trans) of the ring from the CH>OH group on fifth carbon (C5). In the
beta form, the hydroxyl group on the anomeric carbon is on the same side (cis) of the ring as

the CH>OH group on penultimate carbon (C5).
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1.3 Chemical properties of oligosaccharides

A minimum of two units of monosaccharides form an oligosaccharide. Monosaccharides
within an oligosaccharide are linked together by glycosidic bonds. Glycosidic bonds are
formed through an enzymatically-catalysed dehydration reaction where a hydrogen atom
from the hydroxyl group of the anomeric carbon is removed from one monosaccharide and a
hydroxyl group (OH) is removed from another sugar, allowing a bond to form between the
two monosaccharides through the release of a water molecule. When the reaction is
complete, a nascent disaccharide (an oligosaccharide composed of two monosaccharides)
possesses the following properties: the disaccharides’ non-reducing end is where the
anomeric carbon is involved in a glycosidic bond and the disaccharides’ reducing end is
where the anomeric carbon of the terminal monosaccharide is free to form a pristine
glycosidic bond. The formed glycosidic bond can be described in terms of its:
stereochemistry - configuration of the anomeric carbons involved; regioselectivity - numerical
identifiers of specific carbon atoms in proximity of the linkage; and the types of

monosaccharides forming the bond.

A nascent oligosaccharide molecule may be significantly extended through the addition of
more monosaccharides®. Oligosaccharides can be linear, with each monosaccharide
connected to at most two other monosaccharides. However, each monosaccharide has
multiple hydroxyl groups that can participate in glycosidic bond formation. As shown in
Figure 1.3, unlike nucleic acid or protein biomolecules, oligosaccharides can be and are
often branched, where a single monosaccharide is connected to three or four other
monosaccharides. The ability to form branched structures significantly contributes to the
complexity and diversity of oligosaccharide structures. Because each branch can be of
different length and can be made up of different types of monosaccharides, there is a huge
degree of diversity in glycan structures that can be constructed from a set of basic building

blocks (summarised in Table 1.1).
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Figure 1.3: Branched oligosaccharide ligand composed of five monosaccharides
representing a partial fragment of a core N-glycan with a bisecting GIcNAc. Upper right
corner demonstrates the oligosaccharide description in Symbol Nomenclature for Glycans
(SNFG) notation produced using Privateer?. Blue coloured labels represent anomeric
configuration and monosaccharide names with their associated PDB three-letter residue
identifier, green labels represent glycosidic linkage description. Red coloured labels

represent carbon atom positions within each monosaccharide.
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Table 1.1: Basic N-glycan building blocks of monosaccharides encountered in this thesis.
Every row contains monosaccharide’s common name and its abbreviation, PDB residue
code associated with the monosaccharide, complete International Union of Pure and Applied
Chemistry (IUPAC) name and SNFG symbol.

Name (abbreviation) PDB IUPAC name SNFG symbol
residue
code

N-acetyl-beta-D-

glucosamine (B- NAG
GIcNACc)

2-acetamido-2-deoxy-B3-D- .B
gluco-hexopyranose

alpha-D-mannose (a- MAN

-D-manno-hex ran .a
Man) a anno-hexopyranose

beta-D-mannose (B- s ) .
Man) BMA B-D-manno-hexopyranose B

beta-D-

galactopyranose (B-Gal) GAL B-D-galacto-hexopyranose OB

?c!(pg?ce ~glucopyranose | & ~ a-D-gluco-hexopyranose .a

alpha-L-fucopyranose 6-deoxy-a-L-galacto-

(a-Fuc) FUC hexopyranose Aa
N-acetyl-alpha- 5-acetamido-3,5-dideoxy-
neuraminic acid (a- SIA D-glycero-a-D-galacto- ‘ot
Neu5Ac) non-2-ulopyranosonic acid

28



1.4 Protein Glycosylation

Oligosaccharides can form a covalent bond with other biomolecules such as nucleic acids**,
protein and lipids*. A protein-oligosaccharide covalent bond, which is also referred to as
glycosidic bond, is formed between a sugar and amino acid molecule. Depending on the
identity of the amino acid, there can be multiple types of glycosidic bonds, which therefore
directly correlate with the type of glycosylation. As a result, there are several types of protein
glycosylation: N-linked glycosylation - where the oligosaccharide through an N-glycosidic
linkage is attached to the nitrogen atom of the amide group of an asparagine residue in a
protein; O-linked glycosylation - where the oligosaccharide through an O-glycosidic linkage
is attached to the oxygen atom of hydroxyl group of serine, threonine, tyrosine,
hydroxylysine, or hydroxyproline amino acid residues; C-linked glycosylation - where an a-
mannose sugar through a C-glycosidic linkage is attached to the carbon, specifically CD1
atom, of a tryptophan amino acid*®; and P-linked glycosylation - where the glycan is attached
through a P-glycosidic linkage to the phosphorus atom of a phosphoserine residue*’. After
the formation of a glycosidic linkage, the oligosaccharide can alternatively be referred to as a
glycan. Covalently-linked glycans are then typically modified either by extending the tree via
the action of glycosyltransferases, or in the case of N-glycosylation, a combination of
extension and fragment trimming is employed through the additional action of glycosidase
enzymes. The final composition of a glycan is determined by a competition between
numerous glycan processing enzymes that may compete for the same substrate in a hon-
templated process*®. As a result, glycosylation can be described as a highly heterogeneous
process. Therefore, factors such as the glycosylation site accessibility and expression levels
of glycan processing enzymes, availability of sugar donors and the localization of enzymes
within cellular organelles are significant determinants of glycan compositional homogeneity

on separate molecules of the same protein.

N-linked and O-linked are the most prevalent types of glycosylation in eukaryotes. Both
types of post-translational modifications are similar in the fact that they occur in the secretory
pathway of the cell, which involve the translocation of nascently-synthesised glycoprotein

through endoplasmic reticulum and Golgi apparatus organelles.

Nevertheless, there are significant differences between the two types of glycosylations.
Besides O-linked glycosylation forming an O-glycosidic linkage, it primarily is initiated by
enzymes residing in the Golgi apparatus, where sugar addition to the nascent O-
glycosylation site occurs on a one at a time basis exclusively facilitated by

glycosyltransferases*®. On the other hand, N-linked glycosylation is facilitated by the action
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of glycosidases and glycosyltransferases. A hallmark of N-linked glycan synthesis is the
partial fragment trimming by glycosidase enzymes to enable action of glycosyltransferases
later in the non-templated pathway®°. The N-linked glycosylation process starts in the
endoplasmic reticulum, where a 14-sugar-long intermediate glycan is attached to the
nascent glycoprotein that is partially trimmed by mannosidases, with an eventual transfer to
the Golgi apparatus for further and more elaborate processing®!. As a result, N-linked
glycans have a common pentasaccharide core that is not affected by glycosidase enzymes,
unlike O-linked glycans that may have multiple core structures, due to the exclusive action of
glycosyltransferases®?°3, Finally, O-glycosylation does not have a consensus protein
sequence, unlike N-glycosylation which has a consensus sequence of Asn-X-Ser/Thr (where

X is any amino acid except proline)®4.

1.5 N-glycan biosynthesis pathway in mammalian expression
systems

The biosynthesis of N-glycosylated products in mammalian cells starts with the synthesis of
a dolichol-linked precursor oligosaccharide. The synthesis of the glycan is initiated by the
activation of a dolichol phosphate intermediate, where N-acetylglucosamine (GICNAC) is
transferred from Uridine diphosphate N-acetylglucosamine (UDP-GIcNAC) to dolichol
phosphate (Dol-P) embedded in the ER membrane®®. This reaction is catalysed by UDP-
GIcNAc:dolichol-P GIcNAc-1-P transferase (DPAGTL1), resulting in the Dol-PP-GIcNAc
intermediate®®. Another addition of GIcNAc from UDP-GIcNAc is catalysed by ALG13/14
transferase to form the Dol-PP-GIcNAc: intermediate®’. Next, multiple mannosyltransferase
enzymes are involved to catalyse the addition of singular f-mannose and multiple a-
mannose residues from GDP-Man donors to Dol-PP-GIcNAc: to eventually form Dol-PP-
GlcNAc:Mans intermediate®®. The Dol-PP-GIcNAc.Mans intermediate initiates the flipping of
the precursor into the inside of ER lumen, which is catalysed by an ATP-independent
flippase enzyme®. Inside the ER lumen, a further four a-mannose and three glucose (Glc)
residues are added by mannosyltransferases and glucosyltransferases, respectively, to form
Dol-PP-GIcNAc:MangGlcs product. The necessary sugar donors, Dol-P-Man and Dol-P-Glc,

are transferred to ER lumen by various other flippase enzymes®.

Simultaneously, nascent protein being synthesised at the ribosome gets transferred to the
ER lumen through the protein translocation channels, composed of membrane protein
complexes®. When the potential glycosylation site is past the membrane barrier, the nascent

GlcNAc2ManqGlcs glycan is transferred from Dol-PP to the nitrogen atom in the amide group
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of the asparagine sidechain forming a N-glycosidic covalent bond in a reaction catalysed by
oligosaccharyltransferase (OST) complex, where either of STT3A or STT3B subunit playing
the role of a catalytic subunit®?. STT3A subunit is involved in mediating the translocation of
nascent polypeptide across the protein translocation channel and therefore is involved in co-
translational N-glycosylation of the nascent polypeptide®. STT3B subunit on the other hand
mediates the N-glycosylation of sites that are skipped by STT3A, in a post-translational
process®3. The nascent glycan plays an important role in aiding protein folding. Passively,
the nascent glycan aids protein folding via the thermodynamic destabilisation of the unfolded
state of the protein®!. Furthermore, the sugar molecules increase the solubility of the
glycoprotein, thereby preventing the hydrophobic regions of protein from aggregating in the
ER®*. Besides the passive mechanism, the ER in addition has an active quality control
mechanism to monitor protein folding that relies on the glycosylation status of the nascent
protein. Glucosidase enzymes, responsible for removing two residues of glucose from the
nascent glycan, produce glycoproteins containing the GIcNAc:ManyGlc; intermediate. The
intermediate glycan is recognized and bound by the molecular chaperones calnexin and
calreticulin through their carbohydrate-binding domains. The chaperones recruit other
proteins that facilitate protein folding through the formation of disulfide bridges. After a round
of calnexin-calreticulin association, the terminal glucose residue is removed by Glucosidase-
1. If the nascent glycoprotein failed to achieve proper folding, the hydrophobic patches and
molten globule-like states initiate the recruitment of UDP-glucose glycoprotein
glucosyltransferase (UGGT), which catalyses the re-addition of terminal glucose. Re-addition
of terminal glucoses initiates an additional cycle of calnexin-calreticulin association®. If the
protein fails to fold correctly after multiple cycles of calnexin-calreticulin association, then
reglucosylation by UGGT is inhibited to initiate ER a1,2-mannosidase action®%¢, The
enzyme removes a terminal a-mannose residue from the middle antenna of nascent
glycoprotein, producing GIcNAc;Mansg isomer that becomes a target for the ER associated
degradation (ERAD) pathway?®®.

After successful protein folding, glycoproteins exit the ER to travel to the Golgi apparatus,
with attached N-glycans of high-mannose composition that undergo further processing in the
Golgi. Final products of glycosylation machinery can be categorised into the following
products: high-mannose, hybrid, complex and pauci-mannose, which are shown in Figure
1.4. All these products share a common GIcNAc:Mans core. High-mannose N-glycans are
exclusively composed of two GIcNAc and a varying number of a-mannose sugars in the
range of 5-9. Hybrid N-glycans retain two a-mannose residues on the a1,6 arm while a1,3 at
minimum contains a GIcNAc that can be further decorated with additional galactose and

neuraminic acid residues. Complex N-glycan at minimum has the composition of
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GlcNAc:MansGIcNAc:, where two a-mannose residues are removed from a1,6 arm and
replaced with GIcNAc sugars that can be further decorated with additional galactose,
neuraminic acid and fucose residues. The number of GIcNAc residues outside of the
GIcNAc:Mans core indicates the degree of branching, i.e., if there are three GIcNAc then the

complex glycan is triantennary.

High-mannose N-glycan

PDB entry 5FJJ

Glycan chain H attached to AIASN323

GH3 B-D-Glucosidase expressed in Komagataella pastoris

Hybrid N-glycan

PDB entry 4DQO

Glycan chain B attached to C/ASN173

V1-V2 of HIV-1 gp120 expressed in HEK293F cells

Complex N-glycan (biantennary)
PDB entry 4AVY

Glycan chain G attached to D/ASN32

Serum Amyloid P Component expressed in human
blood plasma

Pauci-mannose N-glycan

PDEB entry 30KW

Glycan chain G attached to B/ASN461
Mouse Semaphorin 6A expressed in CHO or
HEK293 cells

Figure 1.4: Classification of N-glycosylation machinery products with selected examples
displayed in Symbol Nomenclature for Glycans (SNFG) notation. (a) High-mannose N-
glycan modelled in 5FJJ3. (b) Hybrid N-glycan modelled in 4DQO*. (c) Complex biantennary
N-glycan modelled in 4AVV®. (d) Pauci-mannose N-glycan modelled in 30KW?®. Even though
the Pauci-mannose product is naturally occurring in the Golgi mammalian cells, it does
appear as a product in other expression systems and is visualised as a separate class due
to prevalence of Pauci-mannose N-glycans in structural biology experiments. The pictures of

N-glycans in SNFG notation were generated by Privateer?.

The Golgi apparatus organelle consists of multiple cisternae that can be broadly simplified
into three compartments: cis, medial and trans>’. A folded protein containing an immature

high-mannose glycan from the endoplasmic reticulum enters the Golgi at the cis end. At the
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cis-Golgi the glycan is acted upon by the mannosidase | (Manl) enzyme, which recursively
trims immature high-mannose down to the GIcNAc:Mans glycan. The nascent glycoprotein
product can exit the Golgi at any point during recursive mannose trimming without any
follow-up processing to simply contain a N-glycan of high-mannose composition. If the
nascent high-mannose glycoprotein does not exit the Golgi, a GIcNAc residue can be added
to the a1,3 linked a-mannose by alpha-1,3-mannosyl-glycoprotein 2-beta-N-
acetylglucosaminyltransferase (GnTl) enzyme, resulting in the formation of a hybrid glycan,
with the composition of GIcNAc:MansGIcNAc;. In order to convert hybrid to complex N-
glycan, two additional a-mannose residues are trimmed in a reaction catalysed by
Mannosidase Il (Manll) to obtain the composition of GIcNAc:Mans;GIcNAci. The simplest
complex N-glycan product either exits the Golgi entirely or enters medial-Golgi for further
processing®l. Recent evidence suggests that in human cells the simplest complex glycan
can be converted to a Pauci-mannose by N-acetyl-B-hexosaminidase (Hex) isoenzymes,
which catalyse the release of capping GIcNAc residue to generate the GIcNAc:Mans
chitobiose core®’. Alternatively, the simplest complex N-glycan can be further processed by
the addition of a second GIcNAc onto a1,6 linked a-mannose by alpha-1,6-mannosyl-
glycoprotein 2-beta-N-acetylglucosaminyltransferase (GnTIl) enzyme to produce an N-
glycan with the composition of GIcNAc.MansGIcNAc.. Complex N-glycans can further be
processed by the addition of GICNAc branches catalysed by respective GnTIV, GnTV
enzymes to produce tri- and tetra- antennary glycans. A bisecting complex N-glycan can be
produced by the addition of 31,4 linked GIcNAc to 31,4 linked B-mannose in the
chitobiose core catalysed by GnTIIl enzyme (partial fragment shown in Figure 1.3).
Finally, in medial-Golgi, a fucose residue can be added to the first GIcNAc catalysed by
fucosyltransferase 8 (FUT8) enzyme. Following the addition of branches, the nascent
glycoprotein can either exit the Golgi entirely or be translocated to trans-Golgi, where
GIcNAc caps could be further modified via the addition of galactose, neuraminic acid and
fucose residues, catalysed by galactosyltransferase (GalT), sialyltransferase (SiaT), and
other fucosyltransferase (FUT) enzymes®. A visual summary of the pathway is shown in

Figure 1.5.
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Figure 1.5: Schematic summary of N-Glycosylation pathway in mammalian expression
systems. The simplified diagram represents oligosaccharide transfer to nascently
synthesised protein in the ER, with glycan processing steps carried out in Golgi
apparatus, organised into three cisternae: cis, medial and trans. In Golgi, the nascently
processed glycoprotein may be acted upon numerous glycosyltransferases to produce a
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variety of potential glycoforms due to nascent glycoprotein exit from Golgi at any time
during processing. Solid arrows represent the potential biosynthesis product of complex,
biantennary, fucosylated glycan - GlcNAc:MansGIcNAc,Gal,Neu5Ac,. Dashed arrows
represent alternative biosynthesis pathways that could either lead to Pauci-mannose glycan
(Hex) or complex, triantennary, fucosylated glycan (GnT3).

In summary, N-Glycosylation is a highly heterogeneous process largely due to the
numerous glycan processing enzymes that may compete for an identical substrate with
similar affinities. Therefore, it is typical for specific glycosylation sites across identical
protein subunits to contain varying glycoforms. The outcome of N-glycan processing
machinery would be completely random if it were not for the Golgi apparatus being
organised into three different cisternae that distribute N-glycan processing enzymes in a
sequential assembly line. In other words, the potential randomness is minimised,
although N-glycosylation is still a relatively heterogeneous process. This thesis largely
focuses on mammalian N-glycan biosynthesis as there are non-marginal differences in
the pathway across different eukaryotic kingdoms. For example, N-glycosylation
complexity in fungal expression systems trends towards producing mannan N-glycans
versus N-glycosylation complexity in mammalian expression systems trending towards
addition of capping motifs composed of GIcNAc, sialic acid, galactose and fucose sugars

instead.

1.6 Glycoproteomics to study the effects of glycosylation at the
cellular scale

Glycomics and glycoproteomics are two critical fields of study that focus on the identity of
glycans and glycosylated proteins, respectively. The study of glycosylation at a cellular scale
is necessary to understand the complex effects of protein glycosylation on cellular
phenotypes. Glycomics focuses on understanding the complete picture of all glycans in a
cell, tissue, or organism (the glycome). This includes identifying the types of glycans, their
location, their relevant structural details, and how they vary between different phenotype
states. Advances in this field have improved our ability to profile glycomes, leading to an
enhanced understanding of the role of glycans in health and disease. Glycoproteomics, on
the other hand, specifically looks at proteins that have been glycosylated. This involves

identifying which proteins are glycosylated, where the glycosylation sites are on the protein
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(site-specific glycosylation), and the structure of the attached glycans. It provides detailed
information about the variety and abundance of glycoproteins within a cell or tissue.

Both glycomics and glycoproteomics rely on common techniques - predominantly mass
spectrometry and various types of chromatography - to elucidate compositional details about
oligosaccharide structures that decorate glycosylated proteins. Detailed analysis of glycan
compositions requires the determination of individual monosaccharide units and glycosidic
linkage descriptions. In practice, this is accomplished via the use of mass spectrometry
(MS), where molecules and their fragments are ionised in the sample to obtain mass-to-
charge (m/z) ratios that can be cross-referenced to the theoretical weight of fragmentation
products. MS offers several advantages in the analysis of glycan compositions. MS is a
sensitive technique that allows the detection and identification of even trace amounts of
compounds®®. This makes it possible to determine glycan composition in complex mixtures,
where the concentrations of individual glycans might be very low. In combination with
techniques such as tandem mass spectrometry (MS/MS), it can reveal the sequence,
branching patterns, and linkages of monosaccharide residues in a glycan molecule®®.
Therefore, MS can provide detailed structural information about glycans. Fundamentally, MS
is not a quantitative technique, but under certain configurations it can be used for relative
quantification of specific fragment identities within samples, allowing for the analysis of the
relative abundance of a target in the sample within the obtained profile. Compared to other
techniques like nuclear magnetic resonance (NMR) spectroscopy, MS is relatively fast and
allows for the analysis of many samples in a comparatively short time. This makes it
particularly useful for large-scale glycomics studies. However, even for MS, glycans in
unpurified cellular extracts are of low abundance and have poor ionisation efficiency. To
counteract this, various chromatographic separation techniques are employed to isolate
glycans in the sample. Both to improve chromatographic separation efficiency and ionisation
efficiency during mass spectrometry, monosaccharides in glycans can be chemically
modified or, in other words, derivatized. Therefore, to ensure good signal-to-noise ratio, MS
is often combined with separation techniques like liquid chromatography (LC) or capillary
electrophoresis (CE) that separate glycans based on their different physical and chemical
properties. This further improves the resolution and sensitivity of glycan analysis. As a result,
detailed analysis of glycan compositions in cellular extracts requires significant
considerations of analytical techniques revolving around improving signal-to-noise ratio in
mass spectrometry analysis. The aim of the following sections is to introduce a broad
overview of state-of-the-art workflows that enable the elucidation of glycan compositions
from cellular extracts, ultimately resulting in glycan composition descriptions of associated

glycoproteins potentially used in glycan composition validation of glycoprotein 3D structures.
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The preparation of glycoprotein samples for mass spectrometry (MS) analysis is an
important step that can significantly influence the quality of the results. Glycoproteins can be
extracted from a plethora of samples, which could be biological fluids like blood or tissue
extracts. Nevertheless, the most comprehensive results are achieved when glycoproteins
are extracted from cellular samples. Cell cultures are amenable to be controlled under
different conditions that manipulate specific variables, such as nutrients, growth factors,
temperature, pH and targeted mutations to enable the investigations of specific factors
altering glycan profiles of whole cells or individual glycoproteins. Moreover, cell cultures are
generally more homogeneous than biological tissues, which often contain a mixture of
different cell types. The diversity of cell types in tissue samples can sometimes make it
difficult to attribute observed glycan patterns to specific cells or biological processes. As a
result, analyses carried out in cell cultures offer more reproducible results than tissue
samples. Finally, cell lines can be cultured in large quantities in the lab, which is an
important factor in the quality of MS analysis, while tissue samples are less abundant and
may require invasive procedures that are constrained by ethical and legal concerns.
However, cell cultures do not fully reflect the complexity and diversity of biological tissues
and as a result the obtained results might not fully translate to in vivo conditions, therefore

the choice of sample source depends on context and specific research question.

After the glycoprotein has been purified in the sample, it is often necessary to denature the
protein to make protein digestion more efficient for sample preparation into MS. This can be
achieved by heating the soluble sample to break all of the intra-protein hydrogen bonds or by
using denaturing agents such as urea. If the glycoprotein has a high content of disulfide
bonds, then disulfide bonds can be broken down using addition of DTT and alkylation with
iodoacetamide to fully unfold the glycoprotein target’. After the glycoprotein has been
linearized, the protein is fragmented into smaller peptides using digestion enzymes. Most
commonly, trypsin digestion is used which cleaves proteins at the carboxyl side of lysine and
arginine residues, unless they are followed by proline. This generates smaller peptide

fragments that are of a more manageable size for most configurations of MS devices.

In order to improve glycan signal-to-noise ratio, glycans may be released from peptides
using enzymes or chemical reagents. For N-glycan release from peptide, there is peptide N-
glycosidase F (PNGase F) enzyme that cleaves between the nitrogen atom, which is

covalently bound to the GIcNAc sugar and the neighbouring carbon atom of amide functional
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group of the asparagine residue. As a result of this reaction, the entire glycan is detached
from the peptide, while asparagine residue is converted to aspartate residue. In addition,
glycans can also be cleaved using endoglycosidase enzymes that cleave the glycosidic
linkage between the first and second GIcNAc sugar residues of the glycan containing
chitobiosyl core, leaving a single GIcNAc residue attached to the asparagine. PNGase F
enzyme is considered to have broad specificity, as it can cleave almost all N-glycans, while
specific endoglycosidases show preferentially for specific N-glycan compositions™.
Unfortunately, such enzymes do not exist for O-glycan glycopeptides, and the release of O-
glycans utilises hydrazinolysis or 3-elimination which require the use of chemical reagents to
catalyse the O-glycosidic linkage cleavage’?. While the signal-to-noise ratio is improved
upon release of glycans from their respective peptides, the information to which peptide
fragment a specific glycan was covalently linked to is lost. In order to preserve glycosylation
site information, the glycan release needs to be skipped, resulting in glycopeptides with
attached glycans. The glycopeptides are then analysed directly, allowing to preserve the
glycosylation site information at a cost of reduced signal-to-noise ratio. Therefore, both
approaches are combined in glycoproteomics to not only get high resolution data of released
glycan compositions, but also protein sequence information describing glycosylation sites™.

Released glycans in their native states have poor ionisation efficiency, which has a direct
impact on the signal detection in MS analysis. Moreover, if released glycans contain
monosaccharides that have labile functional groups, such as neuraminic acids, the identity of
such sugars can be lost during MS analysis. Therefore, released glycans are chemically
modified (derivatized) to not only boost signal-to-noise ratio, but also preserve crucial
information about the components of the oligosaccharide. Additionally, derivatization may
also enhance the detection of glycans in chromatography-based techniques prior to MS
analysis. There are two broad categories of derivatization techniques: chemical

modifications that target the labile hydroxyl groups of monosaccharide units, example being
permethylation and chemical modifications that target reducing position of released N-

glycans, an example being fluorescent labelling.

Permethylation is a well-established derivatization technique, where acidic protons of all
carbohydrates in glycans are substituted for methyl groups. The main reagent used for
permethylation is iodomethane (CHsl), which serves as a source of methyl groups. The
reaction is usually carried out in an organic solvent such as dimethyl sulfoxide (DMSOQ),
where sodium hydroxide (NaOH) is used as a base catalyst that deprotonates the acidic
protons of monosaccharides to make them more nucleophilic. The deprotonated groups

initiate a nucleophilic attack on the methyl iodide, where deprotonated acidic protons
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become methoxy groups. After the reaction, the permethylated glycans are usually purified
to remove excess reagents and byproducts. As a result, permethylation significantly
enhances glycan ionisation and chromatographic efficiency via the addition of methyl groups
that make the glycan more hydrophobic. Moreover, for monosaccharides that have labile
functional groups, such as neuraminic acids, permethylation esterifies carboxylic acid groups
that otherwise might get lost during MS analysis. Finally, permethylation partially enables the
discrimination of isomeric structures in MS/MS analysis by changing the fragmentation
patterns of glycans. Specifically, permethylation can make it easier to distinguish 1,3-
linkages from 1,4-linkages and 1,6-linkages, which are a hallmark feature of glycan

branching”.

Reducing end labelling is a technique used to attach a fluorescent or UV-absorbing label to
the reducing end of a released glycan molecule. The labelled glycans can then be detected
and quantified by fluorescence or UV absorption during separation stages. After the glycan
release using PNGase F, released glycans have a free reducing terminus at the GIcNAc that
was previously covalently linked to asparagine. The specific GICNAc is in equilibrium
between its closed ring (pyranose) form and straight chain (aldehyde) form. The free
carbonyl group on the aldehyde form can be reacted with a label molecule that contains an
amine group to form a Schiff base intermediate. Schiff base intermediates containing the
fluorescent label can then be reduced to a secondary amine using a reducing agent like
sodium cyanoborohydride (NaBH3CN) to form a stable bond between the reducing end of
the glycan and the molecule containing the fluorescent label. Examples of labels include 2-
aminobenzamide (2-AB), 2-aminopyridine (2-AP), and anthranilic acid (2-AA). The
fluorescent or UV-absorbing label greatly enhances the detection of the glycans, as they can
be detected and quantified by fluorescence or UV absorption. Finally, some labels can also

improve the ionisation efficiency of the glycans in MS, increasing sensitivity .

Prior to MS analysis, chromatographic separation of derivatized or non-derivatized glycans
can be carried out. Fundamentally, chromatography is a physical separation technique used
to divide the components of a mixture. The principle behind chromatography is that different
substances in a mixture have different affinities for two different phases - a mobile phase,
which can be a liquid (LC), and a stationary phase. As the mobile phase moves over or
through the stationary phase, the different components of the mixture interact with the two
phases to different extents. Some molecules have a higher affinity for the stationary phase
and get slowed down as they interact with it, while others have a higher affinity for the mobile
phase and move more quickly. This difference in migration rates leads to the separation of

the components as they move through the chromatographic system. Depending on the type
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of glycan derivatization or whether released glycans were derivatized at all, there are a
number of chromatographic separation techniques that can be used. Chromatographic
separation is a powerful tool in glycan analysis, but it is also challenging. Glycans often
exhibit complex, overlapping elution patterns, which can make it difficult to fully resolve
different structures. Furthermore, different glycans can sometimes have very similar
chromatographic properties, making them hard to separate. The choice of separation
method, as well as the use of different sample preparation and derivatization techniques,
can have a significant impact on the effectiveness of the separation and therefore mass

spectrometry output.

If the sample containing glycoproteins was previously purified using chromatographic
techniques, then it is directly injected into the Mass Spectrometer. Otherwise, Mass
spectrometry analysis can be directly coupled to liquid chromatography (LC) instruments. In
state-of-the-art mass spectrometry setup for glycoproteomics, lon Mobility-tandem Mass
spectrometry (IM-MS/MS) is used, which is capable of separating ions based on their size,
charge and conformation’. Even though IM-MS/MS does not require derivatized glycans,
derivatization can enhance the distinction of isomers by providing more distinct

fragmentation patterns.

Once the sample is introduced to IM-MS/MS machinery, the glycans are ionised to produce
charged particles that can be manipulated and detected in the mass spectrometer. The most
common ionisation techniques for glycan analysis are electrospray ionisation (ESI) and
matrix-assisted laser desorption/ionisation (MALDI). In ESI, the sample is sprayed through a
needle at high voltage to produce a fine mist of charged droplets. As these droplets
evaporate, they leave behind charged molecules or ions. In MALDI, the sample is mixed with
a matrix compound and irradiated with a laser. The matrix absorbs the laser energy and

assists in the desorption and ionisation of the sample.

Following ionisation, the charged ions are then separated based on their mass-to-charge
ratio (m/z) in the first mass analyzer. Several types of mass analyzers are commonly used in
glycan analysis, including time-of-flight (TOF), ion trap analyzers. In a TOF analyzer, ions
are accelerated by an electric field and then allowed to fly down a long tube. lons with a
lower m/z will reach the detector faster than ions with a higher m/z. In an ion trap, ions are

trapped in an electric field and their oscillations are measured to determine their m/z.
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The selected ions from the first mass analyzer are then subjected to ion mobility separation
(IMS). IMS enables differentiation of ions based either on space or time, with time-dispersion
methods being more commonly used’. Time-dispersion IMS works by applying an electric
field to ions in a gas-filled chamber. The electric field causes ions to exhibit different
behaviour based on their size. lons with a smaller surface area will move faster through the
field, while ions with a larger surface area will move slower. Because glycans often exhibit
overlapping m/z values, IMS enables the separation of glycans based on their 3D structure,
as different patterns of glycan branching, or glycosidic linkages may correlate with changes

in surface area of the glycan ion.

Following ion mobility separation, glycan ions are fragmented using technigues such as
collision-induced dissociation (CID) or electron transfer dissociation. CID is often a preferred
choice, as it can produce more predictable fragmentation patterns. CID is essentially a
collision cell, where accelerated high kinetic energy ions are collided with neutral gas
molecules, such as helium, to induce the transfer of kinetic energy into internal energy.
Internal energy of ions may cause covalent bond breakage, which results in fragmentation of
the parent ion.

Smaller fragments from the parent ion are then analysed in the second mass analyser. The
m/z of these product ions are then measured to derive the composition of the parent ion. The
fragmentation of derivatized glycans enables the derivation of structural information, such as

the sequence of monosaccharide units and the type of linkages.

The output from an IM-MS/MS experiment includes multiple layers of data that provide
information about the sample being analysed. The output from the first mass spectroscopy
analysis is a spectrum showing the intensity of ions (y-axis) versus their mass-charge ratio
(x-axis). However, to assign glycan composition details to observed individual peaks, the
output of the second mass spectroscopy analysis is used. The selected ion peaks that were
further fragmented are expressed as m/z values with relative abundances of fragments
observed in the parent ion. The relative abundance relationship enables the derivation of
glycan composition associated with the parent ion. Therefore, IM-MS/MS is capable of
elucidating what kind of glycans are detected in the sample with the ability to measure their

abundances.
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1.7 Structural Biology to study glycoproteins at atomic scale

Structural biology is a branch of molecular biology, biochemistry, and biophysics concerned
with the molecular structure of biological macromolecules, how they acquire the structures
they have and how alterations in their structures affect their function. In order to obtain an
atomistic description of glycoproteins, several experimental techniques are used: Nuclear
Magnetic Resonance Spectroscopy (NMR), Macromolecular X-Ray Crystallography (MX)
and Cryogenic Electron Microscopy (Cryo-EM). Of these three techniques, a significant

majority of the glycoprotein structures have been elucidated using MX.

X-ray crystallography is an experimental pipeline that utilises diffraction of X-rays from atoms
of the target embedded in a crystal to resolve macromolecular structures. It provides a 3D
image of the density of electrons within the macromolecule, allowing the position of every
atom in the macromolecule to be described. In the context of glycoproteins, it can reveal how
the oligosaccharide moieties are attached to the protein backbone and how these

attachments influence the overall protein structure.

X-rays have several properties that make them ideal for use in crystallographic studies of
macromolecules like proteins, nucleic acids, and complex carbohydrates. The wavelengths
of X-rays are in the range of 0.1-10 Angstroms, comparable to the size of atoms. Visible
light, in comparison, has a much longer wavelength, making it unsuitable for studying atomic
structures. Additionally, X-rays have the ability to penetrate matter, enabling the study of
internal features of molecular structures. This also presents the most significant drawback
for this technique; in that it must rely on collecting diffraction patterns. This is due to a
physical inability to re-focus X-rays through a lens to obtain an image in real space: as X-
rays penetrate most materials, their X-ray refraction index is close to 1.0, making the design
of X-ray lenses problematic. Real space represents the Cartesian positions of atoms in a
crystal lattice; reciprocal space mathematically represents the directions and wavelengths of
the diffracted beams. This results in the “phase problem”. While the amplitude of the
diffracted X-rays can be calculated from the measured intensity of the spots, the phase,
which corresponds to the specific position within the cycle of each wave at the moment it
was measured, cannot be directly measured. Nevertheless, workable solutions have been
developed to solve “the phase problem”, allowing to achieve interconversion between real

space and reciprocal space using the Fourier transform.
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The first step and arguably the most significant bottleneck in the pipeline is the growth of a
crystal containing multiple copies of the target glycoprotein. The quality of the grown crystal
has significant implications for the quality of the electron density map reconstruction. In an
ideal scenario, a single, highly homogenous crystal containing sufficient amounts of
identically ordered copies of target glycoprotein would be obtained. Nevertheless,
realistically, crystal quality is bottlenecked by factors such as thermal motion,
heterogeneously ordered contents of the unit cell and various physical defects to the crystal
itself. Specifically for glycoprotein crystals, the heterogeneity emerging from varying
glycoforms has a direct impact on the homogeneity requirement, leading to noisy electron

density maps.

Once a glycoprotein crystal is successfully produced, it is commonly subjected to a highly
intense X-ray beam, usually sourced from synchrotrons or Free Electron Lasers (FELS).
Synchrotrons, which are sophisticated particle accelerators, produce incredibly bright X-ray
beams by accelerating electrons to relativistic speeds and then deflecting them with powerful
magnetic fields. As these electrons navigate through the magnetic fields, X-rays are emitted.
This process of synchrotron radiation allows for the generation of X-rays that span a broad

spectrum of energies.

Given that the resultant X-rays span a range of energies, a monochromator is necessary to
filter the X-rays to a single wavelength. Typically, in molecular crystallography, wavelengths
between 0.5 A and 1.6 A are used, aligning with expected covalent bond lengths in
molecular structures. The monochromatic X-ray beam then targets the crystal. The electron
clouds of atoms within the crystal diffract the X-rays, and the regular atomic arrangement in
the crystal lattice causes scattered X-rays to interfere constructively and destructively, as
governed by Bragg’s law:

nd = 2d sinf
where A is the wavelength of the X-ray, n is a positive integer, d is the spacing between the
crystal planes, 0 is the incident angle. The constructive interferences produce a diffraction
pattern — essentially a snapshot of the crystal — which is efficiently captured by state-of-
the-art detectors. For comprehensive electron density mapping, the crystal undergoes
incremental rotation to gather diffraction patterns from varied angles. Many crystals are flash
cooled in liquid nitrogen to reduce radiation damage during data collection. Although X-rays
emit ionising radiation that can harm the target molecule in the crystal, the multiple identical
copies of the molecule within the crystal typically yield sufficient data before radiation

damage becomes significant.
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Upon data collection, the data are then is processed to generate an electron density map.
This process is initiated by data integration, where the intensity of individual spots is
measured. Each spot is indexed using Miller indices, which describe the directions and
planes in crystal lattice that the diffracted X-ray beam took to create each spot. The assigned
Miller indices are inherent to the crystal structure and are consistent regardless of the crystal
orientation during data collection. Therefore, the assignment of Miller indices enables the
scaling and integration of individual diffraction spots across multiple diffraction patterns to
obtain singular intensity values, optimised for signal-to-noise ratio. Once singular intensity
values are obtained, the “phase problem” is addressed. Traditionally, molecular replacement
(MR) would be used, where the model of a previously-solved structure that is similar to the
target molecule (homologous) would be used in a six-dimensional search to inform the
orientation and position of the target in the crystal lattice. The comparison would then be
used to calculate phase estimates. If no homologous structure was available, then multiple
isomorphous replacement (MIR) could be used, where heavy atoms would be introduced to
the target molecule to create derivative crystals. The differences in the diffraction patterns
between the native and the derivative crystals are then analysed to estimate the positions of
heavy atoms and therefore calculate the phase information for the diffracted X-rays.
Nevertheless, the use of this technique has significant health and safety considerations, as
the introduction of heavy atoms to target molecules requires handling highly toxic metal
salts’®. It has been recently reported that the limitation of homologous replacement models
not being available can be overcome thanks to AlphaFold2 predictions’’:’8, Therefore, it is
likely that in the longer term not only AlphaFold2, but also RoseTTAFold, ESMfold powered

molecular replacement will be completely sufficient to resolve the “phase problem””-82,

Once the phases have been estimated and the intensity values of diffraction pattern spots
have been measured, the electron density map is calculated. The electron density map
represents an image in 3D space that corresponds to the contours of the atoms in the
crystal. This is done using a Fourier transform, which transforms the processed diffraction
data from reciprocal space into an electron density map in real space. The conversion is bi-
directional, meaning that electron density maps in real space can also be converted into
diffraction spots in reciprocal space. This mathematical property is what enables techniques

such as molecular replacement to work fundamentally.
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Cryo-EM is a type of transmission electron microscopy (TEM) where the sample is studied at
cryogenic temperatures. TEM in principle works in a similar manner as a light microscope
except, instead of using light, a beam of electrons is used to visualise the sample. Given that
electrons used in TEM typically have wavelengths on the order of subangstrom range,
compared to visible light which has wavelengths ranging from about 400 nm to 700 nm, TEM
can achieve much higher imaging resolution than light microscopy®?. However, the electron
beam used in TEM is of high energy, which may cause structural damage to the sample by
breaking covalent bonds between atoms, therefore there are significant considerations in
terms of limiting exposure. The beam of electrons transmitted through a thin layer of sample
is scattered and collected by the detector to reconstruct the signal into a magnified image.
The magnified image is a projection of the 3D structure of the sample on a flat plane®3. One
significant advantage of Cryo-EM over X-ray crystallography is that the crystallisation of the
sample is not performed, therefore removing a significant bottleneck in the pipeline. Instead,
samples in Cryo-EM are vitrified - where the biological sample is cooled down to 93 K or
below using liquid ethane and maintained during data collection. Vitrification, which is
likewise used in MX, enables the preservation of the native hydrated structure of biological
samples by preventing the formation of ordered structures by water molecules which can
damage the sample and instead solidifying the aqueous solvent into an amorphous state®*.
However, Cryo-EM requires biological samples to have a molecular weight greater than 38
kDa, unlike X-Ray crystallography which is capable of handling samples of lower molecular

weight®.

The 3D density map of the target in the sample is reconstructed from multiple flat plane
projections of 3D structure obtained from a variety of angles. Usually, this process generates
terabytes of 2D images. The processing of 2D images is initiated by particle picking, where
snapshots associated with the target are identified and extracted to isolate it for further
processing. Afterwards, two-dimensional classification of picked particles is carried out which
are grouped into classes based on similarity to produce class averages with enriched signal-
to-noise ratio. Next, follows three-dimensional classification of 2D classes which maps flat
plane images onto potential 3D structure. Following the mapping of flat plane images, 3D
refinement follows, which seeks to optimise the alignment of the individual particle images
and the overall model to get the best possible resolution. After additional post-processing
steps, a 3D density map of the target is obtained, which corresponds to a collection of voxels
(the 3D equivalent of a pixel), with individual values representing the estimated electron

potential.
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Protein NMR relies on the quantum mechanical properties of atomic nuclei to produce a
dynamic spectrum that allows for the mapping of atomic linkages, distances between atoms,
and changes in their positions within glycoproteins. The latter property of being able to map
change in atom position in real time is a particular advantage over X-ray crystallography and
cryo-EM. Therefore, protein NMR is oftentimes used to study protein interactions in their
native environments of aqueous solutions. In X-ray crystallography, on the other hand, the
sample environment is modified to aid crystallisation. Moreover, the captured states of
samples within the crystal are just a single snapshot of the protein at lowest energy states,
as additional presence of entropy would disrupt the crystallisation progress. Therefore, since
NMR can deal with dynamic states of glycoproteins, it could be a viable alternative used to
obtain structural descriptions of oligosaccharide regions. Regardless of these advantages,
NMR experiments only make up a small portion of elucidated structures that have been
deposited in the Protein Data Bank (PDB). The reasons for this are twofold. Firstly,
depending on the biological question, but certainly for structural biology, multiple types of
NMR experiments have to be conducted until discerning features of atoms within the
glycoprotein would become obvious. In comparison to X-ray crystallography, while
crystallisation runs are a time-consuming process with some elements of luck involved, the
diffraction and electron density map reconstruction of the contents of the crystal are
relatively quick and straightforward. Most importantly, however, NMR is only able to handle
molecular structures that are relatively small. With bigger samples, the resolution decreases
significantly too and NMR experiment outputs become uninterpretable. Because of these
reasons there is a size limit on biological structure that could be elucidated via NMR and in
the grand scheme that tends to be relatively small proteins, including glycoproteins. Most of
the intact glycoproteins are indeed significantly bigger than the size limit of NMR®.
Secondly, significantly large amounts of protein are necessary for data acquisition in NMR
experiments. Moreover, for NMR to discern useful features of the sample, the glycoprotein
typically has to be expressed with 2H, 13C, 15N isotopes added to the media of the
expression system. The isotopes are extraordinarily expensive. Adding to the fact that
multiple NMR experiments need to be executed, this may quickly end up putting a huge dent
in the finances of the project, purely due to the need for radiolabelled isotopes®’. Therefore,
NMR is typically used if there is a specific need to capture and describe conformational
changes that are crucial in protein-protein interactions. Nevertheless, X-ray crystallography
or cryo-EM could be used in conjunction with NMR in elucidating glycoprotein structures.

NMR could be used to exclusively deal with highly mobile oligosaccharide regions of the
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protein, while other experiments could target describing the structural features of the rest of

the protein®889,

Unlike multiple iterations of NMR experiments, cryo-EM and X-ray methods do not
immediately produce atomic descriptions of glycoprotein models. Processing the raw data of
the two methods produces density maps that need to be interpreted, refined and atoms fitted
to produce a complete glycoprotein model.

1.7.4.1 Protein model building, refinement and validation

If the resolution of the reconstructed density map is sufficient then automatic software tools,
such as phenix.autobuild (builds protein and nucleic acids)®°, ARP/WARP (builds protein,
nucleic acids and ligands)®!, BUCCANEER (builds protein)®2, Nautilus (builds nucleic
acids)®, ModelAngelo (builds protein)®* and ModelCraft (builds protein and nucleic acids)®®
are capable of reconstructing atomic models with varying levels of model completeness.
However, typically the initial versions of calculated density maps are insufficient to model
complete atomic descriptions of target molecules in the sample. Therefore, in order to
improve the density map and atomic reconstruction of the protein model, refinement of the
initial density map against the initial atomic model is carried out. There are a number of
available refinement softwares, most notably phenix.refine and REFMAC-Servalcat, that are
capable of refining both types of density maps®°’. The goal of refinement is to optimise the
fit between experimental density map and calculated density map from the fitted atomic
coordinates of the model. As a result, this process is iterative - as signal-to-noise ratio is
improved in the working electron density map, model completeness improves, further
improving successive electron density maps' signal-to-noise ratio in the next cycles of
refinement. However, overinterpretation of weak features in electron density maps or
refinement without or insufficient restraints may lead to overfitting. In order to avoid
overfitting, refinement softwares utilises geometric restraints as prior knowledge to maintain
chemically plausible geometries of biomolecules by preventing models from adopting
unrealistic conformations just to fit noise in the data. The prior knowledge of geometric
restraints is described in monomer libraries, such as CCP4-ML, that contain lowest energy
parameters for individual units, such as amino acids, carbohydrates, ligands and nucleic
acids®%9%, Therefore, cycles of refinement and model building are carried out recursively,

until the most optimal solution is found. In order to determine the most optimal solution, it is
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imperative to have objectively quantifiable metrics that can evaluate the improvements
between refinement cycles. In X-ray crystallography, the improvements of individual cycles
of refinement of electron density maps are evaluated using the R-factor metric, which
measures the agreement between experimental and calculated X-ray diffraction data. In
order to measure the degree of overfitting, reflection data is randomly split into Rwor and
Riee, Where refinement is carried out on Rwork, While Riee cOntains a small set of reflections
set aside that were entirely excluded from refinement. In the case of cryo-EM, the R-factor
metric equivalent is not available. Instead, cryo-EM density map refinement relies on
calculating FSC scores between two half-maps obtained during the 3D reconstruction
procedure. FSC scores are defined as correlation coefficient between two half-maps as a
function of spatial frequency. One half-map is used for refinement, while another is
preserved as a test map for validation. If the model is overfit to the density map used in
refinement, the FSC against the test set will drop sharply at high resolutions, indicating that
the model does not generalise to randomly excluded datal®. Once the refined experimental
density map is obtained and if automatic model building softwares failed to generate a
complete description of the model, then missing parts of the model are manually built using
model building software, such as Coot.

After the model has been built, it is then validated before deposition using a variety of
softwares that target specific aspects of the model. For example, MolProbity can be used to
detect amino acid chemistry geometric errors, in terms of main-chain (using the
Ramachandran criterion) and sidechain (checks of conformation against a rotamer library)
outliers and atomic clashes'®. Tortoize is another software that can be used to compute a
model's Ramachandran Z-score, which describes how “normal” a model is compared to a
reference set of high-resolution structures, detecting any potential outliers in terms of
backbone geometry°2, Both tools can be used to validate models obtained from both cryo-
EM and X-ray crystallography density maps as experimental density input is not required.
For X-ray crystallography, EDSTATS software can be used to calculate real-space metrics to
evaluate reconstructed models fit to a refined density map'®. The equivalent of EDSTATS in
cryo-EM is TEMPy which provides a variety of different scoring functions to evaluate
goodness-of-fit between a built model and density map or between two maps!®. It is typical
for validation software to flag up potential issues, therefore model building software such as
Coot (which also provides numerous validation functionalities) enables to not only
gualitatively assess the model, but also fix potential issues in a more manual manner, greatly

aided by built-in refinement capability accessible through real space refine feature!®.
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1.7.4.2 Challenges associated with building N-glycans

Most model building software is protein centric. There are ongoing efforts to also automate
the reconstruction of carbohydrates into density maps using Sails software!. In addition,
Coot offers functionality to add N-linked glycans into refined density maps in a semi-
automated manner'®’, However, for a significant amount of time, little to no software
attempted to target automated oligosaccharide building and there were multiple justified
reasons, ranging from the proportion of non-glycosylated protein versus glycosylated protein
structures being successfully crystallised to the modelling challenges raised by the
complexity of carbohydrate chemistry. One of the primary challenges associated with the
modelling of oligosaccharides is indirectly apparent in the following statistic: the median
resolution for glycoproteins (2.4 A) is lower than that of non-glycosylated proteins (2.0 A)
when X-ray crystallography cases are considered®?. If electron density associated with the
potential glycan is observed at all, typically at this lower resolution range there are little
discernible features in terms of monosaccharide identity (Figure 1.6). In cryo-EM electron
potential maps, the stated resolution value is a mere average, with significant local variations
in resolution across the model. Indeed, density regions associated with potential glycans

tend to have significantly lower resolution values.
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Figure 1.6: Comparison of N-glycan features in density maps over a range of resolutions.
(a)—(c) Electron density maps obtained with X-ray crystallography (MX). (d)—(f) Electronic
potential maps obtained with cryo-EM; PDB codes and data resolution have been annotated
directly on the figure. In the MX cases (a)—(c), at high resolution (a) it is possible to identify
monosaccharides and their ring conformation from the density map; at medium resolution
(b), ring conformation becomes difficult to determine, whereas at low resolution (c), and
indeed with many cryo-EM maps (d)—(f), density associated with N-glycans have poorly

defined discernible features of individual carbohydrates.

Another significant contributing factor to difficulties associated with modelling
oligosaccharides into electron density maps is not having prior knowledge for the glycan
compositions present in specific glycosylation sites if glycoproteomics was not an integral
part of the project. It is much easier to fit electron density for protein backbones, as there
exists easily accessible prior knowledge for the amino acid sequence. While protein
sequences are derived from DNA sequences and can be found in databases, unfortunately,
the contents of glycan sequence compositions are not directly encoded in the genomes of
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expression systems. Since N-glycosylation is carried out by specific glycosyltransferases
and glycosidases, this information enables an informed guess as to what categories of N-
glycan products are to be expected, as many enzymes related to glycosylation are well
classified and investigated. For example, if an expression system does not have its genome
encoded for GnT enzymes, then it is likely that complex N-glycans are unlikely to be
synthesised. The lack of prior knowledge for glycan compositions in specific glycosylation
sites can be overcome by integration of glycoproteomics into structural biology pipelines.
This approach has proven to be successful in elucidation of native human uromodulin (PDB:
7PFP), where low-resolution cryo-EM density map was combined with glycoproteomics to

model glycans beyond the available signal in density map (Figure 1.7)08,
W% ] g

(PDB: 7PFP) against the associated EM density map (brown chicken wire mesh). Some

modelled carbohydrates are modelled outside the density map, due to lack of associated
signal. The EM density map in the figure is rendered at 0.008V (2.50) contour level. Contour
level recommended by the authors is 0.006V (2.00), according to the metadata deposited in
EMDB entry: EMD-133781%,

Because of these factors, glycan chains that are modelled in glycoproteins, tend to contain a
significant number of modelling errors. As a demonstrable example of potentially significant
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modelling errors, studies into monosaccharide ring conformations of N-glycans deposited
into wwPDB reveal a stark picture. Typically, six membered ring carbohydrates that
participate in protein glycosylation, should be modelled in lowest energy conformation state -
chair and not high energy conformation state such as skew-boat, half-chair or envelopes.
Monosaccharide conformational analysis using data obtained from the PDB, reveals that a
significant amount of carbohydrate units in PDB exist in high-energy conformational states
without experimental explanation for why it was modelled as such, suggesting that modelling
mistakes were likely madel!°. Active development of software tools such as Privateer aims

to overcome aforementioned issues associated with modelling of N-glycosylation.

1.8 In-silico predictions of glycoprotein structures at atomic
scale.

The integration of experimental glycoproteomics into structural biology pipelines
necessitates significant investment in both expertise and capital costs. According to
estimates, even though 70% of the human proteome is glycosylated, glycosylated proteins
make up only a small minority of structures deposited to PDB%112, Therefore, one potential
avenue for bridging the gap could potentially be in-silico modelling of glycoprotein structures.

Over past decades, there have been numerous attempts to develop predictive models that
can predict 3D protein structures from amino acid sequence input. The developed tools
would be benchmarked at the Critical Assessment of protein Structure Prediction (CASP)
experiment. During the 14th edition of CASP, AlphaFold2 emerged which revolutionised the
field with its remarkable accuracy. AlphaFold's performance in the competition demonstrated
that it could predict some protein structures with an accuracy comparable to experimental
methods like X-ray crystallography and cryo-EM*3, AlphaFold utilises deep learning
techniques, including convolutional neural networks and attention mechanisms, to model the
relationships between amino acids and predict their arrangement in 3D space. Crucially,

AlphaFold can self-evaluate its own prediction by providing various confidence scores®.

AlphaFold is only capable of predicting spatial arrangement of amino acid residues, but not
spatial arrangement of post-translational modifications such as N-glycosylation, nucleic acids
or ligands affecting protein folding. Nevertheless, research shown in this thesis (Chapter 4)
and other works, such as AlphaFill, practically demonstrate that AlphaFold predictions can

be enriched with prior knowledge by simply grafting missing non-amino acid residues!“.
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However, in order to enrich predictions produced by AlphaFold on a massive scale,
predictive tools targeted at glycosylation composition prediction are required.

One of the requirements to glycosylate AlphaFold predictions is predicting the locations of
potential glycosylation sites. Thankfully, such tools already exist, such as NetNGlyc, which
uses artificial neural networks to analyse the primary protein sequence and predict the
potential glycosylation sites and GlycoMine which is another machine learning approach that
considers not only the amino acid sequence but also the 3D structure of the proteint!>116,
However, to date there is no predictive tool that would be capable of predicting potential
compositions of glycans harbouring the potential glycosylation sites based on 3D structure of
the protein. Therefore, the aim of this thesis is to address this gap and pioneer the
development of a predictive tool that could be used to aid the modelling of specific glycan

compositions in target glycosites.

1.9 GlyTouCan and GlyConnect: Datastores of Glycomics

Research.

In the evolving field of glycomics, GlyTouCan and GlyConnect datastores emerge as pivotal
repositories, facilitating the study of complex glycan structures and their biological
implications. This subsection aims to describe the roles and features of these databases,

which are recurrently referenced throughout the thesis.

1.9.1 GlyTouCan

GlyTouCan acts as an international registry for all known glycan compositions, offering
researchers a centralized platform for the deposition and retrieval of known glycan
structures®®® 1%, The deposited glycan compositions are described using both GlycoCT and
WURCS notation languages, enabling the integration of diverse glycan data'®. The
database assigns unique identification tags to each glycan sequence, a crucial step for
standardizing glycan representation and facilitating cross-database searches!®®. This
universal identifier system not only promotes interoperability among glycomics databases

but also simplifies the tracking of glycan data across different projects and platforms.
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The GlyTouCan project's ambition extends beyond mere data aggregation; it aims to support
the glycoscience community by providing tools like the GlycanFormatConverter6, This tool
converts complex WURCS notations into more interpretable formats, thereby enhancing
data usability for researchers'®. Through its comprehensive approach to data
standardization and accessibility, GlyTouCan plays a critical role in advancing glycomics
research, enabling scientists to share, discover, and analyze glycan sequences using a

common notation in the form of GlyTouCan identifiers and WURCS notation.

1.9.2 GlyConnect

While GlyTouCan focuses on glycan sequences, GlyConnect extends the research horizon
by connecting glycan data with glycoproteomics information?®. This database specializes in
the curation and dissemination of data concerning glycan structures and their associated
proteins, offering insights into glycosylation processes and glycan function within biological
systems. Approximately 70% of its data is manually curated by experts, ensuring high-quality
and reliable information on glycan compositions, linkage patterns, and their biological

contexts®®. Most crucially, GlyConnect has deep integration with the GlyTouCan repository.

GlyConnect's utility is exemplified by its ability to provide detailed metadata, notably protein
backbone associations and N-glycosylation compositions. By integrating glycoproteomic
data, GlyConnect facilitates a more comprehensive understanding of glycan functionality,
shedding light on the roles of glycans in health and disease. The database's interoperability
with other platforms, such as UniProt, puts it at the forefefront of glycomics research,
enabling researchers to cross-reference glycan compositions with protein structures and

functions seamlessly*®.
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Integrative structural glycobiology

2.1 Published Article: Leveraging glycomics data in

glycoprotein 3D structure validation with Privateer

Most of the content in this chapter is taken word for word from an already published peer-
reviewed paper in “Beilstein Journal of Organic Chemistry” under the title of “Leveraging
glycomics data in glycoprotein 3D structure validation with Privateer” by Bagdonas, Ungar

and Agirre2. The chapter contains an addendum that was not originally published in the

paper.

2.2 Introduction

Glycosylation-related processes are prevalent in life. The attachment of carbohydrates to
macromolecules extends the capabilities of cells to convey significantly more information
than what is available through protein synthesis and expression of genetic code alone. For
example, glycosylation is used as a switch to modulate protein activity!'’; glycosylation plays
a crucial part in folding/unfolding pathways of some proteins in cells!'81°; the level of N-
glycan expression regulates adhesiveness of a cell*?°; glycosylation also plays a role in
immune function'?! and cellular signalling*?22, At the forefront, glycosylation plays a
significant role in influencing protein-protein interactions*°. For example, influenza virus
uses haemagglutinin glycoprotein to recognise and bind sialic acid decorations of human
cells in the respiratory tract!?®. Glycosylation is also used by pathogens to evade the host’s
immune system via glycan shields!?**26 and thereby delay an immune response'?’. The
structural study of these glycan-mediated interactions can provide unique insight into the
molecular interplay governing these processes. In addition, it can provide structural
shapshots in atomistic detail that can be used to generate molecular dynamics simulations
describing a wider picture underpinning glycan and protein interactions!?8. Unfortunately,
significant challenges have affected the determination of glycoprotein structures for decades
and have had a detrimental impact on the quality and reliability of the produced models.
Anomalies have been reported regarding carbohydrate nomenclature?®, glycosidic linkage
stereochemistry®*° and torsion*:132 and most recently, ring conformation!*3, Most of these

issues have now been addressed as part of ongoing efforts to provide better software tools
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for structure determination of glycoproteins, although the most difficult cases remain hard to
solve. Chiefly among these is the scenario where the experimentally resolved electron
density map provides evidence of glycosylation, without enough resolution to derive definite
and comprehensive details about structural composition of the oligosaccharides (Figure 2.1).
Glycan microheterogeneity and the lack of carbohydrate-specific modelling tools have often

been named as principal causes for these issues!?®,
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Figure 2.1: Comparison of glycan features in electron density maps over a range of

resolutions from select glycoprotein structures (PDB entries: 6RI167; 6MZK?&; 405I1°) Electron
Density maps obtained with X-Ray crystallography. Data resolution and PDB entry IDs
associated with structures have been directly annotated on the figure. Left - depicts a high-
resolution example, where monosaccharides and their conformations can be elucidated;
centre — a medium resolution example, where identification starts to become difficult; right —
a low resolution example, for which all prior knowledge must be used. Despite coming from
different glycoprotein structures, the glycan has the same compaosition and thus is assigned
a unique GlyTouCan ID of G15407YE.

2.2.1 Heterogeneity of glycoproteins

Unlike protein synthesis, which is encoded in the genome and follows a clear template,
glycan biosynthesis is not template-directed. A single glycoprotein will exist in multiple
possibilities of products that can emerge from the glycan biosynthesis pathways, these are
known as glycoforms®®. More specifically, the variation can appear in terms of which
potential glycosylation sites are occupied at any time — macroheterogeneity — or variations in
compositions of the glycans added to specific glycosylation sites — microheterogeneity. This
variation in microheterogeneous composition patterns arises due to competition of glycan

processing enzymes in biosynthesis pathways®.
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2.2.2 Implications for structure determination of glycoproteins

Several experimental techniques can be used to obtain 3D structures of glycoproteins: X-
Ray Crystallography (MX, which stands for macromolecular crystallography), Nuclear
Magnetic Resonance Spectroscopy (NMR) and Electron Cryo-microscopy (Cryo-EM). As of
publication date, the overwhelming majority of glycoprotein structures have been solved

using MXx24.26,

The biggest bottleneck in MX is the formation of crystals of the target macromolecule or
complex. The quality of the crystal directly determines the resolution — a measure of the
detail in the electron density map. Homogenous samples at high concentrations are required
to produce well-diffracting crystals!*®. Samples containing glycoprotein molecules do not
usually fulfil those criteria. More often than not, MX falls short at elucidating carbohydrate
features in glycoproteins due to glycosylated proteins being inherently mobile and
heterogeneous®*, moreover oligosaccharides often significantly interfere in the formation of
crystal contacts that allow formation of well-diffracting crystals. Because of this, glycans are

often truncated in MX samples to aid crystal formation®®’.

In Cryo-EM, samples of glycoproteins are vitrified at extremely low temperatures, rather than
crystallised as in MX. The rapid cooling of the sample allows to capture snapshots of
molecules at their various conformational states, thus potentially maintaining glycoprotein
states more closely to their native environments in comparison to crystallography*.
Nevertheless, Cryo-EM is still not an end-all solution to solving glycoprotein structures: the
flexible and heterogeneous nature of glycans still has an adverse effect on the quality of the
data, affecting image reconstruction3®. Moreover, due to the low signal-to-noise ratio, the
technique works more easily with samples of high molecular weight; this situation, however,
is evolving rapidly, with reports of sub-100 kDa structures becoming more frequent
lately?4141, Crucially, MX and Cryo-EM can complement each other to counteract issues that

both face individually42.

The two techniques produce different information — electron density (MX) or electron
potential (Cryo-EM) maps — but the practical considerations in terms of atomistic
interpretation hold true for both: provided that at least secondary structural features can be
resolved in a 3D map, a more or less complete atomic model will be expected as the final

result of the study. Modelling of carbohydrates into 3D maps can be more complex than
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modelling proteins!!?, although recent advances in software are closing the gap07:143.144,
However, to date it remains true that most model building software is protein-centric'®. As a
consequence, the glycan chains in glycoprotein models that have been elucidated before
recent developments in carbohydrate validation and modelling software, tend to contain a
significant amount of errors: wrong carbohydrate nomenclature!?®, biologically implausible
glycosidic linkage stereochemistry®*, incorrect torsion*%132 and unlikely high-energy ring
conformations®, Early efforts in the validation of carbohydrate structures saw the
introduction of online tools such as PDB-CARE*® and CARP*32; more recently, we released
the Privateer software?*, which was the first carbohydrate validation tool available as part of
the CCP4i2 crystallographic structure solution pipeline!®®. In its first release, Privateer was
able to perform stereochemical and conformational validation of pyranosides, analyze the
glycan fit to electron density map, and offered tools for restraining a monosaccharide's

minimal-energy conformation.

While these features were recognised to address some long-standing needs in carbohydrate
structure determination4”148, significant challenges remain, particularly in the scenario
where glycan composition cannot be ascertained solely from the three-dimensional map.
Unfortunately, this problematic situation happens frequently, especially in view of the fact
that the median resolution for glycoproteins (2.4 A) is lower than that of non-glycosylated —
potentially including fully deglycosylated — proteins (2.0 A)'2. To date, only one publicly-
available model building tool has attacked this issue: the Coot software offers a module that
will build some of the most common N-linked glycans in a semi-automated fashion%’.
Indeed, the Coot module was built around the suggestion that only the most-probable
glycoforms should be modelled unless prior knowledge of an alternative glycan composition

exists, in the form of e.g. mass spectrometry data**.

2.2.3 Harnessing glycomics and glycoproteomics results to inform glycan

model building

Current methods used to obtain accurate atomistic descriptions of molecules fall short in
dealing with the heterogeneity of glycoproteins. However, there are other methods that have
been proven to successfully tackle challenges posed by glycan heterogeneity, with mass
spectrometry emerging as the one with most relevance due to its ability to elucidate

complete composition descriptions of individual oligosaccharide chains on glycoproteins4°.
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Mass spectrometric analysis of glycosylated proteins can be with (glycomics) or without
(glycoproteomics) release of oligosaccharides from the glycoprotein. Usually, glycomics and
glycoproteomics experiments are carried out together to obtain a complete description of the
glycoprotein profile. Glycomics experiments are required to distinguish stereoisomers and
linkage information in order to obtain full structural description about a glycan, whereas
glycoproteomics are required to establish glycan variability and glycan occupancy at the
glycosylation sites of the protein'®. Typically, these analyses are based on Mass
Spectrometry technigues such as electrospray ionization-mass spectrometry (ESI-MS) and
matrix-assisted laser desorption ionization MS (MALDI-MS)*°, Mass spectrometry
techniques are best suited for determination of composition of monosaccharide classes and
chain length, however in-depth analysis of glycan typically requires integration of
complementary analytic techniques, such as nuclear magnetic resonance (NMR) and
capillary electrophoresis (CE). Nevertheless, depending on the sample, advanced Mass
Spectrometry technigues can be used to counteract the need for complementary analytic
techniques. One of the examples of this is tandem mass spectrometry, where glycan
fragmentation is controlled to obtain identification of the glycosylation sites and complete
description of glycan structure compositions, including linkage and sequence information*°2,
Moreover, recent advances in ion mobility mass spectrometry can now also be used for

complete glycan analysis®®?.

The analysis and interpretation of mass spectrometry spectra produced by glycans is a
challenge. Most significantly, in MS outputs, glycans appear in their generalized composition
classes, i.e., Hex, HexNAc, dHex, NeuAc, etc. Identity elucidation of generalized unit classes
into specific monosaccharide units (such as Glc, Gal, Man, GalNA, etc) requires prior
knowledge of glycan biosynthetic pathways®3. Additional sources of prior knowledge are
bioinformatics databases that have been curated through deposition of experimental data.
Bioinformatics databases contain detailed descriptions of glycan compositions and m/z
values of specific glycans, therefore aiding the process of glycan annotation?**. Such
bioinformatics databases can usually be interrogated using textual or graphical notations that
describe glycan sequence. However, due to glycan complexity and the incremental nature of
the different glycomics projects numerous notations have been developed over the years —
e.g. CarbBank?®® utilized CCSD**%, EuroCarbDB**® and GlycomeDB*” used GlycoCT**®
(Table 2.1).
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Table 2.1: A comparison of the structural information storage capabilities of different
sequence formats used in glycobioinformatics. “+” denotes that information can be stored
directly without any significant issues, “(+)” denotes that information can be stored indirectly,

or there are some issues and “-” denotes that information description in particular sequence
format is unavailable. This table is a simplified version of the one originally published by

Matsubara et al.®.

Multiple Repeating  Alternative Linear Atomic
Notation Connections Units Residues Notation ~ Ambiguity
CCSD (CarbBank) - + - + -
LINUCS - + - + -
GlycoSuite - - + + -
BCSDB (+) (+) + + -
LinearCode - - + + -
KCF + + - - -
GlycoCT + + + - -
Glyde-ll + + - - -
WURCS 2.0 + + + + +

Thankfully, data from discontinued glycomics projects are not lost but were integrated into
newer platforms, often with novel notations. One such example is GlyTouCan®®, which uses
both GlycoCT?° and WURCS'*® as notation languages. As a result, tools that interconvert
between notations were developed to successfully integrate old data onto new platforms.
Additionally, the introduction of tools such as GlycanFormatConverter'®! to convert WURCS
notations into more human-readable formats has eased the interpretation of glycan

databases.

Significantly, the GlyTouCan project aims to create a public repository of known glycan
sequences by assigning them unique identification tags. Each identification tag describes a
glycan sequence in WURCS notation, and this allows to link specific glycans to other
databases, such as GlyConnect!®, UniCarb-DB*%? and others, any of which are tailored to
specific flavours of glycomics and glycoproteomics experiments. Ideally, this implementation
ends up requiring the user to be familiar with a single notation —- WURCS — used to represent

sequences of glycans.
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2.2.4 From glycomics/glycoproteomics to carbohydrate 3D model
building and validation in Privateer

Many fields, for example pharmaceutical design & engineering®3, molecular dynamics
simulations?®* and protein interaction studies?®®, rely upon structural biology to produce
accurate atomistic descriptions of glycoproteins. However, due to clear limitations of
elucidating carbohydrate features in MX/Cryo-EM electron density maps, structural biologists
are likely to make mistakes. This introduces the possibility of modelling wrong glycan
compositions in glycoprotein models, going as far as not conforming with general glycan
biosynthesis knowledge. Model building pipelines would therefore greatly benefit from the
ability to validate against the knowledge of glycan compositions elucidated via
glycomics/glycoproteomics experiments. This warrants the need for new tools that are able

link these methodologies, through an intermediate - inter-conversion library.

A foundation for such inter-conversion libraries exists in the form of the carbohydrate
validation software Privateer. The program is able to compute individual monosaccharide
conformations from a glycoprotein model, check whether the modelled carbohydrates’
atomistic definitions match dictionary standards, as well as output multiple helper tools to aid
the processes of refinement and model building?*. Most importantly, Privateer already
contains methods that allow extraction of carbohydrate’s atomistic definitions to create
abstract definitions of glycans in memory, thus already laying a foundation for the generation
of unique WURCS notations and providing a straightforward access to bioinformatics
databases that are integrated in the GlyTouCan project.

2.3 Methods and results

The algorithm used to generate WURCS notation in Privateer is based on the description
published in Tanaka et al.1%, with required updates applied from Matsubara et al.! WURCS
was designed to deal with the incomplete descriptions of Glycan sequences emerging from
Glycomics/Glycoproteomics experiments (i.e., undefined linkages, undefined residues and
ambiguous structures in general). However, the lack of this detail is unlikely to be supported
in “pdb” or “mmCIF" format files, which are a standard in structural biology. As a result,
“atomic ambiguity” capability (Table 2.1) is not supported in Privateer’s implementation.
Moreover, Privateer’s implementation of WURCS relies on a manually compiled dictionary

that translates PDB Chemical Component Dictionary®’ three-letter codes of carbohydrate
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monomer definitions found in structure files into WURCS definitions of unique monomers
(described as “UniqueRES™).

The WURCS notations are generated for all detected glycans that are linked to protein
backbones in the input glycoprotein model. For every glycan chain in the model, the
algorithm computes a list of all detected monosaccharides that are unique and stores that
information internally in memory. Then, the algorithm calculates unit counts in a glycan chain
- how many unique monosaccharides are modelled in the glycan chain, total length of the
glycan chain and computes the total number linkages between monosaccharides. After
composition calculations are carried out, the algorithm begins the generation of the notation
by printing out the unit counts. Then, the list of uniqgue monosaccharide definitions in the
glycan chain are printed out by converting the three-letter PDB codes into WURCS-
compliant definitions. Afterwards, each individual monosaccharide of the glycan is assigned
a numerical ID according to its occurrence in the list of unique monosaccharides. Finally,
linkage information between pair monosaccharides is generated by assigning individual
monosaccharides a unique letter ID according to their position in the glycan chain. Alongside
a unique letter ID, a numerical term is added that describes a carbon position from which the
bond is formed to another carbohydrate unit. Crucially, linkage detection in Privateer does
not rely at all on metadata present in the structure file. Instead, linkages are identified based
on the perceived chemistry of the input model: which atoms are close enough — but not too

close — to be plausibly linked.

The generated WURCS string can then be used to search whether an individual glycan
chain has been deposited in GlyTouCan. The scan of the repository occurs internally within
the Privateer software, as all the data is stored in a single structured data file written in
JSON format that is distributed together with Privateer. If the existence of a glycan in the
database is confirmed, then the software can attempt to find records about the sequence on
other, more specialised databases (currently only GlyConnect) to obtain information such as
the source organism, type of glycosylation and glycan core to carry out further checks in the

glycoprotein model (Figure 2.2).
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Figure 2.2: A roadmap of the software development project that allows Structural Biologists
to quickly obtain detailed information about specific glycans in Glycoprotein models from

Glycomics/Glycoproteomics databases. The GlyTouCan (https://glytoucan.org/) and

GlyConnect (https://glyconnect.expasy.org/) logos have been reproduced here under explicit

permission from their respective authors.

2.3.1 Availability and performance of the algorithm

This new version of Privateer (MKIV) will be released as an update to CCP4 7.1 as soon as
the suite starts shipping with Python 3.7 (Privateer is no longer compatible with Python 2.7
due to its recent discontinuation). To demonstrate the capabilities of the computational
bridge integrated in the newest version of Privateer (now officially released as a part of
CCP4 and CCP-EM suites), it was run on all N-glycosylated structures in the PDB solved
using MX and cryo-EM*314, The list of structures used in this demonstration was obtained
from Atanasova et al.*'°. The computational analysis of the demonstration revealed a
relatively small proportion of deposited glycoprotein models containing glycan chains that do
not have a unique GlyTouCan accession ID assigned, raising questions about the
provenance of their structures. Importantly, the majority of the glycan chains that do have a
unique GlyTouCan accession ID assigned (except for single residues linked to protein

backbones), have also been successfully matched on GlyConnect database (Table 2.2).
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Table 2.2: Comparison of successful glycan matches detected by Privateer in GlyTouCan
and GlyConnect database. Glycans obtained from glycoprotein models elucidated by X-Ray
crystallography and Cryo-EM.

Experimental Glycan GlyTouCan ID GlyTouCan ID % of GlyTouCan Total glycan
Technique Icham found not found in GlyConnect chains
ength
MX 1 16,797 0 1% 16,797
MX 2 5,870 5 90% 5,875
MX 3 2,550 17 71% 2,567
MX 4 1,012 21 80% 1,033
MX 5 834 72 74% 906
MX 6 460 85 69% 545
MX 7 345 55 77% 400
MX 8 235 25 85% 260
MX 9 164 16 81% 180
MX 10 118 5 92% 123
MX 11 20 5 85% 25
MX 12 8 4 75% 12
MX 13 0 1 0% 1
MX 14 0 0 0% 0
MX 15 2 0 0% 2
MX 16 0 1 0% 1
Cryo-EM 1 2,080 0 3% 2,080
Cryo-EM 2 1,081 0 98% 1,081
Cryo-EM 3 439 0 96% 439
Cryo-EM 4 143 0 93% 143
Cryo-EM 5 146 2 85% 148
Cryo-EM 6 70 1 97% 71
Cryo-EM 7 45 0 100% 45
Cryo-EM 8 26 0 88% 26
Cryo-EM 9 15 1 100% 16
Cryo-EM 10 16 0 100% 16
Cryo-EM 11 0 100%
Cryo-EM 12 0 100%
Cryo-EM 13 1 0 0% 1
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2.3.2 Examples of use

As observed in previous studies, glycoprotein models deposited in PDB feature flaws
ranging from minor irregularities to gross modelling errors'2130133.168 - Aytomated validation of
minor irregularities was already possible with automated tools such as pdb-care!4>, CARP%°,
and Privateer?*. However, automated detection of gross modelling errors is currently a
challenge due to the lack of publicly available tools. Our newly developed computational
bridge between structural biology and glycomics databases makes detection of gross

modelling errors easier, as demonstrated by the following examples.

2.3.2.1 Example 1 - 2H60:

The glycoprotein model (PDB code 2H60) proposed by Szakonyi et al.’° contains 12
glycans as detected by Privateer. The model became infamous after it sparked submission
of a critical correspondence published by Crispin et al.®*° The article contained a discussion
about the proposed model containing glycans that were previously unreported and
inconsistent with glycan biosynthetic pathways. In particular, the model contained
oligosaccharide chains with Man-(1—3)-GIcNAc and GIcNAc- (1—3)-GIcNAc linkages, B-
galactosyl motifs capping oligomannose-type glycans and hybrid-type glycans containing
terminal Man-(1—3)-GIcNAc!°. Moreover, the proposed model contained systematic errors
in anomer annotations and carbohydrate stereochemistry. To this day, there is still no
experimental evidence reported for these types of linkages and capping in an identical

context.

The new version of Privateer was run on the proposed model. WURCS notations were
successfully generated for all glycans, with only 1 glycan chain out of 12 successfully
returning a GlyTouCan ID. Under further manual review of the one glycan, and with help
from other validation tools contained in Privateer, it was found to contain anomer mismatch
errors (the three-letter code denoting one anomeric form does not match the anomeric form
reflected in the atomic coordinates). After the anomer mismatch errors were corrected, the
oligosaccharide chain also failed to return GlyTouCan and GlyConnect IDs. The other 11
chains that failed to return a GlyTouCan ID also contained flaws as described previously
(Figure 2.3).
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GlyTouCan ID: Not Found. GlyTouCan ID: Not Found. GlyTouCan ID: Not Found.
GlyConnect ID: Not Found. GlyConnect ID: Not Found. GlyConnect ID: Not Found.

WURCS=2.0/3,9,8/[a2122h-1b_1- WURCS=2.0/3,9,8/[a2122h-1b_1-
5_2*NCC/3=0][a1122h-1b_1-5][a1122h-1a_1-5]/1- 5_2*NCC/3=0][a1122h-1b_1-5][a1122h-1a_1-5)/1-
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GlyTouCan ID: Not Found. GlyTouCan ID: G63337SS

GlyConnect ID: Not Found. GlyConnectID: 1334

Figure 2.3: N-linked glycans detected by Privateer in Epstein Barr Virus Major Envelope
Glycoprotein (PDB entry: 2H60°). A) Depicts a selection of detected glycan chains that
failed to return GlyTouCan and GlyConnect IDs with their WURCS sequences generated by
Privateer (graphics taken directly from Privateer's CCP4i2 report). B) Depicts a glycan chain
(right) for which a GlyTouCan and GlyConnect ID have successfully been matched with the
modelling errors present in the model. After manual rectification of modelling errors (left), the
generated WURCS sequence for the glycan fails to return GlyTouCan and GlyConnect IDs.
Highlighting in red shows the locations in WURCS notation where both glycans differ.
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The analysis of this PDB entry highlights the kind of cross-checks that could be done by
Protein Data Bank annotators upon validation and deposition of a new glycoprotein entry. It
should be recognised that PDB annotators might not necessarily be experts in structural
glycobiology. The fact that these glycans could not be matched to standard database entries
should be enough to raise the question with depositors, and at the very least write a caveat
on a deposited entry where glycans could not be correctly identified. Furthermore, despite
the example showing just N-glycosylation, other kinds of glycosylation are searchable as
well, and therefore this tool could shed much needed light on the validity of models

representing more obscure types of modifications.

2.3.2.2 Example 2 - 2Z62:

Successfully matching WURCS string to a GlyTouCan ID, should not be a sole measure of a
structure’s validity. GlyTouCan is a repository of all potential glycans collected from a set of
databases, its entries often representing glycans. Therefore, the correctness of composition
should be critically validated against information provided in specialized and high-quality
databases such as GlyConnect!® and UniCarbKB!’°, The computational bridge provides
direct search of entries stored in GlyConnect, with plans to expand this to more databases in

the near future.

An example, where sole reliance on detection of a glycan in GlyTouCan would not be
sufficient is rebuilding of the 2262 glycoprotein structure!! to improve model quality'? (Figure
2.4). Analysis of the original model generated the GlyTouCan ID G28454K X, which could not
be detected in GlyConnect. The automated tools used by PDB-REDO slightly improved the
model by renaming one of the fucose residues from FUL to FUC, due to an anomer
mismatch between the three-letter code and actual coordinates of the monomer. The new
model thus generated the GlyTouCan ID G21290RB, which in turn could be matched to the
GlyConnect ID 54. Under further manual review of mFo-DFc difference density map, a (1-3)-
linked fucose was added, along with additional corrections to the coordinates of the
molecule!?. The newly generated WURCS notation for the model returned a GlyTouCan ID
of G63564LA, with a GlyConnect ID of 145. The iterative steps taken to rebuild the
glycoprotein model have been demonstrated in Figure 2.4. Because the data in GlyConnect
is approximately 70% manually curated by experts in the field®, a match of a specific glycan
in this database is likely a valid confirmation of a specific oligosaccharide composition and

linkage pattern found in nature.

67



A -, B . Cc :

| [ ] Py
NAG A703" < .
4,3 ks 3SR TS )4 Additional
€ § 1, FuC
o '""" S G‘,“,"“v Ao \‘
: b e 4 -\ & {
FUL A702 “cz bos 8 $

d £y =y all FUC‘A702 ' Y
| ASN/A35 ¢ > )

WURCS=2.0/2,3,2/[a2122h-1b_1- WURCS=2.0/2,3,2/[a2122h-1b_1-  WURCS=2.0/2,4,3/[a2122h-1b_1-
5_2*NCC/3=0][a1221m-1b_1-5]/1-1- 5_2*NCC/3=0][a1221m-1a_1-5]/1- 5_2*NCC/3=0][a1221m-1a_1-5]/1-2-
2/a4-b1_a6-c1 1-2/a4-b1_a6-c1 1-2/a3-b1_a4-c1_a6-d1
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GlyConnect ID: Not Found. GlyConnectID: 54 GlyConnect ID: 145

Figure 2.4: An N-linked glycan attached to Asn35 of human Toll-like receptor 4 (A: PDB
entry 2Z621). Model iteratively rebuilt by PDB-Redo as shown in steps B and C*2. Pictures
at the top depict glycoprotein models of the region of interest and electron density maps of
the glycan chain (grey - 2mFo DFc map, green and red - mFo DFc difference density map),
pictures at the bottom depict SNFG representations of glycan chains, their WURCS
sequence and accession IDs to relevant databases (taken directly from Privateer's CCP4i2
report).

2.4 Conclusions and future work

The mirrors of GlyConnect and GlyTouCan were obtained thanks to the public access to the
APl commands which allowed the creation of scripts that automated the query of the entries
stored in the databases with relative ease. However, integration of additional databases
might require support from the developers of those databases. Support for lipo-
polysaccharides and polysaccharides may be added in future too, owing to the general

purpose of the integrated databases —i.e., they are not limited to protein glycosylation.

Currently, the generated WURCS strings are matched against an identical sequence in the
database. This means that, if a glycan model has a single modelling mistake, for example at
one end of the chain, but is correct elsewhere, the current version of the software would still
fail to return a match. This issue has been solved in the development version by the
incorporation of a subtree matching algorithm, which will reveal modelling mistakes at

specific positions of the glycans, and report these to the user.
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Currently all the developments outlined in this work are accessible through Privateer's
command line interface and general releases of CCP4 and CCP-EM software suites'®14,

2.5 Addendum

2.5.1 Permutation search algorithm

Next, further mechanisms were investigated to support the iterative glycan building process.
As a result, a permutation algorithm was developed to highlight potential glycan
compositional errors in terms of linkage, anomer and monosaccharide type descriptors

based on data available in the GlyConnect database.

2.5.2 Current implementation

The algorithm is initiated for every glycan chain in the input structure file only if originally
modelled glycan composition is not detected on the GlyConnect database. Three types of
permutations are carried out to modify input glycan structures: anomer permutations, residue
permutations and residue deletions. Anomer permutations in various combinations are
carried out on all monosaccharide units, where for example a-Man (MAN) is replaced with B-
Man (BMA). When all anomer permutation combinations are exhausted, the algorithm in
various combinations replaces specific monosaccharide units for similar sugars, for example
a-Man (MAN) sugars for a-Glc (GLC) or a-Gal (GLA). For every combination of residue
permutation, anomer permutations are re-computed. After all possible anomer and residue
replacement permutations are explored for a glycan of specific length, it then is trimmed by a
single sugar, where a shorter glycan’s anomer and residue permutations are entirely
explored. This process is recursively repeated, until the permuted glycan becomes too short

for further computations of potential permutations.

The algorithm returns a list of generated permutations that were successfully located in the
GlyConnect database. Qualitative assessment of the returned list of permutations detected
on GlyConnect database enables the determination of potentially mismodelled fragments of
modelled glycan. The resulting implementation has been integrated into the most recent
update of Privateer and distributed through CCP4i2'4¢ and CCP-EM** graphical user

interfaces (Figure 2.5).
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Figure 2.5: Implementation of Privateer’s glycan permutation algorithm in A) CCP4i2 and B)

CCP-EM graphical user interfaces®*. A) Screenshot of partial permutation algorithm output
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for a modelled glycan in Epstein Barr Virus Major Envelope Glycoprotein attached to
ASN229 (PDB entry: 2H60°). The permutation algorithm qualitatively demonstrates that B-
Gal capping at f1-3 linkage configuration is inconsistent with data deposited in
GlyConnect®®, leading to B-Gal capping elimination. In addition, the permutation algorithm
reveals a potential modelling mistake, where a branching mannose should be modelled as
B-Man rather than a-Man as indicated by an anomeric permutation. B) Screenshot of partial
permutation algorithm output for a modelled glycan in human gamma-secretase complex
attached to ASN55 (PDB entry: 5A63%%). The algorithm indicates that terminal B-Man sugars

should be modelled as a-Man sugars instead, according to the anomeric permutations.

2.5.3 Potential improvements

Currently, the permutation algorithm is only capable of trimming the modelled glycan. The
search space and performance of the algorithm could significantly be improved by
considering the addition of monosaccharide units at various linkage configurations to make
the search algorithm more performant in terms of potential glycan compositions that could be
modelled. Such a solution outside of Privateer has already been implemented in the

GlySTreeM knowledgebase!’.

2.6 Algorithmic implementation to integrate GlyTouCan and

GlyConnect data in Privateer software.

The implementation of the 'generate_wurcs' function within the Privateer software is a
fundamental implementation responsible for translating all modelled glycan structures into a
standardized WURCS notations, thereby enabling seamless integration with glycan

databases such as GlyTouCan and GlyConnect.

At the outset, the function initiates the WURCS string construction by declaring the version
of the notation used. The algorithm dynamically calculates the length of the glycan and
identifies uniqgue monosaccharide residues by parsing the glycan structure, which is
internally represented as a linked list. This process is crucial for understanding the glycan's

complexity and ensuring that the notation accurately reflects its monomeric compaosition.

Following this initial setup, the function iteratively constructs a description of each unique

residue, appending it to the WURCS string within brackets.
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The algorithm concludes in the assembly of the complete WURCS string, which includes all
necessary linkage information. For glycans consisting of a single monomer, the function is
concluded early, as linkage information becomes irrelevant. The generated WURCS string
then can be used to search the internal Privateer database to find an associated GlyTouCan

identifier if it at all exists.

Upon generating the WURCS notation with the 'generate_wurcs' function, the Privateer
software integrates with glycan databases using a NoSQL approach through a JSON file for
database queries. This step enables the identification of corresponding GlyTouCan

identifiers for modeled glycan structures.

The process involves using the WURCS string to search the internal Privateer database for
a matching GlyTouCan ID. The print_output_from_database function is central to this
process, retrieving the GlyTouCan ID from the JSON-formatted database. When a match is
identified, the function outputs the GlyTouCan Accession ID and a direct link to its entry on
the GlyTouCan website.

Additionally, the function checks for a corresponding GlyConnect ID. If found, it provides the
GlyConnect ID and a link to its entry, facilitating access to further information about the
glycan. If a GlyTouCan ID does not have a corresponding entry on GlyConnect, the software
notes the absence of a GlyConnect deposition and initiates the aforementioned permutation
algorithm to find the closest match.

This functionality allows for the linking of computational glycan models with their entries in

public glycan composition datastores, providing a practical tool for researchers to validate

and explore glycan structures further.
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Investigation of N-glycan processing using

Protein Data Bank data

This chapter describes the efforts to investigate the potential influence of the protein
environment on the glycan processing machinery using deposited structures of glycoproteins
as snapshots. In order to gain insight into the determinants of glycan processing within
protein structures, structural bioinformatics algorithms were developed to extract contextual
glycosylation information from glycoprotein structures deposited to Protein Data Bank (PDB).
Valuable clues about N-glycan processing were uncovered by investigating the neighbouring
amino acid context in the vicinity of modelled N-glycans.

3.1 Introduction

N-glycosylation is often required for the efficient transport of proteins through the secretory
pathway, and alterations in the status of N-glycosylation can lead to impaired trafficking of
proteins'’2, Likewise, investigation of factors affecting glycan maturation is as important due
to specific N-glycans modulating various aspects of protein properties, particularly protein
stability and interaction with other molecules. Different types of N-glycans can determine the
specificity and affinity of protein-protein interactions, affecting cellular processes and
signalling pathways'’. For example, the presence of specific N-glycans can either activate
or inhibit immune cell receptors, modulating immune responses and contributing to the
regulation of inflammation and other immune processes’®. As a result, aberrations in the

glycan processing machinery can lead to various pathologies’.

In order to study the effects of aberrations in N-glycosylation machinery at the molecular
level, detailed and complete descriptions of glycoprotein structures are required.
Nevertheless, due to N-glycan heterogeneity and flexibility, it currently is a significant
challenge to obtain detailed enough information about N-glycan compositions at specific
glycosylation sites. To address this shortfall, several computational tools have been
developed to predict, analyse, and annotate glycosylation sites in protein sequences, as well
as tools to predict glycan profiles within cells!’®. However, no tools exist to predict N-glycan
compositions on a site-specific basis. The influence of protein structure may be one of the

factors influencing glycan processing. For this reason, it is hoped that the investigation into
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the final products of glycan processing machinery deposited to Protein Data Bank (PDB) can
reveal any potential clues that could be used to build predictive models.

The idea of protein structure playing a crucial role in determining the products of
glycosylation machinery has been investigated in the past. Particularly, in the investigation
carried out by Hang et al., it was experimentally demonstrated that changes to protein
structure alters the glycan profiles of specific glycosylation sites'’’. One specific
glycosylation site (labelled as S4 in the study) contained less processed N-glycan relative to
other glycosylation sites. The molecular dynamics studies attributed terminal mannose
residues of the N-glycan making long-lasting contacts with specific amino acids of two
different domains (a and b) of the protein. The interactions were hypothesised to reduce
accessibility of the glycan to processing enzymes. Upon in vivo removal of the a-domain, the
site-specific glycan profile changed to more processed glycan, in line with glycan profiles
from other glycosylation sites'”’. The study of protein playing a role in glycan processing was
further built upon by Suga et al., who analysed multiple glycoprotein structures deposited to
PDB, concluding that N-glycan processing is largely explained by the solvent accessibility of
glycosylated Asn residue in combination with solvent accessibility of nascently attached
oligosaccharide!’®. These studies build a foundation of understanding how protein structure
may have a direct impact on specific glycosylation sites containing N-glycans processed to a
varying degree. Building upon the foundation of understanding further, this chapter is an
attempt to find specific amino acid associations as features of protein structure having an

impact on glycan maturation through a novel analysis approach described in this chapter.

3.1.1 Rationale for a novel analysis approach

In order to gain meaningful insight into structural determinants of glycan processing, it was
imperative to gather a high-quality dataset from the PDB that would be representative of
products that are likely to result from actions of the glycosylation machinery. Throughout the
PhD, new features and improvements have been made to the Privateer software that allow it
to interact with other databases and software. In particular, the implementation of WURCS
notation generation to query the GlyConnect database to enable automated validation of N-
glycan compositions. As a result of these contributions, Privateer became a powerful tool to
collect and assess the quality of all instances of modelled N-glycans that could be utilised to
analyse the N-glycosylation machinery. In addition, new features were integrated into

Privateer to analyse the structural neighbourhood context of glycan moieties.

74



Mammalian N-glycans universally contain a MansGIcNAc: core, regardless of the extent of
processing, as shown in Figure 1.5. The characteristic features that define different types of
glycans are located towards the terminal ends of oligosaccharides. As a result, enzymes
associated with the glycan processing machinery are only acting on sugars that are located
beyond the MansGIcNAc: core. Therefore, the investigation of the glycan processing
machinery on glycan moieties should only consider the structural context of sugars at the
terminal ends of modelled N-glycans. In contrast to the investigation carried out by Suga et
al., this approach is much more local and is therefore likely to uncover specific amino acid

type identities that may have an impact on glycan processing.

3.2 Aims

The aim of the work presented in this chapter was to analyse the structural context in the
vicinity of N-glycan termini to potentially reveal determinants of glycan processing and its
associated products. In order to achieve this aim, a dataset of high-quality model instances
of N-Glycosylation were retrieved from PDB. A successful curation of the dataset enabled
neighbourhood context computations of modelled N-glycans at the terminal ends, to analyse

the potential relationship of neighbouring amino acids and the associated n-glycan type.

3.3 Methods

3.3.1 Glycosylation data accumulation from PDB

The PDB contains structures of various glycoproteins, including N-linked and O-linked
glycosylated proteins. These structures have been determined using techniques such as X-
ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, and cryo-electron
microscopy (cryo-EM).

As previously discussed, the challenges associated with determining glycoprotein structures
are multi-faceted. Due to inherent flexibility and heterogeneity of glycans, associated
experimental density regions are often missing or poorly resolved. As a result, the structural
data for glycoproteins in the PDB is often incorrect. In some instances, the PDB contains
glycan compositions incompatible with the glycan biosynthesis machinery of the expression
system*3°. While the potential solution to this aspect has been presented in Chapter 2,
during the research additional considerations for modelled N-glycosylations emerged.

Specific PDB depositions may model glycan-lectin recognition, rather than glycosylation.
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Automatic discrimination of glycan-lectin binding from glycosylation on a massive scale is not
straightforward based on metadata provided by PDB files. Therefore, the methods presented
in this chapter describe an automated procedure that was used to curate a dataset of
modelled N-glycosylations in glycoprotein structures deposited to PDB to enable biologically
meaningful interpretation of glycan processing at scale.

3.3.2 Oligosaccharide instance accumulation from PDB

A local copy of atomic coordinates in PDB Format were downloaded from RCSB PDB on
21st of July 2022 using the RSYNC protocol'’®. The atomic coordinates were downloaded as

compressed ‘.ent.gz’ tarball files.

For every file in the local mirror of PDB database, a bespoke Python script would temporarily
extract a PDB file from tarball and pass the generated path to a function that would execute
glycan detection features of Privateer. If Privateer had detected at least one glycan instance
in atomic coordinate file, relevant information would be collected and stored, such as:
glycosylation type; glycan composition in WURCS notation as generated by Privateer;
GlyTouCan and GlyConnect identifiers; if available, glycosylation site information in terms of
amino acid type, sequence number and chain identifier; amino acid sequence of protein

chain containing target glycosylation site.

The algorithm to generate WURCS notation in Privateer is different from the implementation
in PDB2Glycan, which is used by wwPDB?*°, Because of the differences in implementation,
some modelled glycans may produce different WURCS notations between Privateer and
PDB2Glycan. In this instance, it was decided to treat WURCS notations generated by
PDB2Glycan as ground truth due to the software being implemented by the creators of
WURCS notation and endorsed by the WURCS working group, as well as PDB2Glycan
being used to carry out carbohydrate remediations for the wwPDB81182, Therefore, to
ensure agreement between PDB2Glycan and Privateer, every PDB identifier in the local
mirror of PDB database, was queried through the API of RCSB PDB to extract
oligosaccharide entries, in terms of WURCS notation and GlyTouCan identifier, as

generated by PDB2Glycan software?®,
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3.3.3 Addition of information for evaluation of redundancy and

experimental quality in glycosylated PDB depositions

For every instance of “N-glycan” oligosaccharide detected by Privateer in the accumulated
dataset, an algorithm queried RCSB PDB GraphQL API to relate modelled protein chains to
UniProt identifiers and other biologically relevant data®84, The following arguments were
used: PDB identifier; chain identifier and amino acid sequence number of the glycosylation
site. The query would return the following output: if available, UniProt identifier of
glycosylated protein chain; target organism of the glycoprotein; expression system of the
experiment used to obtain the structure; common name of glycosylated protein chain as
described in PDB file; common name of glycosylated protein chain as described in UniProt;
a binary descriptor whether the glycosylation site location was successfully aligned within
UniProt entry sequence; a binary descriptor whether glycosylated protein chain is a fusion of

multiple proteins.

In addition, every PDB identifier was queried for experimental method (X-Ray
Crystallography, Cryo-EM, NMR); resolution of the associated data, if available (X-Ray
Crystallography and Cryo-EM); and EMDB identifier if experimental method was Cryo-EM.

3.3.4 Enrichment of N-Glycosylations in PDB depositions

The Privateer software uses the identity of amino acid forming the glycosidic bond between
an amino acid residue and sugar to assign the type of glycosylation. During manual review
of the collected data, it was found that some cases of “N-glycans” assigned by Privateer and
PDB2Glycan were modelling recognition interactions between instances of lectin and
isolated glycopeptides. The detection and removal of such cases was complicated by the
fact that the modelled glycopeptide fragments contained a singular Asn (asparagine) amino
acid residue with an identical chain label identifier to one of the modelled instances of lectin
protein chains. Therefore, to ensure that “N-glycan” oligosaccharide assignments were
indeed modelling N-Glycosylations, rather than lectin-glycopeptide interactions, an algorithm
was implemented to compute amino acid neighbours of the sugar engaged in the N-
glycosidic linkage with an Asn residue. If the algorithm found that the Asn residue engaged
in N-glycosidic linkage had no other amino acid neighbours with an identical chain identifier
and sequence number within the offset of range -5 to +5, then it was deemed to be an

instance of glycopeptide engaged in lectin recognition. If at least one amino acid neighbour
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was detected containing an identical chain identifier and having an offset of range -5 or +5 in
sequence number to the Asn residue engaged in N-glycosidic linkage, then it was deemed to
be an instance of actual N-glycosylation. The remaining oligosaccharides representing N-
Glycosylation instances were queried through GlyConnect API using GlyConnect identifiers
to retrieve N-glycan composition categories. N-glycan processing can be characterised by
the processing of High-Mannose N-glycans to Processed N-glycans of the following types:
Hybrid, Pauci-Mannose and Complex. Due to challenges of glycan moiety resolvability in
structural biology, an absolute majority of N-Glycosylation instances retrieved from PDB did
not extend beyond the ManzGIcNAc, core which would enable the assignment of an N-
glycan type. Due to the identical circumstances, modelled instances of Pauci-Mannose could
not be confidently attributed to N-glycan biosynthesis machinery products and were not
considered for further analysis. Therefore, the investigation exclusively considered modelled
N-glycan instances that at minimum contained 6 monosaccharide units in total, with the
shortest glycan in the analysis having the composition of GIcNAc:MansGIcNAc,. The only
types of N-glycans that extend beyond the MansGIcNAc; core are: High-Mannose, Hybrid
and Complex. However, due to a severe under-representation of Hybrid N-glycans, a
decision was made to group Hybrid and Complex N-glycans, under a common label of
“Processed”. Therefore, the investigation of N-glycan processing based on data retrieved
from PDB, only considered the following types of N-glycans: High-Mannose and Processed
(composed of Complex and Hybrid N-glycan instances).

3.3.5 Compilation of a non-redundant glycoprotein dataset

The sampling of glycoprotein space in PDB is uneven, with some proteins such as 1gG
having multiple associated depositions in thousands, and some proteins only having a single
associated deposition. Therefore, to ensure non-redundancy, enriched glycoproteins
containing N-glycans were clustered by the UniProt’s “recommended name”. If a cluster
contained multiple associated PDB depaositions, the entries were sorted by resolution,
selecting the representative structure with the highest resolution value. Some clusters
contained multiple glycosylation sites in terms of the Asn residue involved in the N-glycosidic
linkage, with a varying degree of representation in associated PDB depositions. Therefore,
the representative glycosylation site was selected by picking the most popular glycosylation

site across multiple structures associated with the cluster.
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3.3.6 Analysis of terminal N-glycan neighbourhood

To analyse how the 3D structure of a protein chain might impact glycan processing,
neighbourhood information was computed up to 10 A radius originating from the C4 atom of
terminal sugars. Due to glycan branching, multiple origin points associated with terminal
sugars occur. Unigue instances of amino acid neighbour detections were ensured by
comparing the sequence numbers in a temporary list and if a detection was made at a closer
distance by another origin point, the calculated distance between sugar and closest amino
acid atom would be updated by the closer hit. In addition, it was also ensured that the only
contacts that were considered, were the ones that were detected in the same protein chain
identifier as the asparagine residue engaged in N-glycosidic bond with glycan under
consideration. If the terminal contact list was found to contain less than 75% of detected
amino acid neighbourhoods from an identical protein chain identifier as asparagine residue
engaged in N-glycosidic bond, then the entry would be removed from further analysis. This
step aims to isolate modelled glycans that are not potentially affected by factors such as

crystal contacts or glycan being located at the interface of a dimer.

Due to redundancy of chemical features of residues, in some analyses specific amino acids
were clustered according to the following labels: Sulphuric (Cysteine); Featureless
(Glycine); Positive (Histidine, Lysine, Arginine); Negative (Glutamate, Aspartate), Polar
uncharged (Serine, Threonine, Glutamine, Asparagine); Aromatic (Phenylalanine,
Tryptophan, Tyrosine); Hydrophobic (Alanine, Valine, Leucine, Isoleucine, Proline,
Methionine).

Enrichment analyses relied upon the calculation of relative occurrence of each amino acid or
amino acid type up to a selected distance radius, allowing for derivation of the frequency of
amino acids close to the terminal end of modelled glycans. Furthermore, the frequency of
amino acids or amino acid type occurrences within the associated protein chain sequences
was additionally calculated to provide a basis for comparison. This enabled the computation
of the enrichment ratios of amino acids or amino acid clusters in the terminal regions of
modelled N-glycans relative to their overall abundance in the protein sequences. The
enrichment ratios offer insights into the propensity of specific amino acids to be located near

N-glycan termini. The equation to calculate enrichment ratio is described below:
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O F n Neiahbourhood % = Total instances of amino acid in neighbourhood % 100
(1) Freq in Neighbourhood % = Total amino acids in analysed neighbourhoods

) Total instances of amino acid in analysed sequences
(2) Freq in Sequence % = - — x 100
Total amino acids in analysed sequences

Freq in Neighbourhood %

3) Enrich t Ratio =
(3) Enrichment Ratio Freq in Sequence %

In some analyses, the 5 A, 7 A and 9 A radius distance thresholds are applied in order to
greatly aid the interpretability of results. The 5 A threshold cutoff can be thought of in the
context of detecting amino acid residues that are separated by a single monosaccharide
unit, as the shortest distance from O1 atom to O4 atom in idealised a-Man (MAN) obtained
from CCP4-ML is 5.70 A®, Therefore, neighbours at this distance are most likely to be
located at the interface of N-glycan processing.

In visual terms, the neighbourhood scan at the terminal ends of modelled N-glycans is

illustrated in Figure 3.1.
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Figure 3.1: Approximate visual illustration of neighbourhood scan at the terminal ends of
modelled glycans demonstrated in crystal structure of a mutant migG2b Fc heterodimer in
complex with Protein A peptide analog Z34C (PDB ID: 5UBX'"). The amino acid residues
displayed in stick and ball representation on chain B of the model were detected within 10 A
distance radius from the origin points of C4 atoms of two terminal GIcNAc sugars. Coloured

circles are approximate representations of various distance cutoff thresholds.

3.4 Results

3.4.1 Automated N-glycosylation dataset curation

In order to investigate the N-glycan processing machinery using structures deposited on the
PDB, a validated and representative dataset needed to be curated. Privateer was
successfully used to parse 189,255 PDB files to retrieve 98,945 detected instances of
oligosaccharides. Based on Privateer's automatic assignment of oligosaccharide type, most

of the oligosaccharides modelled in the PDB are “N-glycans” as shown in Table 3.1

Table 3.1: Summary of oligosaccharide instances detected in Protein Data Bank (PDB).
Column legend: ‘Oligosaccharide type’ is the type of glycosylation assigned by Privateer,
determined by the amino acid character in the vicinity of the glycan root; ‘Total structures’ is
the number of unique PDB identifiers associated with specific oligosaccharide type; ‘Unique
compositions’ is the number of unique oligosaccharide compositions determined by the
WURCS notation generated by Privateer associated with specific oligosaccharide type.

Oligosaccharide type Instances Total structures Unique compositions

N-glycan 74,178 9,323 648
O-glycan 1,971 613 126
C-mannose 211 39 8
S-glycan 12 12 6
Ligand 22,573 8,702 1,540
Total 989,945 18,689 2,328

The initial inspection of retrieved oligosaccharide compositions by Privateer revealed some
differences between oligosaccharide compositions defined by wwPDB, when judged by

differences in generated WURCS notations. Therefore, oligosaccharide detections
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generated by Privateer and RCSB PDB oligosaccharide instances were cross-referenced.
The comparison revealed that 622 structures had at least one oligosaccharide instance,
where WURCS notation generated by PDB2Glycan was not detected by Privateer. As a
result, 851 “N-glycan” oligosaccharide instances were eliminated from the aggregated
dataset, with the remaining 73,327 “N-glycan” oligosaccharide instances used for further

filtering procedure.

The possible factors resulting in different WURCS notations were manually investigated. The
manual investigation revealed that different “N-glycan” composition definitions can be
generated, depending on differences in internal parameters. In the example, shown in Figure
3.2, PDB2Glycan generated three different oligosaccharide entities, while Privateer
generated a single oligosaccharide entity, most likely due to the differences in the definition

of glycosidic bond distance threshold used in generating oligosaccharide representations.
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wwPDB Entity ID: 4
ChainID: G
GlyTouCan ID: G56014GC

B 4.p 4.!3 {N ASNA/ZO?]

Oligosaccharide Chain ID: G
GlyTouCan ID: G80966KZ

MANS521/A

Figure 3.2: Comparison of oligosaccharide entity detection between Privateer and wwPDB in
Neuraminidase structure from English duck subtype N6 (PDB ID: 1V0Z*®). The differences in
detection can most likely be explained by potential glycosidic bond distances being
inconsistent with expected glycosidic bond linkage distances in the deposited structure
(highlighted in red labels), as the internal parameter in Privateer — itself a validation software
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that needs to deal with user-introduced problems, including bonds that are too long — was
more relaxed in comparison to PDB2Glycan. A) 3D-SNFG and 2D-SNFG representations
displayed in wwPDB. B) 2D-SNFG representation generated by Privateer.

On the other hand, Privateer was unable to successfully generate WURCS notation for
oligosaccharide entities containing unusual monosaccharides or linkages, mostly associated
with “ligands”. The principal cause for the failure is Privateer’s internal database responsible
for conversion of PDB three letter code to WURCS UniqueRES being out of date at the time
of data collection. Thankfully, this issue had a relatively minor impact on collected “N-glycan”
structures, as the number of monosaccharide building blocks and linkage configurations
associated with N-glycosylation is finite and well defined. This result demonstrates that
Privateer has potential to be used as a cross-validation tool for agreement with PDB2Glycan
in isolation of glycoprotein structures for potential remediation of atomic coordinates to
ensure chemical property consistency. Finally, the manual investigation affirmed the decision

to use oligosaccharide entities generated by PDB2Glycan as ground truth.

The remaining 73,327 “N-glycan” oligosaccharide instances were further filtered to eliminate
entries that did not have a GlyConnect identifier, resulting in removal of 4,499 instances.
This step ensured that “N-glycan” oligosaccharide compositions were compliant with the
known products of glycan biosynthesis machinery. To ensure that “N-glycan”
oligosaccharide instances were indeed modelling N-Glycosylations, rather than lectin
binding, remaining 68,828 entries were scanned for potential representation of lectin-
glycopeptide interaction, resulting in elimination of further 1,693 entries. An example of such
an instance and the need for an elaborate algorithm is demonstrated in Figure 3.3. In
summary, after exhaustive filtering 67,135 instances of protein N-Glycosylation were

retrieved from PDB, as shown in Table 3.2.
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Table 3.2: Summary of filtering steps for enrichment of N-Glycosylation instances in PDB.

Filtering step Instances Removed Remaining Instances

Initial “N-glycan” oligosaccharide

. - 74,178
instances

Privateer/PDB2Glycan mismatch 851 73,327
No GlyConnect identifier 4,499 68,828
Elimination of N-glycan substrates 1,693 67,135

ASN501

4—
J Chain B

Endo-beta-N-acetylgluc
osaminidase F1

Chain B

Residue range 49 - 476

Figure 3.3: An example of PDB deposition modelling N-glycan binding, rather than N-
glycosylation in a crystal structure of Bacteroides thetaiotamicron EndoBT-3987 in complex
with ManyGIcNAc2Asn substrate (PDB ID: 6 TCV?!®). The example demonstrates the need for
an elaborate algorithm as metadata in terms of chain identifiers is not sufficient to
automatically recognize instances of N-glycan binding, rather than N-glycosylation. In
principle, the N-glycosylation filtering algorithm is searching for at least one amino acid
residue assigned to Chain B in the depicted search area (red circle), in combination with an
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assigned sequence number from the following list: 496, 497, 498, 499, 500, 502, 503, 504,
505, 506. If no amino acid is found to fulfil the criteria in the vicinity of modelled N-glycan,
then the PDB structure is deemed to be modelling N-glycan recognition, rather than N-
glycosylation.

The remaining n-glycans representing N-Glycosylation instances were queried through
GlyConnect API using GlyConnect identifiers to retrieve N-glycan composition types, as
summarised in Table 3.3. Due to lack of Hybrid N-glycans that were retrieved from PDB and
addition of GIcNAc sugars at the terminal ends being the key event in N-glycan type
assignment, instances of Complex and Hybrid N-glycans were grouped into a category

labelled “Processed”, which was used in subsequent analyses throughout the chapter.

Table 3.3: Summary of N-glycan types retrieved from Protein Data Bank (PDB). Column
legend: ‘N-glycan type’ is N-glycan compaosition type classified using the GlyConnect
identifier. ‘Count’ is the total number of instances of particular N-glycan composition types
retrieved from PDB. Bolded N-glycan types were used for subsequent analysis as they
extend beyond the MansGIcNAc; core.

N-glycan Type Count
single-GIcNAc 42,706
No-core 21,844
Pauci-Mannose 1,186
High-Mannose 1,087
Complex 310
Hybrid 2

Upon examining the outcome of the filtering process, it is noteworthy that the amount of
usable data is significantly limited. Putting numbers into perspective, only 2.08% of modelled
structures containing N-glycosylations extend beyond the ManzGIcNAc; core with an

assigned GlyConnect identifier.

Finally, non-redundant individual representatives of glycoproteins were computed, based on
grouping using UniProt’s “recommended name” label. Additionally, due care was taken to
only filter for glycoprotein models expressed in non-fungal expression systems. The fungal

expression systems were filtered out due to glycan processing being radically different from
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other expression systems, specifically N-glycan maturation using oligomannose extension,
rather than branching via the addition of terminal GIcNAc sugars.

The non-redundant glycoprotein clustering resulted in 104 clusters, composed of 86 High-
Mannose N-glycan representatives and 18 Processed N-glycan representatives.

In an attempt to clarify the degree to which unique glycoprotein data, potentially useful for
study, was rendered unusable due to incomplete or erroneous N-glycan modelling, a
comparative study was carried out. This study compared the number of unique glycoprotein
representatives derived from the filtering process utilised in this chapter to those that were
specifically modelled for N-glycosylation. The comparison revealed that 639 representatives
of unique glycoproteins, each containing at least one instance of N-glycosylation, were
deemed unusable due to their removal by the filtering algorithm outlined in this chapter.
Notably, these significant findings can mostly be attributed to the absence of any cluster
representatives that incorporated an N-glycan modelled beyond the MansGIcNAc: core. This
result strongly suggests that while there is a wealth of data available for identifying the
positions of glycosylation sites in relation to specific amino acid residues in the sequence,
the structural details of n-glycans associated with specific glycosylation sites in the Protein
Data Bank (PDB) are currently severely lacking. This shortcoming highlights the need for
more community driven efforts to comprehensively model glycans in the area of glycoprotein

research.

Finally, the fit of terminal sugars from extracted N-glycans within associated PDB files to
experimental density in 104 clusters were evaluated using Real Space Correlation
Coefficient (RSCC) metric. The equation to calculate Real Space Correlation Coefficient
(RSCC) is described below:

2(Pobs = {Pobs)) (Pcalc = {Pcalc))
RSCC =
[Z(Pobs— (Pobs)?Z(Pcaic — (Pcalc))z]l/z

The RSCC metric in quantitative terms describes how well a modelled residue fits its
associated experimental density, by calculating the difference between observed
(experimental) structural factors and calculated structural factors associated with the fitted
model. For monosaccharides that are modelled as components of glycans, RSCC values of

above 0.80 are considered to signify a good model fit to its associated experimental density.
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The computation of the RSCC metric was successfully carried out for 97 cluster
representatives out of a total of 104 cluster representatives. Unfortunately, for 7 cluster
representatives it was impossible to calculate RSCC scores for modelled sugars in glycans
due to reasons such as: PDB entry deposition not containing files associated with
experimental density or a glycoprotein model being solved using NMR, rather than X-ray
crystallography or cryo-EM. The computed RSCC scores for terminal sugars in modelled N-

glycans from 97 cluster representatives is shown in Figure 3.4.
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Figure 3.4: Summary of computed RSCC scores for terminal sugars modelled within 97
cluster representatives of glycoproteins. A) (left) RSCC scores for terminal sugars of
modelled N-glycans that are composed of two branches, grouped by N-glycan type. Red
dashed line denotes the cutoff of 0.80, which is considered to demonstrate a good fit
between modelled monosaccharide and its associated experimental density (right).
Scatterplot of resolution values of PDB depositions that contain the modelled two branch N-
glycans, grouped by experimental method, where X-Ray is X-Ray crystallography and EM is
cryo-EM. B) (left) RSCC scores for terminal sugars of modelled N-glycans that are
composed of three branches, grouped by N-glycan type. Red dashed line denotes the
threshold value of 0.80, which is considered to demonstrate a good fit between modelled
monosaccharide and its associated experimental density. (right) Scatterplot of resolution
values of PDB depositions that contain the modelled three branch N-glycans, grouped by

experimental method, where X-Ray is X-Ray crystallography and EM is cryo-EM.

The RSCC computation results are testament that modelling N-glycans beyond the
MansGIcNAc; core is a significant challenge in structural biology. The RSCC values show
that terminal sugars of modelled N-glycans in general tend to have low RSCC values,
indicating a poor fit between modelled sugar and its associated experimental density, most
often due to simply there being a lack of experimental density to begin with. High RSCC
values of terminal sugars is an exception, rather than a regular occurrence. There also
appears to be a tendency for N-glycans containing three branches to have more instances of
terminal sugars passing the 0.80 RSCC value threshold than two branch N-glycans,
especially taking into the account sample size being similar. This tendency can likely be
attributed to a higher number of models containing three branch N-glycans being resolved at
higher resolutions, therefore associated experimental density associated with terminal
sugars of three branch N-glycans having well defined experimental density. The majority of
associated PDB files tend to fall in the range between 1.75 A and 3.00 A in terms of model
resolution. There are a considerable number of structures having significantly worse
resolution than 3.00 A and ideally the filtering algorithm should have excluded such cases.
However, the analysis prioritised having as many representative clusters as possible and
due to the already severe lack of unique representatives, a decision was made to forgo

exclusion of representatives based on experimental density metrics.

Finally, the resulting clusters were manually inspected for non-redundancy. During the
inspection it became apparent that, even though clustering by UniProt common name
descriptor resulted in four different 1IgG structures, i.e., Immunoglobulin heavy constant

gamma 1 (IgG1), Immunoglobulin heavy constant gamma 2 (IgG2), Immunoglobulin heavy
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constant gamma 3 (IgG3) and Immunoglobulin heavy constant gamma 4 (IgG4), upon
structural superposition using GESAMT algorithm it was revealed that the relevant chains
containing N-glycosylation sites were highly redundant. The GESAMT algorithm successfully
superposed the four structures with an RMSD score of less than 2 A, indicating near perfect
similarity®. The superposition is visualised in Figure 3.5.
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120°

Figure 3.5: Superposition of IgG1 (PDB ID: 6YT7%°) — coloured in orange, IgG2 (PDB ID:
4L4J?) — coloured in yellow, IgG3 (6D582%) — coloured in light blue, IgG4 (5W5N?23) —

coloured in grey. The amino acid residues displayed in “stick and ball” representation are
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neighbours up to 7 A distance away from terminal sugars of the modelled biantennary
complex N-glycans.

As a result, entries of 1IgG2, IgG3 and IgG4 were manually removed from the clustering
output, leaving only IgG1 as a global representative of Immunoglobulin heavy constant
gamma glycoproteins. The manual adjustment resulted in 101 clusters, composed of 86
High-Mannose N-glycan representatives and 15 Processed N-glycan representatives and

were consistently used throughout neighbourhood analysis.

3.4.2 N-glycosylation terminal neighbourhood analysis

In order to investigate protein structure influence on N-glycan processing machinery, the

terminal neighbourhoods of modelled N-glycans were analysed. The analysis is predicated
upon an understanding of the conversion of high-mannose N-glycans into more processed
N-glycans occurring beyond the ManszGIcNAc: core, therefore only the terminal area of the

modelled N-glycan being relevant in the analysis.
Initial analysis considered individual associations of all 20 standard amino acids with the

type of N-glycan product modelled in the glycoprotein across 101 N-glycosylation site
representatives. The output of the analysis is depicted in Figure 3.6.
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Figure 3.6: Individual neighbouring amino acid detections at first detected radius distance in
the vicinity of terminal sugars of modelled N-glycans. Green circles denote an individual
neighbour amino acid at the terminal end associated with high-mannose N-glycan product
across 86 representatives, red circles denote a processed N-glycan product across 18
representatives. Red, green and yellow dashed lines represent radius distance cutoff
thresholds used in subsequent enrichment analyses. The violin plot background denotes the
distribution density of amino acid distances. Individual amino acids are represented in their
three letter codes and are colour coded according to the assigned grouping in terms of
redundant chemical features used in subsequent analyses (orange — sulphuric, grey —
featureless, light blue — positive/basic, red — negative/acidic, teal — polar, black — aromatic,

coral — hydrophobic).

There are several notable associations that appear in the analysis. The closest neighbouring
amino acids at the terminal ends of modelled N-glycans usually occur at around ~3-4 A
distance radius. Therefore, to ensure a good amount of hits for enrichment analysis, a 5 A
distance radius threshold was selected as an initial cutoff, representing detections of the
closest neighbours. It appears that some amino acids are preferred as direct neighbours of
terminal sugars and there is some degree of discrimination associated with certain N-glycan
types. Particularly, it appears that some of the modelled high-mannose N-glycans display a
clear preference for Glycine, Serine, Glutamine, Asparagine, Tryptophan, Tyrosine, Alanine,
Leucine, Isoleucine and Methionine amino acid neighbours, as these amino acids are not
only detected as being located in the immediate vicinity of the termini, but also at further
distances too. On the other hand, it appears processed N-glycans display a preference for
lysine and aspartate amino acid neighbours, at least in the immediate vicinity of the termini
area. It is notable that some amino acid neighbours are excluded from the immediate vicinity
of terminal sugars from both types of N-glycans, particularly Cysteine and Phenylalanine. It
is possible that those amino acids could be located in the vicinity of other sugars, rather than
terminal sugars specifically. Finally, it is also notable, that within the assigned groups of
amino acids by redundant chemical features, there appears to be a preference for specific
identities of amino acid neighbours at terminal ends, i.e., Serine neighbours being preferred
by terminal sugars of high-mannose N-glycans versus Threonines being preferred by
terminal sugars of processed N-glycans. Similarly, aspartate being preferred by terminal
sugars of processed N-glycans versus terminal sugars of high-mannose N-glycans
preferring glutamate, as well as Lysines being preferred by terminal sugars of processed N-

glycans far more than Histidine and Arginine neighbours.
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To ensure that discovered associations are due to specific amino acids having propensity to
be located near the N-glycan termini, rather than analysed glycoproteins simply being
enriched in specific amino acids, an enrichment analysis of terminal neighbourhood context
was performed. The analysis was performed over multiple radius distance cutoff thresholds,
with three selected thresholds shown in Figure 3.7.
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Figure 3.7: Amino acid enrichment ratios over a variety of distance radius threshold cutoffs in
vicinity of terminal sugars of modelled N-glycans. A) 5 A radius threshold, B) 7 A radius
threshold, C) 9 A radius threshold. The labels above bars represent the enrichment ratio in
the dataset for individual amino acids.

The enrichment analysis enables the interpretation of data in two dimensions: 1) enrichment
ratios of above 1 signify that specific amino acids have propensity to be concentrated near
the N-glycan termini, while ratios of less than 1 signify that specific amino acids are depleted
near modelled N-glycan termini and 2) difference in enrichment ratios between high-
mannose N-glycans and processed N-glycans allows to measure the degree of preference
between two types of N-glycans under consideration. Moreover, smaller radius distance
thresholds enable focus on the immediate vicinity of N-glycan termini, versus higher radius
distance threshold being more likely to capture the neighbourhood of the entire modelled N-

glycan.

Within the context of the enrichment analysis, certain amino acids demonstrate distinct
tendencies in proximity to N-glycan termini. Cysteines, for instance, are infrequently found
adjacent to both processed and high-mannose N-glycan termini. Immediate glycine
neighbours predominantly associate with high-mannose N-glycans, yet their enrichment ratio
declines when larger search area is considered. Histidines maintain consistent enrichment
across different search areas to both N-glycan types. Lysines exhibit a consistent pattern,
being enriched around both N-glycan types across multiple thresholds, but with an apparent
degree of preference for processed N-glycans. Arginines and Glutamates are enriched for
both types of N-glycans in a similar pattern. Aspartates display a marked enrichment as
immediate neighbours of processed N-glycans, however, with the expansion of threshold
distance, the pronounced preference is decreased. Serines demonstrate a stark preference
by high-mannose N-glycans through an insignificant enrichment ratio. On the other hand,
Threonines demonstrate a stark preference relationship for processed N-glycans that is
diminished as search radius is increased. Glutamines and Asparagines demonstrate a stark
preference for high-mannose N-glycan termini that is consistent across multiple search
radius distances. Phenylalanines demonstrate a clear preference for processed N-glycans
with enrichment becoming prevalent as search radius distance is increased. Tryptophans
demonstrate a clear preference for high-mannose N-glycans with consistent enrichment
across all search radius distances. To an extent, Tyrosines also demonstrate preference for
high-mannose N-glycans within immediate vicinities, although to a lesser degree of
enrichment. Alanines, Leucine and Isoleucine amino acids do not demonstrate a particular

preference for specific N-glycan types together with lack of enrichment for either type of N-
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glycan type. Valine and Proline appear to demonstrate a preference for processed N-
glycans, although enrichment and preference are diminished as search radius is increased.
Finally, Methionines appear to demonstrate a consistent and obvious preference for high-
mannose N-glycans. The most notable findings of the enrichment analysis are summarised
in Table 3.4.

Table 3.4: A summary of the most significant amino acid preference relationship near N-
glycan Termini. Label designation — N+: High-mannose N-glycan positive enrichment, N-:
High-mannose N-glycan negative enrichment, P+: Processed N-glycan positive enrichment,
P-: Processed N-glycan negative enrichment. The colouring on the amino acid labels

corresponds to a direct mapping described in Figure 3.6.

5 A radius threshold 7 A radius threshold 9 A radius threshold

Amino acid

N+, P- N-, P- N-, P-

N+, P+ N+, P+ N+, P+
Aspartate N-, P+ N+, P+ N+, P+
Serine N-, P- N+, P- N+, P-
Threonine N-, P- N-, P+ N-, P+
Glutamine N+, P- N+, P- N+, P-
Asparagine N+, P- N+, P- N+, P-
Phenylalanine N-, P- N-, P-, N-, P+
Tryptophan N+, P- N+, P- N+, P-
Tyrosine N-, P- N+, P- N+, P-

N+, P- N+, P- N-, P-

Following the analysis of individual amino acid neighbours of terminal sugars within
modelled N-glycans, an attempt was made to group 20 amino acids by redundant chemical
features to simplify interpretation. The output of the analysis of terminal amino acid

neighbours grouped by redundant chemical features is shown in Figure 3.8.

99



&

il

4
%
10

#

0’ 0% o foe q{
- t{ ¥l

r;%..'.-. £ é.-

t
I
I
I
|
1
1
I
|
|
I
I
1
I
I
I
|
I
‘I
&

o]

e o of

&*-! 3 m' 21

Distance, A
o

¢ High-Mannose - 86 glycosites
e Processed - 15 glycosites

T T T T T
Featureless Negative Polar Aromatic

Neighbouring Amino Acid type

Figure 3.8: Detections of individual neighbouring amino acids grouped by redundant
chemical features in the vicinity of terminal sugars of modelled N-glycans. Green circles
denote an individual neighbour amino acid at the terminal end associated with high-mannose
N-glycan product across 86 representatives, red circles denote a processed N-glycan
product across 18 representatives. Red, green and yellow dashed lines represent radius
distance cutoff thresholds used in subsequent enrichment analyses. The violin plot
background denotes the distribution density of amino acid type distances. Individual amino
acid are grouped into redundant clusters and are represented by colour coded labels which
correspond to a direct mapping described in Figure 3.6 (orange — Cys; grey — Gly; light blue
— His, Lys, Arg; red - Glu, Asp, teal — Ser, The, GIn, Asn; black — Phe, Trp, Tyr; coral — Ala,
Val, Leu, lle, Pro, Met).

From the output, it appears that terminal sugars from modelled processed N-glycans are
most closely situated to positive (basic) and negative (acidic) amino acids, while terminal
sugars from high-mannose N-glycans appears to demonstrate preference for polar, aromatic

and hydrophobic amino acid neighbours.
To ensure that discovered associations are due to specific amino acids groupings having

propensity to be located near the N-glycan non-reducing ends (here addressed as termini),

rather than analysed glycoproteins simply being enriched in specific amino acids groupings,
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an enrichment analysis on terminal amino acid neighbour grouping was replicated. The
analysis was performed over multiple radius distance cutoff thresholds, with select three
thresholds shown in Figure 3.9.
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Figure 3.9: Amino acid type enrichment ratios over a variety of distance radius threshold
cutoffs in vicinity of terminal sugars of modelled N-glycans. A) 5 A radius threshold, B) 7 A
radius threshold, C) 9 A radius threshold. The labels above bars represent the exact values
that were used to calculate enrichment ratio for individual Amino Acid types in the dataset.
Values in the bracket on the numerator represent the number of Amino Acid type detections

out of total neighbouring amino acids detected.

In this adjusted approach, analysis is shifted from individual amino acids to groups
categorised by their chemical characteristics. The shifted focus enables the analysis of
localizations of chemically similar amino acid clusters around N-glycan structures, rather
than the behaviour of each individual amino acid. This alternative viewpoint allows for the
discernment of patterns and trends on a broader, chemically unified scale. No new insights
can be obtained from “sulphuric” and “featureless” groups of neighbouring amino acid types,
as they are composed of singular amino acids that had been covered in the analysis before.
Nevertheless, other groupings demonstrate that only a few groups of amino acids are
enriched in the vicinity of N-glycan termini over multiple thresholds. The enrichment analysis
appears to suggest the following about selection of amino acid groups:

Positive amino acids, characterised by their basic nature, are consistently enriched in the
vicinity of both high-mannose and processed N-glycan termini throughout various radius
distance thresholds. Furthermore, it appears there is a slight preference relationship for
positive amino acid neighbours in comparison to processed N-glycans throughout numerous
search radius distances. Negative amino acids, characterised by their acidic character,
prominently align with the terminal sugars of processed N-glycans. However, this marked
association with processed N-glycans is diminished as the search radius expands. Polar
uncharged amino acids present a tendency to be excluded by processed N-glycans, though
this exclusionary trend becomes less pronounced with wider search radii. High-mannose N-
glycans, meanwhile, maintain a consistent enrichment ratio that surpasses threshold across
multiple search distance criteria. Aromatic amino acids distinctly disassociate from the
terminal sugars of processed N-glycans when situated in close proximity. High-mannose N-
glycans neither reject nor prefer aromatic amino acids with any notable emphasis, holding an
enrichment ratio that hovers just above one throughout the different search radius
thresholds. Hydrophobic amino acids, in contrast, maintain an equivalent stance, revealing
no conspicuous preference or exclusion towards either high-mannose or processed N-
glycans across the selected search radius threshold distance limits. The most notable

findings of the enrichment analysis are summarised in Table 3.5.
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Table 3.5: A summary of the most significant amino acid type preference relationship near
N-glycan Termini. Label designation — N+: High-mannose N-glycan positive enrichment, N-:
High-mannose N-glycan negative enrichment, P+: Processed N-glycan positive enrichment,
P-: Processed N-glycan negative enrichment. The colouring on the amino acid labels
corresponds to a direct mapping described in Figure 3.6.

. . 5 A radius threshold 7 A radius threshold 9 A radius threshold
Amino acid type

N+, P+ N+, P+ N+, P+
Negative N+, P- N+, P+ N+, P+
Polar uncharged N+, P- N+, P- N+, P-
Aromatic N-, P- N+, P-, N+, P+
N-, P- N-, P- N-, P-

In summary, these results demonstrate that there are indeed discriminatory features in terms
of neighbouring amino acid identities and chemical characteristics of amino acids that might
have an impact on N-glycosylation processing machinery.

3.5 Discussion & Conclusion

In this study, glycoproteins containing N-glycans modelled beyond the Mans;GIcNAc: core
were obtained from PDB and analysed in a high-throughput manner to find specific amino
acid associations at the terminal sugars that could potentially explain the differences in N-
glycan products associated with specific glycosylation sites. The analysis revealed
potentially meaningful associations of individual amino acids and their associated chemical
characteristics that could explain differences in N-glycan processing between different N-
glycosylation sites. Particularly, it appears that amino acids classified as positive (basic),
negative (acidic), polar uncharged and aromatic, as well as glycine specifically, display

discriminatory associations between the considered N-glycan types in the study.

A particularly meaningful finding is aromatic amino acid association with exclusion by
processed N-glycans, as there exists in vivo evidence of aromatic amino acids influencing N-
glycan processing determined by an increase in the homogeneity of N-glycan profiles for two
glycoproteins. In the study published by Murray et al., two glycoproteins (CD2ad and FGF9)
were engineered to contain an enhanced aromatic sequon that was expressed in HEK293
cell lines. One of the findings in the study was that aromatic amino acids two residues before
the consensus sequon of N-glycosylation decreased the degree of N-glycan processing into
complex N-glycans, thereby increasing glycoform homogeneity*®’. This finding is in support

of aromatic amino acids potentially being excluded by terminal sugars of processed N-
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glycans presented in this chapter, in the sense that aromatic amino acids may have an
association with the outcome of N-glycan processing. Even though Murray et al. found
aromatic amino acid enhancement was engineered outside the terminal region and more
towards the N-glycosylated asparagine of the N-glycan, it could potentially be hypothesised
that multiple aromatic amino acids, both at the terminal end of glycan and in vicinity of
glycosylated asparagine are potential determinants of N-glycan processing from high-
mannose N-glycans to processed N-glycans. This hypothesis is especially supported by the
fact that aromatic amino acids can form CH-1r interactions between the aromatic rings of
amino acids and carbohydrate rings, potentially creating a stereoelectronic barrier for N-
glycan processing enzymes that convert high-mannoses into more processed N-glycans?e8,
Therefore, these circumstances are favourable to expand the study conducted by Murray et
al. as future work in attempts to engineer glycoproteins with enhanced aromatic amino acids
in the vicinity of terminal sugars of high-mannose N-glycans to assess in vivo the
relationship between aromatic amino acid enrichment and potential rational control of N-

glycan processing.

The analysis methodology of this study is most directly comparable to the work carried out
by Suga et al. The study had shown that N-glycosylation sites with higher accessibility to the
solvent were more frequently associated with immature glycans (equivalent to “high-
mannose” N-glycan type) than mature glycans (equivalent to “processed” N-glycan type)
over multiple surface area cutoff thresholds. The authors also attempted to investigate the
potential bias of amino acid residues surrounding nascent oligosaccharides. According to the
analysis results, solvent exposed Asn residues were significantly populated in proteins with
immature glycans across multiple surface area of the glycosylation site thresholds, while lle
was more frequently associated with immature glycans up to 500 A2 threshold and Tyr more
frequently associated with immature glycans up to 3,000 A2 threshold. The work carried out
in this chapter of thesis agrees in terms of Asn residues being associated with immature N-
glycans, which is the equivalent of high-mannose N-glycans in this study. The work carried
out in this chapter of thesis is also in agreement in terms of Tyr residues being in association
with immature N-glycans. However, authors concluded that there are no strong correlations
between N-glycan type and amino acid residue types in terms of their chemical features,
such as hydrophilicity/hydrophobicity or positive/negative charges of the side chains'’®. The
authors’ conclusion is a contradiction to the results obtained in this study. The contradictory
results can potentially be explained by the difference in methodology between the two

studies, as shown in Figure 3.10.
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Figure 3.10: Comparison of origin points and their detected neighbouring amino acid outputs
between two analyses using an identical view of a glycoprotein structure (PDB ID: 1H4P). A)
Origin of the probe point (ASN165, chain A) circled in blue and its associated amino acid
neighbour outputs visualised using protein surface representation with different colours and

their labels denoting converted radius distance threshold criteria by Suga et al. The

. . . . A
conversion of sphere surface area to radius distance was converted using: r = f;, where r

is radius and A is sphere’s surface area. The neighbouring amino acid output is an
approximation and not a direct conversion, as the authors employed a more elaborate
method to compute surface area to detect neighbouring amino acids. The purpose of the
approximation is to serve as a visual aid in the comparison to the study presented in this
chapter. B) Origin of multiple probe points (BMA6, MAN8, BMA10, chain C) circled in blue
and its associated amino acid neighbour outputs visualised using protein surface
representation with different colours and their labels denoting radius distance threshold used
in this study. The modelled N-glycan and the glycoprotein were automatically eliminated
from consideration in this study, due to the following reasons: 1) Glycoprotein was
expressed in a fungal expression system, 2) modelled N-glycan likely contains potential
modelling mistakes, specifically terminal mannose sugars being modelled as -Man

anomers, thus failing to return a match on GlyConnect database.

The primary difference between the two studies is the location of the probe point used to
compute the neighbouring amino acids of the modelled N-glycan. In the Suga et al. analysis,
the computed surface area is significantly higher, and the probe point is biased away from
terminal sugars, where N-glycan processing is likely to occur. As demonstrated by the
enrichment analysis presented in this chapter, as the radius distance threshold is increased,
the distribution of detected neighbouring amino acids trends towards distribution of amino

acids of analysed protein sequences. Therefore, it is likely that authors were not able to
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make strong conclusions in terms of correlation between N-glycan type and amino acid
features because of the search area being too vast. Additionally, the study by Suga et al.,
provided a detailed list of glycoprotein structures considered in the analysis. One
observation in terms of obtained representative structures between two studies was that
Suga et al. were much more successful in obtaining a balanced dataset, i.e., equivalent
number of representatives between immature (equivalent of high-mannose) and mature
(equivalent of processed) N-glycans. A significant number of representative N-glycans were
filtered out from the study in this chapter, which were used by Suga et al., in principle due to
N-glycan compositions containing potential modelling mistakes and being expressed in

fungal expression systems, with a particular example highlighted in Figure 3.10 B).

Indeed, the most significant drawback of this study is the small number of available non-
redundant glycoproteins containing processed N-glycan products in the PDB. One of the
biggest contributing factors to the issue was the elimination of processed N-glycan instances
due to failure to return an assigned GlyConnect identifier. Therefore, this highlights the need
for investment of resources to engineer a platform that would automatically modify the
atomic coordinates associated with flawed models of N-glycans to enable the repetition of
this study in ensuring that presented findings can be presented with a higher degree of
confidence in terms of their validity — a task that seems to fall within the remit of PDB-
RED012'189.

Another point to consider is that models deposited to PDB are mere snapshots of the
dynamical nature of glycoproteins. The glycan parts of glycoproteins are often flexible and
mobile, unlike the more rigid structure of the peptide backbone. This is partly due to the fact
that glycans are typically attached to the protein via a single point, allowing the rest of the
glycan structure to move freely. Indeed, some of the glycoprotein models included in the
dataset did not have any neighbours within 5 A radius at the terminal sugar positions. A
snapshot of a dynamical nature is unable to reveal whether the oligosaccharide chain ever
moves to the vicinity of neighbouring amino acids. Therefore, as a potential improvement to
this study, molecular dynamic simulations could be utilised to reveal a clearer picture. In
addition, the heterogeneity of glycans oftentimes results in incomplete glycan descriptions
due to signal becoming dominated by noise during model building from density maps. As a
result of these factors, the currently revealed patterns are likely to become altered once a

larger set of representative glycoprotein structures becomes available.
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Investigation of N-glycan processing using

predictional data

4.1 Introduction

In the prior investigations into N-glycan processing using atomic structural data, discernible
features in the neighbouring amino acids in proximity to terminal sugars were demonstrated.
Unfortunately, the analysis has also revealed that there was a significant deficiency in
availability of unique representatives of glycoprotein models that would contain modelled N-
glycans beyond the MansGIcNAc; core. The analysis demonstrated that scarcity in modelled
N-glycans can most likely be attributed to the inherent difficulties encountered in obtaining
sufficient experimental density associated with oligosaccharide regions. The very few
instances of deposited glycoprotein structures containing modelled N-glycans, based on
RSCC analysis, demonstrate that sugars at the terminal ends are primarily modelled by
relying on prior knowledge of N-glycan biosynthesis pathways if experimental density is
insufficient. It is unlikely that there will emerge a generalizable technique in structural biology
that would enable to overcome information loss caused by sample heterogeneity. Therefore,
community driven efforts might consider developing and improving techniques that enable
complete modelling of glycoproteins without the requirement of associated experimental

density maps.

As efforts to overcome these challenges were investigated, a collaborative project was
concurrently initiated. The collaboration with Dr Elisa Fadda group considered the feasibility
of potentially implementing a grafting algorithm to complete the N-glycans on SARS-CoV-2
spike glycoproteins using template N-glycan structures. This endeavour was seen as pivotal
given the global urgency surrounding the pandemic!®®. However, with the introduction of the
AlphaFold database in the summer of 2021, the collaborative nature of work had shifted due

to the recognition of the transformative potential of structures predicted by AlphaFold 2192,

During the PhD a prototype software solution was developed that combines protein
structures predicted by AlphaFold 2 with the post-predictional addition of N-glycans using a
grafting algorithm. The development of a prototype grafting algorithm enabled the
investigation of neighbouring amino acid contexts in the vicinity of grafted N-glycans for

glycoprotein structures that were unavailable in the Chapter 3 of the thesis.
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4.1.1 Glycan grafting to protein structures

Systematic studies have been carried out to show that N-glycan modelling can be carried out
without available experimental data using foreign N-glycan structures from different
glycoproteins, where experimental data is available as a template®2. Particularly, in the
study by Jo et al., it has been demonstrated through a statistical analysis that N-glycan
structures on homologous glycoproteins are significantly conserved compared to the random
background in terms of oligosaccharide conformation®2. This indicates that N-glycans with
similar parent glycoprotein structure in terms of sequence similarity, can be confidently
transplanted as is. On the other hand, identical N-glycan structures on non-homologous
parents do not display similarity in terms of oligosaccharide conformation. Nevertheless, part
of N-glycan oligosaccharide closer to the protein backbone, specifically Man:GIcNAc:
fragment has been demonstrated to be conformationally conserved, indicating that partial N-
glycan fragments can indeed be used as templates for N-glycan modelling when no
experimental density is available!®2,

Indeed, as the analysis had shown in Chapter 3 of this thesis, most of the N-glycans
retrieved from glycoprotein structures deposited to wwPDB are indeed modelled as partial
fragments with the composition of Man;GIcNAc; or GIcNAc; and are labelled as “No-core” in
Table 3.3. The lack of complete N-glycan compositions has not prevented computational
glycobiologists from studying glycan-protein interactions using molecular dynamics (MD)
methods. The community has devised several computational approaches to modify and re-
model incomplete N-glycan structures without associated experimental density. Of note are
tools, such as Glycosylator, GLYCAM-WEB that are routinely used by computational
glycobiologists to modify N-glycan structures on input glycoproteins to prepare the models
for molecular dynamic studies!®3%, In principle, these tools work by replacing incomplete N-
glycans in input structures with more complete N-glycans. The replacement procedure of N-
glycan structures tends to result in steric clashes or atomic overlaps between the grafted N-
glycan and protein backbone. In order to overcome resulting clashes, the aforementioned
tools employ sampling of alternate sugar-sugar torsional angles of the N-glycan to find a
configuration that completely eliminates clashes. However, optimizations to eliminate
clashes and overlaps between N-glycan and protein backbone are likely to result in an
overall N-glycan conformation that is inconsistent with glycan-protein interactions!®®. For
molecular dynamic based workflows, this is not a major concern, as the processed
glycoprotein complex would then undergo actual molecular dynamic simulations using
appropriate force fields that would eventually capture feasible overall N-glycan

conformations during sampling procedures. However, executing molecular dynamic
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simulations for glycoprotein complexes is computationally expensive both in computational
resources and time!®, Molecular dynamic simulation of a typical glycoprotein complex is
likely to require days if not weeks of computational time, therefore scalability in terms of
replicating the procedure for the number of glycoproteins needed for amino acid neighbour

analysis is a major concern.

In order to counteract scalability concerns, there are currently ongoing efforts to produce a
library of MD-equilibrated N-glycan structures fine-tuned for glycoprotein structures by Dr
Elisa Fadda’s group. In the MD equilibration study of high-mannose N-glycans carried out by
Fogarty and Fadda it has been demonstrated that protein backbone constrains the high-
mannose conformational ensemble with well-defined conformational hotspots for specific
linkages in order to satisfy steric and hydrogen bonding requirements demanded by the
protein’s surface!®. Therefore, such an equilibrated library of N-glycans in near future could
theoretically be used as a set of templates by structural biologists in modelling novel

glycoprotein structures.

4.1.2 AlphaFold 1 & 2

Proteins are composed of linear chains of amino acids, which undergo a process called
“protein folding”, where they spontaneously establish defined three-dimensional
configurations, largely driven by the thermodynamics of interatomic forces. For the past
century, experimental techniques such as X-ray crystallography, cryo-electron microscopy
and nuclear magnetic resonance were used to elucidate three-dimensional configurations of
about 170 thousand proteins, which is a small fraction of over 200 million known protein
structures across multiple life forms%’. The relatively small number of elucidated three-
dimensional structures of known proteins can be attributed to labour, capital and time costs
associated with aforementioned experimental techniques. Therefore, with the increases in
computing power available to the general population, highly correlating with Moore’s law,
community driven efforts were invested into addressing the gap between resolved three
dimensional structures of proteins and known protein structures by creating predictive tools
of three-dimensional protein structures given an input of amino acid sequence?®”:1%,
Community driven efforts dedicated to solving the “protein folding problem” since 1994 would
regularly be benchmarked biennially at the Critical Assessment of Protein Structure
Prediction (CASP) competition.

The foundations of AlphaFold can be traced back to work developed by various teams in the

2010s, which coincided with the next generation sequencing revolution in the field of
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genomics. The innovations in sequencing techniques that enabled massively parallel
sequencing has significantly improved the cost and scale of living organism genome
characterizations, leading to an abundance of large databases of related DNA sequences
available from many different organisms!®®. The community aiming to solve the “protein
folding problem” embraced the developments in genome sequencing, leading to
development of techniques, where multiple sequence alignments (MSA) of homologously
related proteins were analysed to find changes at different residues that appeared to be
correlated, despite residues not being consecutive in the protein chain in combination with
the available 3D structures of resolved proteins?®. Due to protein function being driven by its
three-dimensional conformation, rather than directly by its primary sequence, such
correlations suggested that residues may be close to each other physically, despite not
having complete alignment in terms of sequence. These insights enabled the development
of techniques targeted at predicting contact maps, describing the distance between all
possible amino acid residue pairs of a three-dimensional structure in a binary two-
dimensional matrix?°!, validated against a contact map output by the already existing 3D
descriptions of protein structures, deposited in the wwPDB.

DeepMind, the company behind AlphaFold, extended the approach of predicting contact
maps further, by developing a predictive model that can estimate a probability distribution,
rather than binary output, for how close the inter-residue distances might likely be,
essentially predicting a distance map between amino acid residues given a protein sequence
input. This development was benchmarked in 2018 during the 13th edition of CASP, for what
is now commonly referred to as AlphaFold 1. The initial version of AlphaFold employed
multiple neural networks, each trained separately to process different types of available data.
The combined outputs of these modules were then assessed using physics-based energy
simulations for most likely protein folding predictions?®2. Thus, alongside the prediction of
distance maps, AlphaFold 1 was engineered to predict ® (phi) and W (psi) angles for each
amino acid residue, enabling for the prediction of 3D structure of a protein given its
sequence. While a breakthrough in its own right, AlphaFold 1 had a tendency to
overemphasise potential interactions between amino acid residues that were nearby in the
sequence in comparison to interactions between residues at longer distances in the primary
sequence, resulting in predicted 3D structures by AlphaFold 1 that demonstrated bias
towards predicting models with an overrepresentation of secondary structure features such

as alpha helices and beta sheets, otherwise known as overfitting?°3,

To decrease the degree of overfitting via overrepresentation of secondary structures

features in final predictions, AlphaFold 2 was developed to supersede the initial version of
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AlphaFold, benchmarked in the 14th edition of CASP in 20208. In principle, the most
significant difference between the two versions of AlphaFold is the replacement of multiple
separately trained modules in the initial version with a system of integrated sub-networks
coupled together into a single differentiable end-to-end model, which is trained as a unified
architecture. In addition, AlphaFold 2 employed an “attention” mechanism through its two
key modules, which are based on a transformer design®. The transformer attention model
through the attention mechanism enables AlphaFold to weight the relevance of input
elements, rather than considering all elements equally. It calculates an 'attention score' for
each element in a sequence, assigning higher scores to more relevant elements?®*, The
scores are used to weight the contribution of each element when producing an output, thus
allowing the model to focus more on relevant information, by progressively refining the
residue/residue and residue/sequence information®. In principle, this implementation
addressed the tendency of the previous version of AlphaFold to overemphasise potential
interactions between amino acid residues that were nearby in the sequence and instead
tend towards capturing distant interactions as well. The subsequent version of AlphaFold
was significantly more accurate, albeit the bias towards over-predictions of secondary
structure elements such as a-helices and B-strands was not completely eliminated?®3. Shortly
after the public release of AlphaFold 2, AlphaFold Protein Structure Database
(AlphaFoldDB) was created to store 100 million protein sequence predictions across multiple

model-organism proteomes, which are all indexed using unique UniProt identifiers®:.

Contrary to popular belief in the media, AlphaFold did not “solve” the “protein folding
problem”. While AlphaFold is quite capable at predicting snapshots of most stable
conformations for each protein, the model is not able to predict changes in protein structure
under different pH conditions or temperature?°®. Therefore, it is reasonable to treat AlphaFold
predictions as an accelerator towards resolving experimental structures obtained from
structural biology experiments, particularly as a substitute for homology based molecular

replacement techniques to resolve the crystallographic phase problem?®’.

4.1.3 AlphakFill

Protein structures resolved using structural biology experiments extend beyond amino acid
sequence and its 3D conformation. The 3D conformation of the protein is also affected by
factors, such as ligands or co-factors?®. The predicted protein models by AlphaFold, lack
atomic coordinates for such molecules, which are directly implicated in molecular structure
or function of the prediction target, for example: haemoglobin lacking bound haem.

Curiously, multiple independent observations successfully demonstrate that, even though
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AlphaFold does not directly consider ligands, the model is capable of predicting protein
structures in 3D conformations consistent with presence of potential ligands indirectly taken
into account. In other words, AlphaFold has successfully learned aspects of protein folding
with cofactor binding taken into the account, based on the thermodynamic snapshot profile
of protein structures deposited in wwPDB. Notably, there are active efforts to expand the
independent observations into practical and applicable tools to enrich AlphaFold predictions
in a post-predictional manner and that has been successfully demonstrated through the
development of AlphaFill. AlphaFill has successfully enriched 99,541 AlphaFold protein
models with a pool of 2694 unique compounds through 12,029,789 transplantation

operation, as of 24th November 2022114,

AlphaFill implementation for a protein structure predicted by AlphaFold searches for
sequence homologs in PDB-REDO databank, which has an alignment of at least 85 residues
as hits with an identity higher than 25%. Next, an algorithm determines whether any of the
returned PDB-REDO structures from sequence homologs contain compounds of interest. If
compounds of interest are detected in sequence homologs in PDB-REDO models, then
selection of structures containing the compounds of interest are structurally aligned with
AlphaFold model based on Ca-atom positions. The structural alignments are evaluated
using root-mean-square deviation (r.m.s.d) at the global level to sort for the most similar
protein structures in terms of overall 3D conformation. Starting from the most similar
homolog, all protein backbone atoms within 6 A from every atom of compound of interest are
selected as input for local structural alignment of a current PDB-REDO model to the current
AlphaFold model. Local structural alignment is evaluated using root-mean-square deviation
(r.m.s.d) at the local level. The local structural alignment enables to trivially transplant
compound of interest from PDB-REDO model to AlphaFold model, as the two different
models are effectively overlapping, and their coordinate systems have been relatively

transformed to each other.

The authors of the software concluded that the transplantation of AlphaFold models with a
missing pool of select compounds is successful to an extent. The successful aspect of the
transplantation procedure is that the approach enables the production of sensible depictions
of ligand binding sites at a qualitative level. However, the enriched AlphaFold structures
through transplantation should not be used as sources for quantitative measurements as, for
example, in depictions of zinc binding sites, the atomic distances between the zinc ion and
surrounding amino acids deviate from previously established target values?®. AlphaFill is not
capable of handling polymer ligands, such as peptides, nucleic acids or oligosaccharides!!4.

Nevertheless, this development is strong evidence that protein structure predictions
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produced by AlphaFold are accurate to an extent, where there is little variation between key
individual amino acid residue positions when structurally aligned at a local level with

experimentally-resolved structures.

4.1.4 GlyConnect - source of glycoproteomic data

The advent of AlphaFold has opened access to investigating N-glycosylation processing
machinery on glycoproteins that have either not yet been resolved and deposited to wwPDB,
or deposited glycoproteins that did not have complete N-glycan compositions. However, a
source of information is required to determine which glycosylation sites for specific
glycoproteins harbour high-mannose N-glycans or are processed into more complex N-
glycans via the addition of terminal GIcNAc sugars. Thankfully, the necessary details of
information are available on GlyConnect!®. Besides GlyConnect containing a repository of N-
glycosylation compositions, it also contains additional metadata about protein backbone
associations, particularly UniProt identifiers and sequence numbers of asparagine residues
forming N-glycosidic linkage. Because both AlphaFoldDB and GlyConnect are cross-
referenced with the UniProt database, this enables trivial cross-referencing of N-glycan

compositions from GlyConnect with predicted structures from AlphaFoldDB.

4.2 Aims

One of the aims presented in this chapter was to analyse the feasibility of using models
predicted by AlphaFold to graft N-glycans in a post-predictional manner. After establishing
the feasibility, together with independent observations from other groups, the aim of the
chapter shifts towards analysing the structural contexts in the vicinity of grafted N-glycans to
potentially reveal determinants of glycan processing and its associated products. In order to
achieve this aim, a glycoproteomic dataset was retrieved from GlyConnect to graft N-glycan
structures from MD-equilibrated N-glycan library. The presented work in later sections of the
chapter can also be alternatively thought of as an effort to significantly expand the
glycosylation site representative dataset. The significant expansion of the dataset enabled
the establishment of whether associations discovered in Chapter 3 of the thesis, could be

replicated in the context of a bigger sample size.
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4.3 Methods

4.3.1 Grafting algorithm implementation in Privateer

The grafting algorithm in Privateer was specifically designed to integrate MD-equilibrated N-
glycan structures, developed by Dr Elisa Fadda group, onto targeted PDB files. The MD-
equilibrated N-glycan PDB files exclusively contain the structure of an N-glycan, which is
then grafted onto a target glycoprotein.

The algorithm as input requires: a donor PDB file containing target glycan coordinates,
receiver amino acid numeric identifier and its associated letter chain identifier. The donor
PDB file containing a glycan for transplantation has to contain the following: O1 atom at the
reducing end of target glycan or be in close proximity of appropriate amino acid residues to
derive the potential O1 position using the glycosidic linkage, for example ND2 atom from
ASN residue acting as a substitute for O1. Once the glycan is analysed from donor PDB file,
the algorithm looks up required atoms for transplantation procedure, for example for N-
glycosidic linkage with ASN residue: ND2, CB, CG from ASN and C1, O1, O5 from the first
sugar of glycan to be transplanted. Once the required atom positions are located a
translation matrix is calculated to translate the entire donor glycan in proximity of the
glycosylation site by overlaying the O1 atom of the first sugar with the ND2 atom of ASN
residue, using the RT-operator?!®. At this point, the grafted glycan is likely to contain a
significant number of clashes/atomic overlaps with protein backbone. Initially the algorithm
rotates the translated glycan structure to have the following torsion angles for resulting N-
glycosidic linkage: -97.5 phi and 178 psi. If any clashes are detected, the algorithm attempts
to carry out further rotation of the entire grafted glycan structure around resulting glycosidic
linkage with the aim to find the best combination of Phi and Psi torsion angles that result in
the least amount or no clashes between the glycan and protein backbone. The degree of
rotation in current implementation is limited to +25° for both phi and psi torsion angles. After
the most optimal torsional angle combination is found for a glycosidic linkage, the resulting

glycoprotein structure is written to file on disk.

4.3.2 Curation of site-specific glycoprotein data from UniProt and
GlyConnect

The UniProt database contains a comprehensive list of proteins at various levels of
annotation quality. Some UniProt entries contain information about glycosylation as post-

translational modification with varying levels of detail. In order to obtain protein identifiers
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associated with N-glycosylation, the following query
“uniprot.org/uniprotkb?query=(ft_carbohyd:asparagine)” was used to obtain UniProt
identifiers from the UniProtKB web service. Additional UniProt identifiers associated with N-
glycosylation were extracted using GlyConnect’s Resource Description Framework (RDF)
API endpoint, specifically “protein_ref_isoform.rq” sample file'>2!1, Upon curation of target
UniProt identifiers, every UniProt ID was queried through GlyConnect SPARQL API endpoint
to retrieve relevant information about N-glycosylation sites within the protein, particularly
associated N-glycan structure used to determine N-glycan type and amino acid residue.
There were multiple instances, where a UniProt identifier query through GlyConnect
SPARQL API would fail to return information about N-glycan structure, but GlyConnect
would still have information about a particular N-glycosylation site expressed as composition
of monosaccharides that make up the N-glycan structure. Therefore, for such cases,
retrieved composition of monosaccharides was additionally queried through the API to
determine N-glycan type. Specifically for processed N-glycan representatives, an additional
API guery to GlyConnect was made to determine the degree of processing for a processed
N-glycan representative, i.e., whether it was biantennary, triantennary, tetra-antennary or
over-tetra-antennary. Finally, the retrieved list of UniPort identifiers and their associated
‘common names” were cross-referenced with UniProt identifiers obtained from the analysis
in Chapter 3 of the thesis. UniProt identifiers and their associated “common names” that
were used in Chapter 3 were eliminated from the dataset used in this chapter to gain access

into context that was not investigated with the data obtained from wwPDB.

4.3.3 Grafting experiments

Every glycosylation site representative in the dataset underwent associated N-glycan
grafting. A particular N-glycosylation site representative could undergo multiple attempts at
N-glycan grafting by varying different cluster representatives of donor N-glycans. Cluster
representatives were sorted by population size, derived from the studies of N-glycan 3D
architecture in response to the FcyRIlla glycoprotein structural landscape, with cluster 1
label representing the most populous conformational representative?®. If no cluster
representative was found to produce an N-glycan graft without any clashes or atomic
overlaps, then the glycosylation site would be removed from the particular dataset for further

consideration.

4.3.3.1 Associated N-glycan type grafting on predicted AlphaFold structures at scale

This experiment is a direct equivalent of the N-glycosylation terminal neighbourhood vicinity

analysis presented in Chapter 3 of the thesis but applied to glycoprotein structures obtained
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from AlphaFold predictions in combination with N-glycan grafting procedure. The retrieved
list of UniProt identifiers with their associated N-glycan compositions at particular
glycosylation sites were cross-checked with available N-glycan structures from MD-
equilibrated library. If a specific N-glycan composition was not available, then for High-
Mannose N-glycan representatives, Man9 structure was grafted by default and a biantennary
non fucosylated complex N-glycan (a2g2) was used for processed N-glycan representatives.
Typically, every N-glycan structure in the MD library would be represented by at least 5
conformational representatives that were obtained through MD clustering sampling. If no
cluster representative from MD-equilibrated N-glycan library successfully produced a grafted
glycoprotein structure without any clashes, then the representative was eliminated from
further consideration. The computation of amino acid neighbours in the vicinity of terminal
sugars of the grafted N-glycan were computed using an identical approach, described in

detail in Chapter 3.

4.3.3.2 Man9 grafting on predicted AlphaFold structures at scale

Another experiment grafts a universal Man9 N-glycan structure on all glycosylation site
representatives and compares the difference in amino acid profile between two different
outcomes of N-glycan processing. The Man9 representative was chosen, as all final N-
glycan products contained a Man9 N-glycan representative at some point in the processing
pathway. Seven cluster representatives of a Man9 structure were available. If no cluster
representative successfully produced a grafted structure without any clashes, then the
representative was eliminated from further consideration. The computation of amino acid
neighbours in the vicinity of terminal sugars of the grafted N-glycan were computed using an

identical approach, described in detail in Chapter 3 of the thesis.

4.3.3.3 Biantennary (a2g2) versus Tri- and Tetrantennary (a3g3) processed N-glycan

grafting on predicted AlphaFold structures at scale

The final experiment investigates differences in amino acid neighbour profiles, when
considering the processing of more processed N-glycans. For processed N-glycans that
were processed beyond the biantennary state towards more antennas, the triantennary
complex N-glycan representative was chosen (a3g3), with less processed state being
represented by a biantennary complex N-glycan (a2g2). Five cluster representatives were
available for triantennary structures, while six cluster representatives were available for

biantennary structures. If no cluster representative successfully produced a grafted structure
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without any clashes, then the glycosylation site representative was eliminated from further
consideration. The computation of amino acid neighbours in the vicinity of terminal sugars of
the grafted N-glycan were computed using an identical approach, described in detail in
Chapter 3 of the thesis.

4.4 Results

4.4.1 Preliminary investigation of post-predictional modifications in

models predicted by AlphaFold

Most of the content in this section is taken word for word from an already published and
peer-reviewed article in “Nature Structural & Molecular Biology” under the title of “The case
for post-predictional modifications in the AlphaFold Protein Structure Database” by
Bagdonas, Fogarty, Fadda and Agirre?'?,

4.4.1.1 Published article: The case for post-predictional modifications in the

AlphaFold Protein Structure Database

AlphaFold2 has arrived to change workflows in structural biology, for good. However, the
algorithm does not account for essential modifications that affect protein structure and
function, giving us only part of the picture. Here we discuss how this omission can be
addressed in a relatively straightforward manner, leading to a complete structural prediction

of complex biomolecular systems.

The recent release of the AlphaFold Protein Structure Database?®*® by DeepMind and EMBL-
EBI marks a breakthrough in structural biology, making available to the scientific community
worldwide, highly accurate structural predictions for 20,000 human proteins and from 20
other biologically relevant organisms, including E. coli. Like many scientists working on
macromolecular structure, we are genuinely excited about this development, yet we feel that
there is a non-negligible potential for misinterpretation of its content in its current form. In
particular, the protein-only predictions in the AlphaFold database means that cofactors and,
most importantly, co- and post-translational modifications, are understandably — due to the
scope of the technique — excluded. Among the most relevant co- and post-translational

modifications is protein glycosylation — relevant and very visible, as recent studies of the
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dynamics of a fully glycosylated SARS-CoV-2 spike illustrate®®2!4, Indeed, between 50%
and 70% of those 20,000 predicted human proteins are believed to be glycosylated!?, but
none of this is yet visibly highlighted on the database. Detailed information on the likelihood
of modifications is readily available through their links to Uniprot (https://www.uniprot.org),
and thus we strongly encourage the users of this fantastic new resource to check the

information available on Uniprot before downloading a model.

Within this framework, we believe that the absence of cofactors and of co-/post-translational
modifications in the models in the AlphaFold Protein Structure Database might be
remediated through the use of sequence and structure-based comparative studies. Indeed,
in the specific case of glycosylation, the algorithms implemented by DeepMind have
digested inter-residue distances from the Protein Data Bank?!®, where glycosylated proteins
often exhibit either full or partial glycan structures; therefore, the space where unmodeled
modifications, such as protein glycosylation, should be somehow preserved in AlphaFold
models, allowing for these structural features to be directly grafted onto a model. To
demonstrate the potential of this approach, we have developed proof-of-concept functionality
that grafts protein glycosylation from a library of structurally equilibrated glycan blocks,
obtained from molecular dynamics (MD)?, into an AlphaFold model. This task has been
automated and integrated into the new Python interface of the carbohydrate-specific
Privateer software®* and is available to all on its GitHub repository
(https://github.com/glycojones/privateer.git). Figure 4.1 shows AlphaFold model P29016
(depicted in magenta) of a human T-cell surface glycoprotein Cd1b, superposed onto the
protein’s crystal structure PDB 5WL1. The latter was expressed in an insect cell line and
shows a characteristic double core-fucosylation of the N-glycans, which were omitted in
Figure 4.1 for clarity. The N-glycan our tool grafted onto the AlphaFold model is not just
compatible with the available space, but shows a high complementarity to the protein
surface, where the Man6 core is involved with Trp 23 in a CH-TT interaction'®®, as seen in the

crystal structure.
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Figure 4.1: Panel a) Structural alignment of the crystal structure of human CD1b in complex
with phosphatidylglycerol (PDB 5WL1), shown in cyan, onto the model predicted by
AlphaFold (accession code P29016), shown in magenta. The N-glycosylation at position N38
was reconstructed with Privateer?*, where the linked Man6 structure was selected from a
library of highly populated conformers at equilibrium, obtained from molecular dynamics
simulations at 300 K. Panel b) Close-up view of the grafted Man6, with the structure
rotated around the z-axis by 180°, represented in sticks with colouring compliant to the
SNFG scheme. The relative positions of the Trp 23 sidechain stacking the Man6 core is
highlighted in sticks in both the crystal structure (cyan) and in the AlphaFold model
(magenta).

We would like to emphasise that this approach may be also useful to complete the
AlphaFold models in the database with other types of modifications. For example, the
AlphaFold model P6887, a Haemoglobin subunit beta, contains a heme binding site with just
enough space for a heme cofactor. Certain structure completions will only be feasible via
automated comparative analyses against available structural information — e.g. co-
translational modifications such as myristoylation?!¢, or O-GlcNAcylation?” — while others
such as N-glycosylation or tryptophan mannosylation, which rely on consensus sequences,
will be more amenable to prediction. As comparative studies would have to rely on
experimental structural information, positional uncertainty (e.g. a pLDDT-like score®') may be
estimated by comparing the placed coordinates to a superposition of the available structural
information. However, in the particular case of protein glycosylation, we see more of a

compositional problem; indeed, the biggest challenge would be to get a good estimation of
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what glycoform is linked to each sequon. Experimental structures offer only partial
information due to limiting factors such as mobility and micro-heterogeneity*'°, so other
sources of knowledge (e.g. glycomics, molecular dynamics simulations) ought to be used,
especially when attempting to model full-length glycans, which is something we are sure the
glycobiology community will appreciate. We are expanding the Privateer software to address

these cases, by harnessing the rich information available in glycomics databases?.

To conclude, we think that these early results are highly encouraging to serve as a rallying
point for the developers’ community to complete and enrich the predicted protein models
with likely modifications, to bring them to their fullest potential and correctly inform the next

generation of structural biology studies.

4.4.2 Grafting experiments to investigate N-glycan processing

This section expands upon the foundational work introduced in the previous section,
concentrating on the analysis of N-glycan processing through grafting experiments. To
explore glycoprotein structures not included in the dataset from Chapter 3, a combination of
AlphaFold predictions and glycoproteomic data from the GlyConnect database were utilized.
This approach allowed for detailed analysis of the terminal neighbourhoods of grafted N-
glycans. Re-modelling of structures predicted by AlphaFold, enables the capture of potential
snapshots of amino acid neighbourhood contexts in the vicinity of terminal sugars, which
could potentially inform the dynamics of N-glycan processing, as demonstrated in Figure 4.2.
Most crucially, the analysis provided in this chapter enables the comparison of findings
discovered in Chapter 3 of the thesis, in principle by validating whether the findings based on
analysis of glycoprotein models deposited to wwPDB could be replicated by alternative
methodology.
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Figure 4.2: Visualisation of Man9 N-glycan grafting attempt at ASN139 of P16870 predicted
by AlphaFold. Protein backbone depicted in ribbon representation, with the colour scheme
portraying pLDDT score (residues coloured in white represent high confidence). Six cluster
representatives of Man9 N-glycan were grafted that produced clashes with protein backbone
(coloured in transparent colours), with the seventh and only cluster representative producing
a graft that did not produce any clashes (coloured in non-transparent colours, according to
the SNFG colour scheme for individual monosaccharides, i.e., blue - GIcNAc sugar, green -

Man sugar)

The data curation and association procedure yielded 1,174 representative N-glycosylation
sites in 896 unique proteins, based on UniProt identifier and name label. After cross-
reference with glycoproteins analysed in Chapter 3 of the thesis, 1,129 representative N-
glycosylation sites from 865 unigue proteins remained that were not analysed in the previous

analysis.

4.4.2.1 Associated N-glycan structure grafting on predicted AlphaFold structures at

scale

The initial experiment of associated N-glycan type grafting on predicted AlphaFold structures
at scale attempted to replicate the analysis of Chapter 3, with the difference being that it
would represent unseen glycoprotein structures. The grafting procedure resulted in
successfully producing 643 unique glycoproteins containing grafted N-glycans without any
instances of atomic overlaps/clashes between grafted N-glycan and protein backbone.
Unfortunately, 486 instances out of 1,129 total extracted representatives from GlyConnect
and UniProt, failed to produce a usable structure for neighbourhood vicinity analysis due to
containing at least one instance of atomic overlap/clashing between grafted N-glycan
structure and any atom from any amino acid residue in the protein backbone. Upon further
analysis, 180 out 643 successful grafting events produced glycoprotein structures containing
grafted N-glycans that had no amino acid neighbourhoods in the vicinity of terminal sugars,
therefore being removed from further consideration. Therefore, the terminal sugar
neighbourhood analysis considered 463 N-glycosylation site representatives, composed of
397 unique glycoproteins, which had at least a single amino acid neighbour at the N-glycan
termini. The total 463 N-glycosylation site representatives were composed of 315 high-
mannose N-glycan representatives, 126 representatives of complex biantennary N-
glycosylations and 22 complex triantennary N-glycosylations. The terminal neighbourhood

vicinity analysis for associated N-glycan type grafting on predicted AlphaFold structures at
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scale are represented by the amino acid type enrichment ratios over varying distance radius
thresholds, depicted in Figure 4.3.
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Figure 4.3: Amino acid type enrichment ratios over a variety of distance radius threshold
cutoffs in vicinity of terminal sugars of associated N-glycan type grafts on predicted
AlphaFold structures at scale. A) 5 A radius threshold, B) 7 A radius threshold, C) 9 A radius
threshold. The labels above bars represent the exact values that were used to calculate
enrichment ratio for individual Amino Acid types in the dataset. Values in the bracket on the
numerator represent the number of Amino Acid type detections out of total neighbouring

amino acids detected.

The enrichment analysis of neighbouring amino acids at the terminal sugars of associated N-
glycan type grafts on predicted AlphaFold structures at scale appears to contain a number of
discriminatory features between different types of N-glycans. Positive amino acids,
characterised by their basic nature, are enriched and preferred as immediate neighbours of
high-mannose termini, nevertheless the relationship is diminished as search radius is
increased with eventual enrichment for both types of N-glycans. Negative amino acids,
characterised by their acidic nature, display no discriminatory signal, as the enrichment is
consistent for both types of N-glycan products across all different search criteria. Polar
uncharged amino acids present a tendency to be preferred by processed N-glycan termini as
immediate neighbours, although the trend is diminished as search radius distance criteria is
increased through enrichment for both types of N-glycan products. Aromatic amino acids
demonstrate an obvious discriminatory relationship, as high-mannose N-glycan termini
display preference and enrichment throughout multiple search radius distances.

Hydrophobic amino acids demonstrate slight preference by processed N-glycan termini in
the immediate vicinity, although the discriminatory relationship is diminished as search
radius distance is increased. The most notable findings of the enrichment analysis are

summarised in Table 4.1.
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Table 4.1: A summary of the most significant amino acid type preference relationships near
N-glycan Termini for grafted N-glycans with their associated structures. Label designation -
N+: High-mannose N-glycan positive enrichment, N-: High-mannose N-glycan negative
enrichment, P+: Processed N-glycan positive enrichment, P-: Processed N-glycan negative
enrichment. The colouring on the amino acid labels corresponds to a direct mapping

described in Figure 4.3.

Ami . 5 A radius threshold 7 A radius threshold 9 A radius threshold
mino acid type

N+, P- N+, P+ N+, P+
Negative N+, P+ N+, P+ N+, P+
Polar uncharged N-, P+ N-, P+ N+, P-
Aromatic N+, P- N+, P-, N-, P-
N-, P+ N-, P- N-, P-

The results obtained from this experiment can also be cross-referenced with results obtained
in Chapter 3. The pattern in terms of Sulphuric, Featureless and Hydrophobic amino acids
being consistently unenriched between the two types of N-glycans agrees with analysis
results based on data obtained from wwPDB. Although, the neighbourhood data from
wwPDB suggests that there is a degree of discrimination between the two types of N-
glycans when considering closest neighbours, the pattern for the aforementioned amino acid
types could not be replicated in this experiment. Disappointingly, an identical pattern could
neither be replicated for Positive, Negative and Polar amino acid types when compared to
results in Chapter 3. The results in the previous chapter suggested that there was a degree
of discrimination in terms of Positive and Negative amino acid neighbour types being
preferred by more processed N-glycans. Unfortunately, the results from this experiment
suggest that Positive and Negative amino acid neighbours are preferred by high-mannose
N-glycans as immediate neighbours instead, with the preference relationship being
eliminated at higher distance threshold. Nevertheless, the two experiments are indeed in
agreement in terms of enrichment of these specific amino acid types as neighbours of
grafted N-glycans at the terminal ends. Most crucially, the results from Chapter 3
demonstrated a clear discriminatory relationship between the two N-glycan types in terms of
Polar uncharged amino acid type neighbours being preferred by high-mannose N-glycans,
however, this association was not successfully reproduced in this experiment, with both
types of N-glycans demonstrating near similar preference and enrichment patterns.

Nevertheless, the grafting experiment was able to maintain a similar discriminatory
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relationship of Aromatic amino acids neighbours being located in the vicinity of high-
mannose N-glycans.

4.4.2.2 Man9 grafting on predicted AlphaFold structures at scale

Upon the analysis of grafted N-glycans by their associated structures, it was noted that most
of the grafted N-glycan structures were defaults, due to unavailable N-glycan structure in the
MD-equilibrated N-glycan library. Moreover, the results obtained in Chapter 3 relied on N-
glycan structures that were shorter in terms of oligosaccharide length, especially in high-
mannose N-glycan representatives. This is an important consideration, as the output from
the vicinity scans relies on the positioning of the probe point that is directly dependent on the
length of an oligosaccharide. Therefore, to improve consistency in terms of probe
positioning, the second experiment of associated N-glycan type grafting on predicted
AlphaFold structures relied on grafting universal N-glycan structure (Man9) on all
representatives and using it as a basis to compute neighbourhood profile. Man9 was
chosen, as this specific N-glycan structure is the predecessor to all N-glycan products.
Arguably, the design of this experiment is superior in terms of having a uniform N-glycan
representative, enabling the placement of probe points to be relatively consistent in 3D
space between different glycosylation site representatives. After selecting for structures that
had successfully produced a graft without any clashes and more than one amino acid
neighbours in the vicinity of terminal sugars, 452 representatives were successfully
produced. The terminal neighbourhood analysis for associated N-glycan type determined by
the profile generated by the grafted Man9 N-glycan on predicted AlphaFold structures is first
represented by the individual amino acid enrichment ratios over varying distance radius

thresholds, depicted in Figure 4.4.
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Figure 4.4: Amino acid enrichment ratios over a variety of distance radius threshold cutoffs in
vicinity of terminal sugars of Man9 N-glycan grafts on predicted AlphaFold structures at
scale. A) 5 A radius threshold, B) 7 A radius threshold, C) 9 A radius threshold. The labels
above bars represent the enrichment ratio in the dataset for individual amino acids.

Upon the grafting of a universal Man9 N-glycan, certain amino acids demonstrate distinct
tendencies in proximity to N-glycan termini. A small number of Cysteine instances are found
adjacent to processed N-glycan termini, although enrichment threshold is never exceeded at
multiple search distance criterion. Even though many more Glycine neighbour instances are
detected in the vicinity of both processed and high-mannose N-glycans, likewise the
enrichment threshold is not exceeded across multiple search distance criteria. Histidines
appear to demonstrate discrimination between N-glycan types in the immediate vicinity, with
enrichment for high-mannose N-glycans, although the trend is diminished as search radius
distance criteria is increased. Lysines exhibit preference together with enrichment for
processed N-glycans in the immediate vicinity with diminishing trend as search radius
distance is increased. Arginines, Glutamates and Aspartates appear to display a similar
relationship, in that there is a similar degree of enrichment for both types of N-glycans
without apparent discrimination across multiple search distance thresholds. Serines
demonstrate a stark preference by high-mannose N-glycans in the immediate vicinity
through an enrichment that gets diminished as the search distance radius threshold is
increased. Likewise, some degree of preference for Threonines and Glutamines is
demonstrated by high-mannose N-glycans in the immediate vicinity, although these amino
acids are not enriched. The discrimination is diminished as the search radius distance
threshold is increased, eventually demonstrating an insignificant degree of enrichment for
both types of N-glycans. On the other hand, Asparagines demonstrate preference for
processed N-glycans in the immediate vicinity, which gets diminished as the search radius
distance threshold is increased. Phenylalanines demonstrate a small degree of preference
for high-mannose N-glycans in the immediate vicinity, although enrichment is never
exceeded as the search radius distance threshold is increased. Tryptophans demonstrate
the starkest preference for high-mannose N-glycans consistently across multiple search
distance criteria, although likewise the enrichment threshold is not exceeded across any of
the search distance criteria. Tyrosines, on the other hand, demonstrate consistent
enrichment for both types of N-glycans, with a small degree of preference for high-mannose
N-glycans. Finally, hydrophobic amino acids, apart from Proline, demonstrate a similar
pattern of lack of enrichment without a notable discriminatory relationship. Prolines, on the
other hand, appear to demonstrate a notable preference for high-mannose N-glycans that

are slightly enriched, although the relationship is diminished as the search radius distance
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threshold is increased. The most notable findings of the enrichment analysis are
summarised in Table 4.2.

Table 4.2: A summary of the most significant amino acid preference relationship near N-
glycan Termini. Label designation - N+: High-mannose N-glycan positive enrichment, N-:
High-mannose N-glycan negative enrichment, P+: Processed N-glycan positive enrichment,
P-: Processed N-glycan negative enrichment. The colouring on the amino acid labels

corresponds to a direct mapping described in Figure 4.3.

5 A radius threshold 7 A radius threshold 9 A radius threshold

Amino acid
N+, P- N+, P+ N+, P+
N+, P+ N+, P+ N+, P+
Serine N+, P- N+, P+ N+, P+
Tryptophan N-, P- N-, P- N-, P-
Tyrosine N+, P+ N+, P+ N+, P-
N+, P- N+, P- N+, P-

Analysis focusing on detected individual amino acids within the vicinity of grafted Man9 N-
glycans has demonstrated to be challenging due to lack of obvious discriminatory
relationships. The analysis has especially proven difficult due to instances of single or low
number observations of specific amino acids within immediate vicinity search area distance
threshold, therefore not allowing to draw strong conclusions. Therefore, following the
analysis of individual amino acid neighbours of terminal sugars within modelled N-glycans,
an attempt was made to group 20 amino acids by redundant chemical features to simplify
interpretation. The output of the analysis of terminal amino acid neighbours grouped by

redundant chemical features is shown in Figure 4.5.
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Figure 4.5: Amino acid type enrichment ratios over a variety of distance radius threshold
cutoffs in vicinity of terminal sugars of Man9 N-glycan grafts on predicted AlphaFold
structures at scale. A) 5 A radius threshold, B) 7 A radius threshold, C) 9 A radius threshold.
The labels above bars represent the exact values that were used to calculate enrichment
ratio for individual Amino Acid types in the dataset. Values in the bracket on the numerator
represent the number of Amino Acid type detections out of total neighbouring amino acids
detected.

The enrichment analysis of neighbouring amino acids at the terminal sugars of Man9 N-
glycan grafts on predicted AlphaFold structures at scale appears to contain two
discriminatory observations, concerning Polar uncharged and Aromatic amino acids. When a
Man9 N-glycan is grafted, polar uncharged amino acids present a tendency to be preferred
by high-mannose N-glycan termini as immediate neighbours, although the trend is
diminished as search radius distance criteria is increased through enrichment for both types
of N-glycan products. Aromatic amino acids demonstrate an obvious discriminatory
relationship via preference for high-mannose N-glycan termini with consistent enrichment
throughout multiple search radius distances. The most notable findings in terms of
discriminatory relationships of the enrichment analysis are summarised in Table 4.3.

Table 4.3: A summary of the most significant amino acid type preference relationships near
N-glycan Termini for grafted N-glycans with their associated structures. Label designation -
N+: High-mannose N-glycan positive enrichment, N-: High-mannose N-glycan negative
enrichment, P+: Processed N-glycan positive enrichment, P-: Processed N-glycan negative
enrichment. The colouring on the amino acid labels corresponds to a direct mapping

described in Figure 4.3.

. . 5 A radius threshold 7 A radius threshold 9 A radius threshold
Amino acid type

Polar uncharged N-, P+ N-, P+ N+, P-
Aromatic N+, P- N+, P-, N-, P-

Grafting a universal Man9 N-glycan structure appears to reproduce a more similar pattern to
the results observed in Chapter 3. The pattern in terms of Sulphuric, Featureless and
Hydrophobic amino acids being consistently unenriched between the two types of N-glycans
is in agreement with analysis results based on data obtained from wwPDB. When Positive
and Negative amino acids are considered, the enrichment patterns could also be replicated,

although without obvious discriminatory relationship patterns, in terms of N-glycan type
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preference for specific amino acid groups as observed in Chapter 3. Nevertheless, when
Polar uncharged amino acids are considered, the pattern of discrimination between different
N-glycan types could somewhat be replicated at lowest radius threshold distances, with the
relationship being lost at higher radius threshold distances. Most significantly, the Man9
grafting experiment was able to maintain a similar discriminatory relationship of Aromatic

amino acids neighbours being located in the vicinity of high-mannose N-glycans.

4.4.2.3 Biantennary (a2g2) versus Tri- and Tetrantennary (a3g3) processed N-glycan

grafting on predicted AlphaFold structures at scale

The final experiment analysed the degree of N-glycan processing within the representatives
containing processed N-glycans. After selecting for structures that had successfully
produced a graft without any clashes and more than one amino acid neighbours in the
vicinity of terminal sugars, 148 representatives were successfully produced. The terminal
neighbourhood analysis for processed N-glycans was determined by either grafting
biantennary non-fucosylated complex (a2g2) N-glycan for representatives that contained the
least drastic degree of processing or triantennary non-fucosylated complex (a3g3) N-glycan
for representatives that contained the more drastic degree of processing (triantennary, tetra-
antennary) complex N-glycan. Therefore, 148 processed representatives were composed of
126 biantennary (a2g2) and 22 triantennary (a3g3) triantennary representatives. Finally, the
analysis is summarised by the amino acid type enrichment ratios over varying distance

radius thresholds, depicted in Figure 4.6.
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Figure 4.6: Amino acid type enrichment ratios over a variety of distance radius threshold
cutoffs in vicinity of terminal sugars of processed N-glycan grafts on predicted AlphaFold
structures at scale. A) 5 A radius threshold, B) 7 A radius threshold, C) 9 A radius threshold.
The labels above bars represent the exact values that were used to calculate enrichment
ratio for individual Amino Acid types in the dataset. Values in the bracket on the numerator
represent the number of Amino Acid type detections out of total neighbouring amino acids
detected.

The enrichment analysis of neighbouring amino acids at the terminal sugars of associated
processed N-glycan grafts on predicted AlphaFold structures at scale appears to suggest a
few notable discriminatory relationships. Amino acids with basic characteristics, termed as
positive amino acids, reveal a tendency to be preferred by the more processed N-glycans,
especially as immediate neighbours when a triantennary complex N-glycan is grafted. As the
search radius distance is increased, both biantennary and triantennary complex N-glycans
show enrichment. Negative amino acids, known for their acidic nature, are preferred and
enriched near the terminal sugars of less processed complex N-glycans. Similarly, polar
uncharged and aromatic amino acids display a similar relationship, being preferred and
enriched close to the terminal sugars of the less processed complex N-glycans. Notably, as
the search radius distance grows, both types of complex N-glycans, biantennary and
triantennary, consistently demonstrate enrichment. Lastly, hydrophobic amino acids seem to
have an affinity for the terminal sugars of more processed N-glycans, although this
association dwindles as the radius distance threshold increases. The most notable findings

of the enrichment analysis are summarised in Table 4.4.

Table 4.4: A summary of the most significant amino acid type preference relationships near
processed N-glycan Termini for grafted N-glycans. Label designation - N+: Less processed
N-glycan (a2g2) positive enrichment, N-: Less processed N-glycan (a2g2) negative
enrichment, P+: More processed N-glycan (a3g3) positive enrichment, P-: More processed
N-glycan (a3g3) negative enrichment. The colouring on the amino acid labels corresponds to

a direct mapping described in Figure 4.3.

: . 5 A radius threshold 7 A radius threshold 9 A radius threshold
Amino acid type

N-, P+ N+, P+ N+, P+
Negative N-, P+ N+, P+ N+, P+
Polar uncharged N-, P+ N-, P+ N-, P+
Aromatic N-, P- N-, P-, N-, P-
N-, P+ N-, P- N-, P-
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In summary, the results of the three experiments demonstrate that the observations made in
the Chapter 3 could partially be replicated through in-silico N-glycan grafting on protein
structures predicted by AlphaFold. Therefore, it can be concluded that there may indeed
discriminatory features in terms of neighbouring amino acid identities and chemical
characteristics of amino acids that might have an impact on N-glycosylation processing

machinery.

4.5 Discussion & Conclusion

In this chapter, glycoprotein representations were generated by grafting MD-equilibrated N-
glycan structures onto AlphaFold predictions. The initial prototype versions of the grafting
algorithm were successful at demonstrating that AlphaFold prediction outputs are capable of
taking into the account amino acid rotamer configurations that would support trivial
transplantation of N-glycans from donor template models. Building upon the initial success of
the prototype, an attempt was made to expand the dataset of glycoprotein representatives
as the analysis in Chapter 3 reveals severe under-representation of deposited glycoprotein
structures containing N-glycans extending beyond the MansGIcNAc; core in wwPDB. The
expansion efforts of accessing unseen non-redundant glycoprotein representatives were
proven to be mostly successful through the grafting approach. Unfortunately, there was a
notable minority of glycoprotein structures generated through the grafting algorithm that were
rendered unusable due to resulting clashes. Nevertheless, all of the computational grafting
experiments demonstrate that the extent of N-glycan processing is largely driven by the
enrichment ratio of the aromatic amino acids in the vicinity of terminal sugars of grafted N-
glycans. This result is in significant agreement with the analysis presented in Chapter 3 of
the thesis. The grafting experiments were also successful at replicating the pattern in terms
of polar uncharged amino acids being associated with less-processed N-glycans, as
demonstrated in Man9 grafting and a2g2 versus a3g3 experiments, most notably in the
immediate vicinity of terminal sugars. Finally, the investigation into further levels of
processing, i.e., a2g2 versus a3g3 experiments, appear to indicate notable levels of
discrimination in terms of positive and negative amino acid types. The results suggest that
positive amino acids are promoting further processing of complex N-glycans, unlike negative
amino acids, at least when immediate vicinities are considered. Moreover, the occurrence of
polar uncharged and aromatic amino acids being associated with the degree of processing is
also notable in this experiment. Therefore, based on these results, a postulation can be

considered that the degree of N-glycan processing is dependent on the predominant amino
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acid environment surrounding the glycosylation site. Further studies, especially in vivo, are
desired to validate this hypothesis and understand the mechanistic insights driving these

observations.

Although the representative glycoproteins containing N-glycans were tripled thanks to the
grafting algorithm in comparison to glycoprotein representatives extracted from wwPDB, the
methodology does somewhat demonstrate lack of glycoproteomic data being publicly
available. Ideally, the glycoproteomic data would be easily accessible through UniProt entry
annotations or at least GlyConnect containing more specific N-glycan associations with
specific glycosylation sites on specific glycoproteins. Unfortunately the methodology
employed in this chapter to retrieve data had to rely on optimising data extraction by
associating compositions of monosaccharide units with specific N-glycan types. Therefore, it
is unclear whether the chosen representative N-glycans truly reflect the actual glycoprotein
products that emerge from the synthesis pathway. Nevertheless, this nuance may be of
minimal consequence as the grafted N-glycans served predominantly as spatial probe points
within a three-dimensional Cartesian space, with the biosynthetic outcomes being abstracted
to specific N-glycan types.

Some of the extracted representatives from relevant databases were lost due to failure to
produce grafted structures without any clashes, even after exhausting multiple N-glycan
conformational representatives. Therefore, this issue demonstrates the need for
improvements in future versions of the grafting algorithm. After multiple rounds of qualitative
analysis, it is apparent that the grafting algorithm implementation in Privateer could be
improved by engineering a solution that would manipulate multiple torsion angles between
sugar-sugar linkages, rather than being limited to manipulating N-glycosidic linkage between
ASN residue and the first sugar of the N-glycan. However, further engineering of the grafting
algorithm implementation could lead to losing the essence of using MD-equilibrated for gains
in computational speeds that enable it to carry out grafting at scale. Nevertheless, the
experiments could be considered a success in demonstrating that crude grafting of N-glycan
templates enables significant expansion of representatives to investigate N-glycan
processing. In essence, the results presented in this chapter allude towards the idea that N-
glycan modelling on glycoprotein structures could be achieved without having to rely on
experimental density maps and that potential remediation of N-glycan containing
glycoproteins in PDB could rely upon this approach, especially when taking into the account

the success of AlphaFill*4,
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While the results appear to be appealing, it is important to remember that structures

obtained from AlphaFold, despite their groundbreaking capabilities, generate predictions
rather than empirically-resolved structures. AlphaFold's predictions, though often of high
accuracy, are algorithmically inferred from available data?°¢2'8, Therefore, yet again, the

importance of additional in vivo experiments to this research cannot be understated.

Finally, the engineering solutions that were developed as part of this thesis to graft N-glycan
structures onto glycoproteins and compute neighbouring amino acids given specific probe
points, could be re-used in other approaches such as machine learning engineering to train
models that could predict N-glycan types based on the profiles of neighbouring amino acids

that surround the N-glycosylation site.
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Conclusions and Future Work

The initial aim of this PhD was to investigate ways of harnessing existing structural and
glycomics data towards the development of a method that is able to predict what N-glycans
to model given an input protein structure. The feasibility of such implementation was
supported by glycoproteomics projects able to provide necessary data to elucidate at which
specific amino acid residue an N-glycan attaches in protein sequence and what the
composition of the attached N-glycan is. Unfortunately, at the time the project was
formulated, the public databases used to deposit and store data from various
glycoproteomics projects were independent to the extent that there were significant
challenges involved in cross-referencing data between multiple sources, particularly due to
different notations used to describe N-glycan compositions. Therefore, the initial stage of this
PhD was to develop a software solution that would enable inter-conversion between different
notations used to describe N-glycan compositions. Coincidentally and thankfully, at a similar
time when the PhD project commenced, this initial hurdle had pretty much been taken care
of thanks to the efforts of the GlyCosmos project. The GlyCosmos project developed the
WURCS standard notation, the GlyTouCan repository and the GlycanFormatConverter to
convert WURCS notation into other notations used to describe N-glycan compositions. All of
these developments provided the necessary infrastructure to enable Privateer to query
databases such as GlyConnect with relative ease, as demonstrated in Chapter 2 of the
thesis. Enabling Privateer to retrieve data from an offline mirror of GlyConnect (for faster
access, especially for frequent, repetitive queries) and similar databases allows users to
quickly cross-reference N-glycan composition in an input structure file with publicly-available
data describing particular N-glycosylation compositions. This is particularly useful during
iterative model building, where potentially minor adjustments in individual atom coordinates
of target N-glycans can significantly alter the chemical interpretation, which can therefore
result in inconsistencies with the known N-glycan biosynthesis pathways for specific

expression systems.

Chapter 3 was initiated as an effort to extract glycoprotein data from wwPDB to generate a
training data set for potential machine learning implementations to predict what N-glycans
should be modelled given an input structure. The extracted data from wwPDB demonstrate
that there is an insufficient amount of non-redundant glycoprotein models containing
complete N-glycan compositions that could be used to train machine learning models.
Therefore, faced with this challenge, the project pivoted towards analysing the

neighbourhood contexts of terminal sugars in terms of amino acid residues to determine

140



whether a relationship between amino acid identity and N-glycan composition could be
established. Based on a limited number of non-redundant glycosylation site representatives,
a relationship was indeed established, especially when considering in vivo experiments in
regard to aromatic amino acids promoting N-glycosylation homogeneity carried out by other
groups.

During the research, the public release of AlphaFold, following its noteworthy performance at
CASP14, garnered significant attention in the Structural Biology community?!®. The impact of
AlphaFold cannot be understated for this PhD research as well. The released predictive tool
enabled a solution to potentially overcome a severe shortage of non-redundant glycoprotein
samples in the analysis of N-glycosylation termini structural contexts. Therefore, Chapter 4
was a crude attempt to expand significantly the number of glycoprotein representatives via
the implementation of a grafting algorithm in Privateer. The implementation enables
Privateer to transplant atomic coordinates associated with a particular N-glycan from one
structure file onto an acceptor protein backbone described in another structure file by
establishing a theoretical N-glycosidic linkage between specific amino acid residues and the
first sugar of donor N-glycan. Even though numerous molecule transplantation algorithms
implementations exist, few tools specialised for glycosylation transplantation were available.
The very few tools that are concerned with transplanting N-glycans are manual to a
significant extent or have scalability concerns due to utilisation of complex biochemical
system molecular dynamic (MD) simulations. Therefore, through collaboration with Dr Elisa
Fadda group, a grafting algorithm was implemented in the Privateer software. The
development of the grafting algorithm enabled for significant expansion of non-redundant
glycoprotein representatives thanks to the utilisation of AlphaFold predictions. Coincidentally,
further development of the current grafting algorithm implementation in Privateer could be
used for N-glycan remediation in projects such as PDB-REDO without having to rely on
experimental density as more signal is unlikely to be extracted from experimental data
associated with glycan regions in deposited structures to wwPDB2, With a significantly
expanded dataset of non-redundant representatives, through a variation of different
computational experiments, the relationship between amino acid identity and N-glycan type
was further strengthened, particularly in terms of aromatic amino acids. Therefore, the
associations discovered in Chapters 3 and 4 are likely substantial enough to justify further
mutagenic in vivo experiments to determine whether N-glycosylation homogeneity could be

promoted by maodifying target amino acid residues located in the vicinity of terminal sugars.

After an arguably successful implementation to significantly expand the dataset containing

non-redundant glycoprotein models, in the long term the research could be continued in the
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machine learning direction. It is likely that with the significant expansion of non-redundant
data a machine learning model could be trained to predict N-glycan compositions given an
input structure. Nevertheless, before actual machine learning implementations are
considered, some potential areas of improvement also deserve attention. Particularly, as
demonstrated in Chapter 4, the implementation of the grafting algorithm could be improved.
There are numerous cases where the highly scalable grafting algorithm fails to produce a
good representative model due to the resulting clashes and atomic overlaps between the
grafted N-glycan and protein backbone. Additional work carried out in the group has
extracted glycosidic linkage torsional preferences between pairs of monosaccharides based
on high resolution X-ray crystallography data??°. Therefore, a potential avenue in terms of
improving the grafting algorithm implementation in Privateer could be to model N-glycan
trees on a monosaccharide-by-monosaccharide basis, rather than transplanting whole N-
glycans as different conformational representatives from MD-equilibrated libraries until a
suitable match is found that produces no atomic overlaps. After the grafting algorithm
implementation in Privateer is in a more robust state, model processing procedures could be
implemented where N-glycans are re-modelled with a high degree of confidence. Therefore,
this would most likely enable generation of non-redundant datasets in sufficient quantities to
successfully train a model with highly capable predictive features.

A potential prototype for a machine learning pipeline to predict what N-glycans to model
given an input protein structure could be implemented based on a Graph Neural Network
(GNN) architecture. Such choice of the architecture is informed by the fact that atomic
models are natural representations of a graph, where every atom is a node, and every
linkage is an edge. In addition, the algorithms used to detect neighbouring amino acids
around modelled N-glycans could also be reused to flag more relevant amino acid residues
in terms of their vicinity near a potential N-glycan. Therefore in the training pipeline, for every
representative, Privateer could be used to graft a representative N-glycan structure to assign
flags to specific amino acid residues that are likely to be involved in modulating N-glycan
processing. Then, using tools such as Graphein that can streamline conversion of structure
files into graph representations required for deep learning libraries, a graph representation
could be provided with necessary attributes of flagged relevant amino acid residues into the
network during the training process??!. At prediction stage on unseen data, to predict what N-
glycan to model given an input protein structure, a given structure file would undergo grafting
at designated glycosylation site to generate a graph representation with flagged amino acid
residues, which in turn would ideally return probabilities of what kind of N-glycan a particular
glycosylation site is most likely biased towards. It is unlikely that such an approach would be

able to provide a definite N-glycan structure prediction, therefore the prediction outputs
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should most likely be coarse-grained by predicting key N-glycosylation processing events
rather than specific structures. Therefore, the prediction pipeline is most likely to be
composed of multiple neural network models, trained to predict specific events as
summarised in Table 5.1.

Table 5.1: Summary of a potentially identical neural network architecture trained for different

tasks to obtain in-silico predictions of N-glycan processing based on an input protein

structure.
N-Glycosylation event N-glycan transplant Purpose
structure
High-mannose conversion Man9 Determine if processing
into processed N-glycans ceases at High-mannose
stage
Number of terminal GIcNAc  a2g2 or Determine the number of
additions GIcNAc2MansGIcNAC: antennae
Core fucosylation Fucosylated fragment Determine the status of core
fucosylation
Galactosylation Galactosylated complex N-  Determine the status of
glycan galactosylation
Sialylation Sialylated complex N-glycan Determine the status of

sialylation

While the analysis presented in the thesis primarily focused on the conversion of high-
mannose structures into processed N-glycans due to more data being available, the medical
and therapeutic implications of N-glycan processing extend beyond just this transition. It Is
imperative to delve deeper into the nuances of complex N-glycan modifications, especially
when considering therapeutic proteins and potential implications for immunogenicity. More
complex N-glycans, in their mature forms, may carry additional sugar moieties such as
fucose and galactose. These sugars are not merely decorative; they can have profound
effects on how the immune system perceives and interacts with the glycoprotein in question.
For example, a reduction in core fucosylation of antibodies can significantly enhance their
antibody-dependent cell-mediated cytotoxicity (ADCC) potential, a vital mechanism through

which therapeutic antibodies exert anticancer effects??2. In the example of galactosylation,
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alterations in levels of galactosylation of specific glycoproteins has been correlated with
increased inflammatory responses due to the recognition of non-galactosylated glycoforms
by specific antibodies??®. Therefore, from a therapeutic standpoint, understanding and
predicting the degree of processing within complex N-glycans is not just a matter of
academic interest. It holds the key to developing more effective and safer
biopharmaceuticals. With the surge in the development and use of therapeutic proteins,
particularly monoclonal antibodies, it is essential to have a precise knowledge of their
glycosylation status. This knowledge aids in fine-tuning their efficacy, pharmacokinetics, and
immunogenicity??*. Therefore, the uncovered clues about aromatic and polar uncharged
amino acid impact to the degree of complex N-glycan processing presented in Chapter 4,
could provide a good basis for in vivo experiments to test the emerging hypotheses for

specific glycoproteins.

An area that remains unaddressed in this thesis is N-glycan processing being highly
dependent on the configuration of cellular expression systems, in terms of environment
temperature, pH, availability of donor sugars and enzymes executing N-glycan
processing??>2%, Other areas of glycobiology research are investigating whether it is
possible to predict determinants of changes in N-glycan processing based on alterations to
cellular states directly affecting the action of N-glycan processing enzymes??”-?28, Perhaps it
is likely that efforts to address glycosylation site amino acid residue neighbour influence on
N-glycan processing, could be combined with such work to obtain a complete model and
understanding of why specific N-glycans of specific glycoproteins are processed to different
extents, thereby creating the properties of N-glycosylation microheterogeneity.

While this thesis has laid a speculative foundation and offered potentially meaningful
insights, it is but a stepping stone in the complex world of protein glycosylation. It is the hope
that the methodologies, findings, and hypotheses presented herein serve as a catalyst for

further research in the field of Structural Glycobiology.
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Supplementary Data

Supplementary Table 1.1: Representative N-Glycosylation site data used throughout Chapter 3 to produce the following Figures: Figure 3.6,

Figure 3.7, Figure 3.8, Figure 3.9.
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Supplementary Table 1.2: Representative N-Glycosylation site data of predicted protein models by AlphaFold that did not result in any clashes
between grafted N-glycan and protein backbone after the grafting procedure. Data was extracted from the UniProt and GlyConnect. The
following models (UniProt ID) were used throughout Chapter 4 to produce the following Figures: Figure 4.3, Figure 4.4, Figure 4.5, Figure 4.6.

Template exists Total terminal
Glycosylation GlyConne
UniProt ID Protein Name Species Glycan Type for GlyConnect Branching amino acid
Site ctID
ID neighbours
008795 Glucosidase 2 subunit beta Mus musculus 469 high-mannose 3115 FALSE omannose 11
Nuclear envelope integral
014524 membrane protein 1 Homo sapiens 125 high-mannose 1710 FALSE omannose 8
014657 Torsin-1B Homo sapiens 64 high-mannose 1530 FALSE omannose 7
V-type proton ATPase subunit e
015342 1 Homo sapiens 70 high-mannose 1710 FALSE omannose 1
P00742 Coagulation factor X Homo sapiens 221 complex 3233 TRUE triantennary 9
P00747 Plasminogen Homo sapiens 308 complex 3233 TRUE biantennary 11
Urokinase-type plasminogen
P00749 activator Homo sapiens 322 complex 2611 FALSE biantennary 5
Tissue-type plasminogen
P00750 activator Homo sapiens 483 complex 1017 FALSE biantennary 1
Metalloproteinase
P01033 inhibiantennarytor 1 Homo sapiens 101 complex 1391 FALSE triantennary 1
Platelet-derived growth factor
P01127 subunit B Homo sapiens 63 high-mannose 1710 FALSE omannose 3
P01190 Pro-opiomelanocortin Bos taurus 91 complex 1112 FALSE biantennary 2
Glycoprotein hormones alpha
P01215 chain Homo sapiens 76 complex 1641 FALSE biantennary 1
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Trans-Golgi network integral

membrane protein 1

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

115

139

53

396

580

100

55

215

177

44

1366

32

110

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

complex

complex

high-mannose

high-mannose

complex

high-mannose

high-mannose

high-mannose

high-mannose

1163

1530

1539

263

263

1003

1519

1523

1530

3115

1118

3115

1530

3206

3206

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

177

omannose

omannose

omannose

omannose

omannose

biantennary

triantennary

biantennary

omannose

omannose

biantennary

omannose

omannose

omannose

omannose

25

13

11



Q6PIX5

Q6x4uU4

Q6ZMG9

Q7Z4H8

Q7Z7H5

Q8BlJI1

Q8BJS4

Q8BW41

QscCiv2

Q8K2B0O

Q8R2Y2

Q917ZW2

Q92111

Q92112

Q92474

Q92765

Inactive rhomboid protein 1

Sclerostin domain-containing

protein 1

Ceramide synthase 6

Protein O-glucosyltransferase 3

Transmembrane emp24

domain-containing protein 4

Sodium-dependent neutral
amino acid transporter

SLC6A17

SUN domain-containing protein

2

Protein O-linked-mannose
beta-1,4-N-
acetylglucosaminyltransferase 2

Membralin

Endoplasmic reticulum protein

SC65

Cell surface glycoprotein

MUC18

GDP-fucose protein O-

fucosyltransferase 1

Serotransferrin

Torsin-1A-interacting protein 1

Ceramide synthase 2

Secreted frizzled-related

protein 3

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

584

47

18

61

117

186

650

276

180

58

165

513

411

19

49

high-mannose

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

high-mannose

high-mannose

high-mannose

3115

1523

1530

1710

1530

3206

3206

1530

1530

3206

3115

1530

3649

1530

1530

1163

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

178

omannose

biantennary

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

biantennary

omannose

omannose

omannose

19



Q92876 Kallikrein-6 Homo sapiens 134 complex 1523 FALSE biantennary

Q96JB6 Lysyl oxidase homolog 4 Homo sapiens 629 high-mannose 1163 FALSE omannose
Q99JY8 Phospholipid phosphatase 3 Mus musculus 171 high-mannose 3115 FALSE omannose
Q9BY76 Angiopoietin-related protein 4  Homo sapiens 177 complex 1021 FALSE biantennary
Q9D8B7 Junctional adhesion molecule C | Mus musculus 192 high-mannose 3115 FALSE omannose

Matrix remodeling-associated

Q9oDBV4 protein 8 Mus musculus 118 high-mannose 3115 FALSE omannose

Q9ER41 Torsin-1B Mus musculus 64 high-mannose | 1530 FALSE omannose

Twisted gastrulation protein

Q9GZX9 homolog 1 Homo sapiens 81 high-mannose 1530 FALSE omannose

GDP-fucose protein O-

Q9H488 fucosyltransferase 1 Homo sapiens 160 high-mannose 3115 FALSE omannose

Heparan-sulfate 6-O-

Q9QYK5 sulfotransferase 1 Mus musculus 320 high-mannose 1710 FALSE omannose
Q9wue2 Inner centromere protein Mus musculus 450 complex 1667 FALSE triantennary
Q9WVT6 Carbonic anhydrase 14 Mus musculus 213 high-mannose 3115 FALSE omannose

Trimeresurus

Q9YGP1 C-type lectin TsL stejnegeri 28 high-mannose 263 FALSE omannose
Q972E9 Seipin Mus musculus 88 high-mannose 1530 FALSE omannose
A2A690 Protein TANC2 Mus musculus 1932 complex 3649 FALSE biantennary
088668 Protein CREG1 Mus musculus 160 high-mannose 1530 FALSE omannose

Glycoprotein hormones alpha

P01218 chain Ovis aries 80 complex 1844 FALSE biantennary

P04651 Lutropin subunit beta Bos taurus 33 complex 2232 FALSE biantennary
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P13087

P26792

P26792

Q3TEW6

Q61704

Q8BYU6

Q8BYWS

Q8C7X2

Q8R1V4

Q91VF5

Q91XD7

Q96DA0

Q99MR3

Q9BU23

Miraculin

Beta-fructofuranosidase,

insoluble isoenzyme 1

Beta-fructofuranosidase,

insoluble isoenzyme 1

Myelin protein zero-like protein

1

Inter-alpha-trypsin
inhibiantennarytor heavy chain

H3

Torsin-1A-interacting protein 2

EGF domain-specific O-linked
N-acetylglucosamine

transferase

ER membrane protein complex

subunit 1

Transmembrane emp24

domain-containing protein 4

EMI domain-containing protein

1

Protein disulfide isomerase

Creldl

Zymogen granule protein 16

homolog B

Solute carrier family 12

member 9

Lipase maturation factor 2

Synsepalum

dulcificum

Daucus carota

Daucus carota

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Mus musculus

Homo sapiens

71

170

311

50

580

318

354

917

117

136

205

197

228

616

complex

complex

complex

high-mannose

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

2647

1768

1768

3115

430

3206

1530

1710

1530

3115

1530

1530

3206

1530

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

180

biantennary

biantennary

biantennary

omannose

biantennary

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

13

10



QoCY50

QO9EPK6

Q9ER38

Q9UN71

QIY5F8

Q9Y5G0

P26334

P59024

P81191

Q6F5E0

Q8BU25

Q8BXAS5

Q9CPW5

Q9U8R2

Q32M26

Q80vP8

A2BH40

Translocon-associated protein

subunit alpha

Nucleotide exchange factor SIL1

Torsin-3A

Protocadherin gamma-B4

Protocadherin gamma-B7

Protocadherin gamma-B5

Variant surface glycoprotein

MITAT 1.6

Peptidyl-prolyl cis-trans

isomerase FKBP14

Relaxin-like protein AGF

Transmembrane protein 158

Inactive serine protease PAMR1

Lipid scramblase CLPTM1L

Translocon-associated protein

subunit beta

Androgenic gland hormone
Uncharacterized protein
C11orf87 homolog
Transmembrane protein 106C

AT-rich interactive domain-

containing protein 1A

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Trypanosoma

brucei brucei

Mus musculus

Hypanus
sabiantennaryn

us

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Armadillidium

vulgare

Mus musculus

Mus musculus

Mus musculus

136

197

110

543

545

541

176

37

73

614

91

88

133

19

184

1598

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

high-mannose

high-mannose

high-mannose

high-mannose

complex

high-mannose

high-mannose

high-mannose

1530

1530

1530

1163

1163

1163

2472

1530

2646

1710

3206

1530

1530

436

3206

998

3115

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

TRUE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

181

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

biantennary

omannose

omannose

omannose

omannose

biantennary

omannose

omannose

omannose

14

13

16

20

11

14

18



A2APX8

ESPVB5

B1AZAS

B1AWJ4

A6X935

000115

BOFP48

G5E8Q8

E9Q7X7

B2RXS4

A2AlQ3

E9PXFO

095502

089026

096005

095302

088325

Sodium channel protein type 1

subunit alpha

Tetratricopeptide repeat

protein 17

Transmembrane protein 245

Transmembrane protein 8B

Inter alpha-trypsin
inhibiantennarytor, heavy chain

4

Deoxyribonuclease-2-alpha

Uroplakin-3b-like protein

Adhesion G protein-coupled

receptor F5

Neurexin-2

Plexin-B2

Probable C-

mannosyltransferase DPY19L4

Protocadherin-17

Neuronal pentraxin receptor

Roundabout homolog 1

Cleft lip and palate

transmembrane protein 1

Peptidyl-prolyl cis-trans

isomerase FKBP9

Alpha-N-acetylglucosaminidase

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Mus musculus

Homo sapiens

Homo sapiens

Mus musculus

1403

815

548

348

517

86

110

86

1236

1005

122

451

42

295

174

high-mannose

high-mannose

high-mannose

high-mannose

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

1710

3206

3115

1710

3649

1710

1710

1710

3115

998

1530

3115

3206

3115

1530

1530

1530

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

182

omannose

omannose

omannose

omannose

biantennary

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

15

11

13



088829

P00450

P00450

P00450

P02751

P02750

P02750

P02750

P02749

009118

000592

000391

000391

000391

009126

000300

P08607

P08582

PoCoL4

Lactosylceramide alpha-2,3-

sialyltransferase

Ceruloplasmin

Ceruloplasmin

Ceruloplasmin

Fibronectin

Leucine-rich alpha-2-

glycoprotein

Leucine-rich alpha-2-

glycoprotein

Leucine-rich alpha-2-

glycoprotein

Beta-2-glycoprotein 1

Netrin-1

Podocalyxin

Sulfhydryl oxidase 1

Sulfhydryl oxidase 1

Sulfhydryl oxidase 1

Semaphorin-4D

Tumor necrosis factor receptor

superfamily member 11B

C4b-biantennarynding protein

Melanotransferrin

Complement c4-a

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Homo sapiens

Mus musculus

Homo sapiens

Homo sapiens

235

138

397

762

1007

186

79

325

253

95

104

130

575

591

139

289

74

135

1328

high-mannose

complex

complex

complex

complex

complex

complex

complex

complex

high-mannose

high-mannose

complex

complex

complex

high-mannose

complex

complex

high-mannose

complex

1530

1523

1519

1519

3353

3507

3534

1519

3353

3115

1710

1519

1523

1523

3115

1519

3649

3115

1021

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

183

omannose

biantennary

triantennary

biantennary

biantennary

biantennary

triantennary

biantennary

biantennary

omannose

omannose

biantennary

biantennary

biantennary

omannose

biantennary

biantennary

omannose

biantennary

16

15

10

11

10



P08603

P08603

075197

070309

075355

075462

075054

060938

075629

060656

070472

070362

P01877

P01833

P01833

P01833

P01833

Complement factor h

Complement factor h
Low-density lipoprotein
receptor-related protein 5
Integrin beta-5
Ectonucleoside triphosphate
diphosphohydrolase 3
Cytokine receptor-like factor 1

Immunoglobulin superfamily

member 3

Keratocan

Protein CREG1

UDP-glucuronosyltransferase 1-

9

Transmembrane protein 131

Phosphatidylinositol-glycan-
specific phospholipase d

Immunoglobulin alpha

(triantennary secretory)

Polymeric immunoglobulin

receptor

Polymeric immunoglobulin

receptor

Polymeric immunoglobulin

receptor

Polymeric immunoglobulin

receptor

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

1029

1095

138

586

81

292

700

167

160

344

288

496

205

186

469

499

90

complex

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

complex

complex

complex

complex

complex

473

3041

1710

3115

2636

1710

3115

1530

1530

1530

1530

3649

2643

1523

1519

1519

3428

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

184

biantennary

triantennary

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

biantennary

biantennary

biantennary

biantennary

biantennary

biantennary

10

13

21

10



043166

060512

035409

035448

035604

043493

P12259

P12259

P12259

P12259

P12259

P11835

P11609

P11678

P11362

P10721

P11627

P10909

Signal-induced proliferation-

associated 1-like protein 1

Beta-1,4-galactosyltransferase

3

Glutamate carboxypeptidase 2

Lysosomal thioesterase PPT2

Niemann-Pick C1 protein

Trans-Golgi network integral

membrane protein 2

Coagulation factor V

Coagulation factor V

Coagulation factor V

Coagulation factor V

Coagulation factor V

Integrin beta-2
Antigen-presenting
glycoprotein CD1d1
Eosinophil peroxidase

Fibroblast growth factor

receptor 1

Mast/stem cell growth factor

receptor Kit

Neural cell adhesion molecule

L1

Clusterin

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Homo sapiens

1411

166

123

289

1063

39

1559

468

938

1221

1703

626

38

363

317

130

1073

103

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

complex

complex

complex

complex

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

1710

1163

3115

1530

1710

1519

11203

3471

11193

11244

11244

1710

3115

1530

1710

998

1530

1523

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

185

omannose

omannose

omannose

omannose

omannose

biantennary

triantennary

biantennary

triantennary

biantennary

biantennary

omannose

omannose

omannose

omannose

omannose

omannose

biantennary

11

10

13



P06909

P06731

P05555

P05546

P49961

P50897

Q60767

Q5Wo064

Q5VW38

Q61220

Q5FWI3

Q61147

Q61503

Q64687

Q64237

Q62469

Q64487

Complement factor h

Carcinoembryonic antigen-
related cell adhesion molecule

5

Integrin alpha-M

Heparin cofactor 2

Ectonucleoside triphosphate

diphosphohydrolase 1

Palmitoyl-protein thioesterase

1

Lymphocyte antigen 75

Lipase member J

Protein GPR107

Protein kinase C-
biantennarynding protein

NELL2

Transmembrane protein 2

Ceruloplasmin

5'-nucleotidase

Alpha-N-acetylneuraminide

alpha-2,8-sialyltransferase

Dopamine beta-hydroxylase

Integrin alpha-2

Receptor-type tyrosine-protein

phosphatase delta

Mus musculus

Homo sapiens

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

1061

197

1022

49

292

197

529

240

169

228

1234

138

313

244

570

472

724

complex

high-mannose

high-mannose

complex

high-mannose

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

3649

1530

3206

473

1163

1061

3115

1710

1163

3115

1530

3649

3115

3115

998

3115

1530

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

186

biantennary

omannose

omannose

biantennary

omannose

biantennary

omannose

omannose

omannose

omannose

omannose

biantennary

omannose

omannose

omannose

omannose

omannose

16

15



Q66PY1

Q61838

Q61646

Q61490

Q64449

Q61851

Q61625

Q640R3

Q61739

Q61576

Q64455

Q03137

Q03173

Q07456

P39060

P40238

P43652

Signal peptide, CUB and EGF-
like domain-containing protein

3

Pregnancy zone protein

Haptoglobiantennaryn

CD166 antigen

C-type mannose receptor 2

Fibroblast growth factor

receptor

Glutamate receptor ionotropic,

delta-2

Hepatocyte cell adhesion

molecule

Integrin alpha-6

Peptidyl-prolyl cis-trans

isomerase FKBP10

Receptor-type tyrosine-protein

phosphatase eta

Ephrin type-A receptor 4

Protein enabled homolog

Protein ambp

Collagen alpha-1(XVIIl) chain /

Endostatin

Thrombopoietin receptor

Afamin

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

756

157

256

167

1133

96

426

138

284

69

145

43

233

129

117

109

high-mannose

complex

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

high-mannose

high-mannose

complex

3115

3649

3649

3115

1530

3206

3115

3115

1530

1530

3115

3115

3115

3649

3206

8542

3471

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

187

omannose

biantennary

biantennary

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

biantennary

omannose

omannose

biantennary

12

11

10



P43652

P43251

P42892

P41234

P39038

P39087

Q14515

Q13753

Q13201

Q14624

P82349

P82347

Q00651

Q01339

Q02083

Q02809

P97449

Afamin

biantennaryotinidase

Endothelin-converting enzyme

1

ATP-biantennarynding cassette

sub-family A member 2

Cadherin-4

Glutamate receptor ionotropic,

kainate 2

Sparc-like protein 1

Laminin subunit gamma-2

Multimerin-1

Inter-alpha-trypsin
inhibiantennarytor heavy chain

h4

Beta-sarcoglycan

Delta-sarcoglycan

Integrin alpha-4

Beta-2-glycoprotein 1

N-acylethanolamine-

hydrolyzing acid amidase

Procollagen-lysine,2-

oxoglutarate 5-dioxygenase 1

Aminopeptidase N

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Mus musculus

383

150

166

1678

658

176

342

1020

517

213

108

145

162

37

197

106

complex

complex

high-mannose

high-mannose

high-mannose

high-mannose

complex

high-mannose

high-mannose

complex

high-mannose

high-mannose

high-mannose

complex

high-mannose

high-mannose

high-mannose

3471

1523

3115

1710

1530

1530

1519

3115

242

3353

3115

3115

3115

430

1530

1530

1530

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

188

biantennary

biantennary

omannose

omannose

omannose

omannose

biantennary

omannose

omannose

triantennary

omannose

omannose

omannose

biantennary

omannose

omannose

omannose

15

14

11

14

10

12

11



Q01097

P97952

P33146

P35436

P35613

P35503

P35504

P35438

P23219

P23229

P24821

P24821

P24821

P24821

P24821

P22309

P22897

Glutamate receptor ionotropic,

NMDA 2B

Sodium channel subunit beta-1

Cadherin-15

Glutamate receptor ionotropic,

NMDA 2A

Basigin

UDP-glucuronosyltransferase 1-

3

UDP-glucuronosyltransferase 1-

5

Glutamate receptor ionotropic,

NMDA 1

Prostaglandin G/H synthase 1

Integrin alpha-6

Tenascin

Tenascin

Tenascin

Tenascin

Tenascin

UDP-glucuronosyltransferase 1-

1

Macrophage mannose receptor

1

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

341

135

575

340

160

348

348

203

67

323

1093

1392

166

184

327

347

104

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

complex

complex

complex

complex

high-mannose

complex

1530

1530

3115

3115

1163

1530

1530

1530

1710

1530

1523

1519

1523

1519

1523

1530

357

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

189

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

biantennary

biantennary

biantennary

biantennary

biantennary

omannose

biantennary

12

13

19

13



P22897

P22897

P56974

P55058

P55058

P59823

P15088

P13688

P14625

P15209

P15116

P14151

P15144

Q8BGQ6

Q8BS35

Q8BQ86

Macrophage mannose receptor

1

Macrophage mannose receptor

1
Pro-neuregulin-2, membrane-
bound isoform

Phospholipid transfer protein

Phospholipid transfer protein
Interleukin-1 receptor
accessory protein-like 1
Mast cell carboxypeptidase A

Carcinoembryonic antigen-
related cell adhesion molecule

1

Endoplasmin

BDNF/NT-3 growth factors

receptor

Cadherin-2

L-selectin

Aminopeptidase n

EF-hand calcium-
biantennarynding domain-

containing protein 14

Alkylglycerol monooxygenase

Carbohydrate sulfotransferase

8

Homo sapiens

Homo sapiens

Mus musculus

Homo sapiens

Homo sapiens

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

1205

344

186

143

64

122

255

197

217

121

190

104

128

294

360

complex

complex

high-mannose

complex

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

1519

1519

998

1523

1523

3115

3115

1530

1443

1530

3115

1163

3115

3115

1530

1710

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

TRUE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

biantennary

biantennary

omannose

biantennary

biantennary

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

15

14



Q8BHJ7

Qs10u4

Q8BM13

Q8BG19

P16144

P18052

P15848

P16671

P16301

P16546

P61812

P68500

P70208

P61315

P63080

P70207

P70665

Gamma-aminobutyric acid

receptor subunit alpha-5

Neuronal cell adhesion

molecule

Noelin-2

Transmembrane and TPR

repeat-containing protein 4

Integrin beta-4

Receptor-type tyrosine-protein

phosphatase alpha

Arylsulfatase B

Platelet glycoprotein 4

Phosphatidylcholine-sterol

acyltransferase

Spectrin alpha chain,

triantennary-erythrocytic 1

Transforming growth factor

beta-2

Contactin-5

Plexin-A3

Galactose-3-O-sulfotransferase

3

Gamma-aminobutyric acid

receptor subunit beta-3

Plexin-A2

Sialate O-acetylesterase

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Mus musculus

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

145

1003

269

497

695

47

188

321

108

1051

140

539

1074

110

105

163

356

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

1530

8542

1530

1530

1163

3206

1530

1063

1530

1530

3115

3115

3115

1710

3115

1530

3115

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

191

omannose

omannose

omannose

omannose

omannose

omannose

omannose

biantennary

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

10

10

12

15



P70663

P78324

Q3UMWS

Q58D62

Q3V3R4

Q3UH93

Q3TVvI8

Q3UNZ8

Q3UTY6

Q3U3wW2

P04062

P04062

P04066

P03952

P02790

P02790

P03951

SPARC-like protein 1

Tyrosine-protein phosphatase
triantennary-receptor type

substrate 1

Ceroid-lipofuscinosis neuronal

protein 5 homolog

Fetuin-b

Integrin alpha-1

Plexin-D1

Pre-B-cell leukemia
transcription factor-interacting

protein 1

Quitriantennarye

oxidoreductase-like protein 2

Thrombospondin type-1

domain-containing protein 4

Transmembrane protein 181a

Glucosylceramidase

Glucosylceramidase

Tissue alpha-L-fucosidase

Plasma kallikrein

Hemopexin

Hemopexin

Coagulation factor XI

Mus musculus

Homo sapiens

Mus musculus

Bos taurus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

168

292

254

137

1102

1019

455

281

441

140

185

309

268

396

64

246

126

high-mannose

high-mannose

high-mannose

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

complex

complex

complex

complex

complex

complex

1710

242

3115

3353

1530

1530

1530

1163

3115

1710

1061

1519

1061

2643

3041

32

1519

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

192

omannose

omannose

omannose

biantennary

omannose

omannose

omannose

omannose

omannose

omannose

biantennary

biantennary

biantennary

biantennary

triantennary

biantennary

triantennary

10

10

16



Ql4biantenna | Sodium/potassium/calcium

ryl

Q15417

Q15262

Q15904

Q16880

Q6PKC3

Q6P179

Q6P4A8

Q6P4E1

Q6P5F7

Q6KAS7

Q6P5F6

Q08380

Q08380

Q08431

QoveT7

Q08857

exchanger 2

Calponin-3

Receptor-type tyrosine-protein

phosphatase kappa

V-type proton ATPase subunit
s1

2-hydroxyacylsphingosine 1-

beta-galactosyltransferase

Thioredoxin domain-containing

protein 11

Endoplasmic reticulum

aminopeptidase 2

Phospholipase B-like 1

Protein CASC4

Protein tweety homolog 3

Zinc finger protein 521

Zinc transporter ZIP10

Galectin-3-biantennarynding

protein

Galectin-3-biantennarynding

protein

Lactadherin

Contactin-associated protein

like 5-3

Platelet glycoprotein 4

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

112

240

462

170

333

595

103

366

150

144

1048

191

551

69

282

220

high-mannose

high-mannose

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

complex

complex

high-mannose

high-mannose

3206

1163

1523

1530

1530

1530

1530

3115

1163

3115

3115

3206

1519

1519

1519

3115

1710

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

193

omannose

omannose

biantennary

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

biantennary

biantennary

biantennary

omannose

omannose

11

13

12

12



P28654

P27090

P28665

P28907

P27701

P28799

P26049

Q80ZF8

Q7TSK2

Q72388

Q72739

Q7TNS7

Q77736

Q80TR1

Q7TPD3

Q80YX1

Q80X71

Decorin

Transforming growth factor

beta-2

Murinoglobulin-1

ADP-ribosyl cyclase/cyclic ADP-

ribose hydrolase 1

CD82 antigen

Progranulin

Gamma-aminobutyric acid

receptor subunit alpha-3

Adhesion G protein-coupled

receptor B3

Seizure protein 6

Probable C-

mannosyltransferase DPY19L4

YTH domain-containing family

protein 3

Acid-sensing ion channel 4

Adhesion G protein-coupled

receptor A3

Adhesion G protein-coupled

receptor L1

Roundabout homolog 2

Tenascin

Transmembrane protein 106B

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

206

241

313

100

198

530

163

779

396

123

175

138

676

526

786

1018

184

high-mannose

high-mannose

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

3115

3206

3649

1163

1710

1710

1530

3115

3115

1530

1163

3206

1530

1530

3115

3115

1530

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

194

omannose

omannose

biantennary

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

16

22

10



Q9CR23

Q9COH2

QoCz42

Q9ER65

Q9D6F4

Q9D906

Q8C031

Q8CBC6

Q8BY89

Q8C129

Q8c8T17

Q8C145

P01019

P01019

P01019

P01042

P01011

P01009

Transmembrane protein 9

Protein tweety homolog 3

ATP-dependent (S)-NAD(P)H-

hydrate dehydratase

Calsyntenin-2

Gamma-aminobutyric acid

receptor subunit alpha-4

Ubiantennaryquitin-like
modifier-activating enzyme

ATG7

Leucine-rich repeat-containing

protein 4C

Leucine-rich repeat neuronal

protein 3

Choline transporter-like protein

2

Leucyl-cystinyl aminopeptidase

Protein ELFN1

Zinc transporter ZIP6

Angiotensinogen

Angiotensinogen

Angiotensinogen

Kininogen-1

Alpha-1-antichymotrypsin

Alpha-1-antitrypsin

Mus musculus

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

38

144

236

100

144

314

278

579

200

145

349

275

170

304

47

294

271

70

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

complex

complex

complex

complex

complex

1530

1163

1530

1710

1530

1710

3115

3206

3115

1530

3115

3115

3353

2642

3507

3353

1519

2011

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

195

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

biantennary

biantennary

biantennary

triantennary

triantennary

biantennary

14



P01009

P00736

P01023

P01023

P00738

Q8IYK4

Q8K298

Q8NBL1

Q8K209

Q8K297

QO6FE5

Q96AQ6

Q96PD5

QO9NRJ7

Q9NZC9

Alpha-1-antitrypsin

Complement clr

subcomponent

Alpha-2-macroglobulin

Alpha-2-macroglobulin

Haptoglobiantennaryn

Procollagen

galactosyltransferase 2
Actin-biantennarynding protein
anillin

Protein O-glucosyltransferase 1

G-protein coupled receptor 56

Procollagen

galactosyltransferase 1

Leucine-rich repeat and
immunoglobulin-like domain-
containing nogo receptor-

interacting protein 1

Pre-B-cell leukemia
transcription factor-interacting

protein 1

N-acetylmuramoyl-l-alanine

amidase

Protocadherin beta-16

SWI/SNF-related matrix-

associated actin-dependent

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Homo sapiens

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

107

514

1424

869

382

555

204

148

91

144

455

complex

complex

complex

complex

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

complex

high-mannose

complex

3471

3353

2575

231

3353

1530

3115

1530

242

1530

1163

3206

3353

1710

8883

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

196

triantennary

biantennary

triantennary

biantennary

triantennary

omannose

omannose

omannose

omannose

omannose

omannose

omannose

biantennary

omannose

biantennary

12

11



Q9NZP8

QINZ08

Q9NUNS

Q9JKR6

QoJIX6

Q9JIS5

Q925F2

Qo20v1

Q92859

Q92626

Q92854

Q972A9

Q9Z1MO0

QouJ14

Q9UN67

Q9UKY4

regulator of chromatin

subfamily A-like protein 1

Complement C1r

subcomponent-like protein

Endoplasmic reticulum

aminopeptidase 1

Probable lysosomal cobalamin

transporter

Hypoxia up-regulated protein 1

P2X purinoceptor 4

Synaptic vesicle glycoprotein 2A

Endothelial cell-selective

adhesion molecule

UDP-GalNAc:beta-1,3-N-
acetylgalactosaminyltransferas

el

Neogenin

Peroxidasin homolog

Semaphorin-4D

Gamma-glutamyltransferase 5

P2X purinoceptor 7

Gamma-glutamyltransferase 7

Protocadherin beta-10

Protein O-mannosyl-transferase

2

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Homo sapiens

Homo sapiens

Homo sapiens

242

414

78

515

208

498

111

198

470

1178

419

303

202

394

567

583

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

1523

1530

1530

1530

1710

3206

3115

1710

1163

1710

1710

3115

1710

3206

1710

1710

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

197

biantennary

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

11

14

16



Q6W4X9

Q6UX06

Q6UX06

QswvJ2

Q8WTVO

Q8TDLS

Q8TEM1

Q8TCT8

Q91YY2

Q8VEM1

Qs8vis1

QoP2W?7

Q9R0Q6

Q9R0A1

QoQy40

Q9R0BY

Mucin-6

Olfactomedin-4

Olfactomedin-4

NudC domain-containing

protein 2

Scavenger receptor class B

member 1

BPI fold-containing family B

member 1

Nuclear pore membrane
glycoprotein 210

Signal peptide peptidase-like 2A

Beta-1,4-galactosyltransferase

3

E3 ubiantennaryquitin-protein

ligase RNF130

VPS10 domain-containing

receptor SorCS3

Galactosylgalactosylxylosylprot
ein 3-beta-

glucuronosyltransferase 1

Actin-related protein 2/3

complex subunit 1A

Chloride channel protein 2

Plexin-B3

Procollagen-lysine,2-

oxoglutarate 5-dioxygenase 2

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Homo sapiens

Mus musculus

Mus musculus

Mus musculus

Mus musculus

2366

72

136

144

227

1441

149

387

135

797

140

296

469

725

high-mannose

complex

complex

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

high-mannose

1163

1523

1523

1163

3206

1163

1530

1530

1530

1530

3115

3206

1530

3115

3115

3206

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

198

omannose

biantennary

biantennary

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

omannose

21

10

12



QouBX1

QouBV2

Q9P2J2

Q9UBS9

Q9QUN9

QoqQys1

P20645

P21661

Q99PI8

Q96RQY9

Q99523

Q99PH1

Q99102

Q99102

P04217

P04217

P04217

P05156

Cathepsin F

Protein sel-1 homolog 1

Protein turtle homolog A

SUN domain-containing

ossification factor

Dickkopf-related protein 3

Nuclear pore membrane

glycoprotein 210

Cation-dependent mannose-6-

phosphate receptor

Neuroendocrine convertase 2

Reticulon-4 receptor

L-amino-acid oxidase

Sortilin

Leucine-rich repeat-containing

protein 4

Recombiantennarynant Mucin-

1 Mucilf/4tr
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The methodology underpinning the construction, refinement,
validation and analysis of atomic models of glycoproteins and
protein-carbohydrate complexes has received a long-overdue
boost in the last five years. This is a very timely development, as
the resolution revolution in electron cryo-microscopy is now
routinely delivering structures of key glycomedical importance,
with a three-dimensional precision where X-ray
crystallographic methods have traditionally floundered. This
review will focus on the new software developments that have
been introduced in the past two years, and their impact on the
field of structural glycobiology in terms of published structures.
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Introduction

Protein glycosylation plays a crucial role in recognition
processes in, for example, viral infection, cancer, fertilisa-
tion, immunity and inflammation [1]. In this role, glycans
are expected to provide stabilising contacts within the
buried surface of a glycoprotein, while additionally
playing a role as interaction partners on the surface, via
hydrogen bonds or CH—r interactions. As independent
entities, carbohydrates also have promising biotechnolog-
ical applications, being a staple in the production of more
eco-friendly second-generation biofuels from previously
untractable crop waste. Assisting in this task, carbohy-
drate-active enzymes recognise, transfer and cut saccha-
ride building blocks, often distorting individual rings to
achieve catalysis.

Complicated stereochemistry, branching and unpredict-
able sequence/structure make protein glycosylation in
particular harder to work with than pure protein, or even

L)

Check for
updates

nucleic acid. Perhaps unsurprisingly, the software for
handling structures of carbohydrate moieties are not
yet as feature-rich as that for other biomolecules. This
gap in capabilities becomes evident in both macromolec-
ular crystallography (MX) and electron cryo-microscopy
(cryo-EM) whenever the model fitting problem deviates
from standard propositions. Indeed, at high-resolution it
is possible to identify a monosaccharide and ascertain its
ring conformation (Figure la) — to date, this has only
been possible with X-ray crystallography. Nevertheless,
we fully expect cryo-EM to reach this level of
precision in the near future. As resolution decreases, it
becomes increasingly difficult to determine its ring con-
formation — thus requiring additional restraints for idea-
lising ring puckering (Figure 1b—f) [2]. Finally, at low
resolution, usually neither the monosaccharide nor its
conformation can be identified (Figure 1c—f). It is in this
particular case where the articulation of prior glyco-
chemical knowledge must cross boundaries from the
realm of validation, and play a central role in the structure
building process: lowest energy ring conformations, a
constant in pyranosides except in rare cases (catalysis
is one of them), can be enforced using unimodal
torsion restraints; the most probable linkage types,
which should match the expression system’s available
glycosyltransferases, can be modelled using automated
tools (vide infra); low energy glycosidic linkage orienta-
tions can be encouraged by using information from
homologous structures via external restraints. As with
protein methodology, whatever prior information is useful
for validation at high resolution — for example, the Rama-
chandran criterion — can be turned into restraints for
refinement at low resolution — for example, Ramachan-
dran restraints. In becoming a target for refinement,
validation metrics lose independence; yet as part of a
balance between experimental and geometric terms, they
are still useful as validation criteria — for example, ideal
bond lengths and angles are also used both as restraints in
refinement, and as a measure of distortion particularly for
ligands. It is ultimately the structural biologist’s choice
whether they want to produce the best possible structure,
or have a measure of how correct it is.

Experimentally, it is clear that the mobility of the glycans
poses a problem for both MX and cryo-EM, with Nuclear
Magnetic Resonance (NMR) providing much of the insight
into protein—carbohydrate interactions due to the degrading
resolvability of the sugars down the glycans’ branches [3°°]
typically found with the two former techniques. In contrast,
most of the challenges present in software spring from the

Current Opinion in Structural Biology 2020, 62:70-78

www.sciencedirect.com


mailto:jon.agirre@york.ac.uk
http://www.sciencedirect.com/science/journal/0959440X/62
https://doi.org/10.1016/j.sbi.2020.04.004
https://doi.org/10.1016/j.sbi.2019.12.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sbi.2019.12.003&domain=pdf
http://www.sciencedirect.com/science/journal/0959440X

Structural glycobiology in the age of cryo-EM Atanasova, Bagdonas and Agirre 71

Figure 1
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Comparison of N-glycan features in electron density maps over a range of resolutions. (a)—(c) Electron density maps obtained with X-ray
crystallography (MX). (d)-(f) Electronic potential maps obtained with cryo-EM; PDB codes and data resolution have been annotated directly on the
figure. In the MX cases (a)-(c), at high resolution it is possible to identify monosaccharides and their ring conformation from the density map; at
medium resolution, ring conformation becomes difficult to determine, whereas at low resolution, and indeed with many cryo-EM maps (d)—(f), a
modelled N-glycan should always be backed by prior glyco-chemical knowledge: lowest energy ring conformations, most probable linkage types
considering the expression system’s available glycosyltransferases, and low energy glycosidic linkage orientations.

particularities of carbohydrate chemistry. Upon cyclisation,
there are two choices for the orientation of the anomeric
hydroxy group, which leads to two anomeric forms —alpha or
beta (refer to Ref. [4°] for a graphical description). Most
D-sugar pyranoses adopt the *C; conformation, while most
L-sugar pyranoses adopt the 'Cy conformation. Interconver-
sion of pyranose rings between different conformations
requires an itinerary, which can be described using the
Cremer—Pople sphere [5]. The two chair conformations,
*C; and 'C, are optimal because of the 60/—60 degree torsion
angle between substituents, leaving them staggered instead
of eclipsed. Conversion from 4C; to '€y and vice versa
requires jumping over a very high energy barrier, and nor-
mally would involve catalysis, which can be achieved with the
help of a carbohydrate active enzyme [4°,6].

Carbohydrate residue nomenclature is challenging for
several reasons, including the two different types of
glycosidic linkages (alpha or beta), branching and ring
contortions. Lutteke ez a/. [7] first reported that about 30%
of the deposited carbohydrate structures contain one or

more nomenclature errors, a finding that gave rise to
carbohydrate validation software, recently reviewed in
Refs. [8°°,9°°]. A few years later, Crispin e a/. also criti-
cised the lack of methodological support for carbohy-
drates, singling out a deposited structure with a glycosidic
linkage for which there were no available glycosyltrans-
ferases along its biosynthetic pathway [10,11]. More
recently, Agirre ¢z al. [2] performed an analysis on all
N-glycan forming D-pyranosides found in the PDB using
the Privateer software (CCP4 suite [12]): as data resolu-
tion decreases, more and more sugar monomers appear in
high-energy conformations and/or have low real-space
correlation. This indicated the need for using appropriate
restraints during refinement.

In this review, we shall go through the latest software
developments and their application to solving real-world
structures, placing an emphasis on their impact on the
recent evolution of electron cryo-microscopy into an all-
around player in the structural glycobiology field. Aside
from the growing access to automated, integrative model
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building and validation tools, a number of online support
resources are available to the structural glycobiologist too:
see Refs. [13,14] for a review of online resources, and
Perez and De Sanctis [15°] for a recent summary of the
resources and techniques available where a synchrotron
light source is available.

Dictionaries: the book of chemical knowledge
The model building process involves macromolecular
refinement programs deriving geometric restraints from
libraries of dictionaries, at least for most commonly occur-
ring monomers. Dictionaries are used to store prior
chemical knowledge about compounds, including their
composition, connectivity and stereochemistry. The
CCP4 Monomer Library, one of the first examples of
its kind, was based on the geometry proposed by Engh
and Huber [16], which is now outdated particularly con-
cerning sugars [4°]. If a chemical compound does not have
a library entry, or if it is incorrect, a new one needs to be
generated. There are several programs that can be used
for this, with irregular results for carbohydrates [4°]. The
CCP4 program ACEDRG [17,18] works by mining data-
bases such as the Crystallography Open Database (COD)
[18] to generate dictionaries from the data available there.
It then uses RDKit (open source chemoinformatics;
hetp://www.rdkit.org) to generate conformers which are
ranked by free energy, and the minimal-energy one is
chosen. ACEDRG/COD produces similar results to
GRADE (Global Phasing Ltd.) and Phenix.eLBOW
[19], which derive their restraints from Mogul [20], a tool
that in turn mines the Cambridge Structural Database
(CSD). Mogul is currently in use for geometry validation
upon deposition with the Protein Data Bank, meaning
that the use of old dictionaries during refinement with
tight geometry targets — for example, when refining
against a cryo-EM map — can produce a disproportionate
number of bond length and angle outliers. A modernisa-
tion effort is currently underway in CCP4, with hundreds
of carbohydrate entries being marked for update through
the combination of ACEDRG and Privateer [21]. The
new dictionaries have an expected release date of 2020.

Model building

The improved N-glycosylation building module for Coot
Coot [22] has a carbohydrate-building tool [23°°] — earlier
version reviewed in Ref. [9°°] — that can be used to
build N-glycosylation into both crystallographic and
cryo-EM maps. The module has three modes: manual,
semi-automated and automated. The manual mode
allows the user to choose a monosaccharide and a bond
type from a selection of commonly available glycoforms.
Coot chooses the best position, orientation and confor-
mation for the selected monosaccharide, and refines the
structure. In the semi-automated mode the user selects a
glycan type and Coot returns possible options for the
monosaccharide and the glycosidic bond. The automated
mode requires the user to simply choose the starting point

and the glycosylation tree type, and Coot builds it auto-
matically, interrupting the process when no more sugars
can be built into clear density. An overview of results is
presented in Figure 2 (adapted with permission from
IUCr Journals). The tool has received positive adoption
by the community, as shown by its use on several high-
profile X-ray and cryo-EM structures with abundant
protein N-glycosylation [24-27].

Its main limitation is the relatively narrow selection of
glycoforms available. This is clearly a design decision
rather than an oversight, as these represent the most
common forms that can usually be resolved experimen-
tally. Moreover, Cooz does not include temperature-factor
refinement, as all atoms are set to a fixed value. The
authors suggested integrating the model-free B-factor
refinement procedure described by Cowtan and Agirre
[28] as an improvement.

PDB-REDO: Carbivore and Carbonanza

Van Beusekom ez a/. [29°] presented a set of tools that
build on the Coot N-glycosylation building module to
achieve a more automated behaviour; indeed, the soft-
ware is meant to be part of their PDB-REDO [30]
rebuilding and re-refinement pipeline. The first tool they
presented is Carbivore, which can be used to rebuild and
extend existing N-glycosylation trees automatically, or
add new trees where they are missing. For the case
glycosylation was not detected due to Cl1 not facing
the asparagine side-chain, the authors introduced another
program, named Carbonanza, to generate link records.
The whole-tree addition method of Coot was extended to
allow for building partial trees, that is, extending existing
trees. Moreover, a feature that finds V-glycosylation sites
based on the consensus sequence Asn-X-Ser/Thr was
implemented in Carbivore. In addition, an option for
finding N-glycosylation sites based on homologous mod-
els was also presented; however, this is not used by
default as the search is likely to be slow.

ISOLDE

The ISOLDE plugin [31] for ChimeraX [32] offers a refresh-
ing way of dealing with protein glycosylation, and supports
both electron cryo-microscopy and X-ray crystallographic
data. The graphical frontend connects to an interactive,
GPU-accelerated molecular mechanics simulation, updating
the model —and electron density maps, if working on crystal-
lographic data — based on both the user’s push-pull move-
ments and the results of running the simulation on the
updated coordinates. T'echnology-wise, this new tool makes
use of the OpenMM toolkit [33] for simulations, and the
Clipper-python module [34] for electron density calculations,
which is heavily CPU-parallelised — using C++11-style
threads — in the latest version available from the ChimeraX
toolshed at the time of publication. Protein glycosylation is
handled by an adapted version of the GLYCAM force field
[35]. Although at present some unwanted effects such as ring
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Results from a test of the N-glycosylation building tool in Coot [23°°]. The diagrams in SNFG format show the expected glycoforms and the
subsets Coot was able to build automatically, while the third row of pictures shows how the maps looked like in each example. Reproduced from

Ref. [23°°] with permission of the International Union of Crystallography.

inversions might appear as a result of the unrealistically high
temperatures simulated by the user’s push—pull movements,
itis clear that this tool will be of great assistance when multiple
overall glycan conformations need to be evaluated in a low
resolution map; a combination with real-time validation at
both the monosaccharide and glycan levels could further
inform the fitting process and prevent errors too. The capa-
bilities of ISOLDE are most effectively demonstrated in the
supplementary video of [31].

Sails

Sails [36] can be used to build sugars automatically, either
covalently linked to protein or as ligands. The software is
currently in the middle of a major infrastructural change but
is slated for general release in 2020 (with, or through an

update to CCP4 7.1). It uses a method similar to that of
Nautilus [37] and Buccaneer [38,39], using fingerprint-
based detection of fragments, which account for both the
target and its environment. The correlation function
behind Sails has been proven to work with electron cryo-
microscopy data, although adjustments may be needed if,
for example, the scale of the EM map is not accurate or
different map sharpening or blurring is required. Privateer
and Refmac will be integrated with Sails in a pipeline for
iterative building, refinement and validation.

Refinement and validation

Privateer

Privateer [21] is a carbohydrate-specific validation tool
that can determine ring conformation of furanose and
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pyranose rings, anomeric form, absolute stercochemistry,
real space correlation between model and omit density. In
addition, Privateer generates other output such as SVG
glycan diagrams in the Symbol Nomenclature For
Glycans (SNFG) notation, and scripts for both Refmac5
[40] and Coot [22]. Like Sails, it is undergoing a change in
infrastructure in order to future-proof its architecture.

Among the different checks that Privateer will do on
carbohydrate models, a comparison of ring conformation
and the ideal, minimal-energy conformation for each
monosaccharide provides the fastest and most useful
indication of potential mistakes in modelling and/or
refinement: at high resolution, unjustified high-energy
conformations — those without support of clear electron
density — can reveal problems in the glycosidic bond
(wrong anomer used, for instance) or wrong restraints
(e.g. inverted chiralities). At low resolution, the problem
can appear if the model is allowed to deviate from the
ideal geometry due to providing insufficient restraints
during refinement. Privateer generates dictionaries
containing unimodal restraints upon detecting unjustified
high-energy conformations. The validation and re-
refinement process via these dictionaries is now
completely automated via the CCP4i2 interface [41].
These developments were spearheaded after it was
revealed that the PDB contained an unrealistically high
number of non-chairs as part of N-glycosylation [2].

Many newer cryo-EM structures of glycoproteins are in the
2 A6 A resolution range due to improvement in electron
sources, detectors, and image processing and 3D reconstruc-
tion algorithms. But the software for structure solution and
validation has also improved, and perhaps as a result of that,
high-resolution cryo-EM structures display fewer sugars in
high-energy conformations than crystallographic ones. To
illustrate this point, Privateer was run on all V-glycosylated
structures in the PDB, solved with X-ray crystallography and
cryo-EM. The decoupled results are shown in Figure 3.
D-sugars are shown in blue, L.-sugars are shown in yellow.
Ideally, in the particular case of N-glycosylation all D-sugars
should be in *C; conformation, and all L-sugars in c,
conformation.

As previously highlighted elsewhere [4°], pyranose
higher-energy conformations are even more unusual than
Ramachandran outliers, and should be reported alongside
them in the refinement summary table.

Phenix, Rosetta and AMBER

Phenix uses a conformation-dependent library of
restraints for the protein backbone [42] and homology
refinement [43] for protein modeling. Rosetta can be
used for carbohydrate refinement of both X-ray and
cryo-EM  structures using parameterisation derived
from X-ray structures to approximate conformational
energy [44]. Frenz e al. [45°] developed a protocol that

can use ecither low-resolution crystallographic data,
through Phenix-Rosetta integration [46] or cryo-EM
data.

The RosettaCarbohydrate framework includes torsion-
space refinement for glycans, which assumes ideal bond
lengths and angles [47]. Frenz ez a/. [45°] build on previ-
ous work by expanding Rosetta’s geometry term to
include bond geometry deviations. These were derived
from Phenix using eLBOW with AM1 optimisation and
added to the Rosetta database. Currently the sugar mono-
mers included are alpha and beta glucose, N-acetyl glu-
cosamine, alpha and beta mannose, and alpha and beta
fucose.

The authors recommend using Privateer [21] before and
after refinement to detect errors in the structure. For
refinement of crystallography data, Rosetta’s integration
with Phenix can be used [48]. The protocols were modi-
fied to account for glycans, including steps for minimisa-
tion, increasing repulsive weights, and idealisation of
anomeric hydrogen.

Phenix also offers integration with the AMBER molecular
mechanics package, which is known for calculating
torsion potentials accurately [49].

A word on legacy validation tools

While the tools outlined in this section are now sadly
unsupported, it is worth mentioning them not just for
the sake of completeness, but because there is no
substitute tool yet for some of the key functions they
provide. PDB-CARE (PDB CArbohydrate REsidue
check; [50,51]) is a tool that can be used for bond and
nomenclature validation. It is based on pdbZlinucs,
which is a software for carbohydrate detection based
on atom types and their coordinates. The LINUCS
notation [52] is used to normalise carbohydrate struc-
tures. This is done by comparing the carbohydrate
structures’ LINUCS notation to the PDB HET Group
Dictionary, which contains sugar residues present in the
coordinate file [50]. If a structure contains multiple
anomers due to mutarotation at the reducing end of a
saccharide, both forms need to have the correct PDB
three-letter codes.

CARP (CArbohydrate Ramachandran Plot) is a tool that
can be used to evaluate glycosidic linkage torsions. CARP
also uses the pdb2linucs algorithm to analyse data, and
compares it to data in GlyTorsionDB or GlycoMapsDB
(for less common linkages). For each pair of monosac-
charides and linkage combination, a separate torsional
plot is created [7]. While these tools have been used
mainly for validation purposes, they are a nice comple-
ment when examining the different linkage conforma-
tions in disaccharides [53].
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Figure 3
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Pyranose ring conformations versus resolution for all sugars part of N-linked glycoproteins solved with (a) X-ray crystallography or (b) electron
cryo-microscopy in the PDB by April 2019. E/H: Envelopes and Half-chairs, B/S: Boats and Skew-boats. Wavy lines denote the main ring plane.
For reasons of clarity, half-chair, skew-boat and envelope were omitted from the axes at 6= 45°, 9=90° and 0=135° respectively. Percentage of

sugars in non-chair conformations is shown for resolution ranges 0.0-6. 0A and 6.01-10.0A.

Representation

While all-atom representations are the way to go for
showing the interactions between protein and carbohy-
drate ligands, there is a case for using a simplified repre-
sentation for glycans taking part in protein glycosylation;

indeed, the sheer number of potential interactions
occurring due to the size of the glycans — in optimal
cases, nine or more linked monosaccharides could be
visible — and the particular relevance of their composition
make all-atom figures difficult or near-impossible to
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follow. McNicholas and Agirre [54] introduced a repre-
sentation (Glycoblocks for CCP4mg [55]) that, building on
a 3D extension of the now standard Symbol Nomencla-
ture For Glycans (SNFG) [6,56], added minimalistic
dashed lines for hydrogen bonds and CH—m interactions.

Not focusing on interactions, many 3D SNFG representa-
tions exist now either as plugins or as an integral part of
wider-purpose graphics software, for example, VMD [57],
LiteMol [58], and UCSF Chimera [59] via the Tangram
plugin [60]. These provide stand-out depictions of protein
glycosylation using big regular polyhedra. A side-by-side
comparisonisshown in Figure 4. Finally, other software such
as SweetUnityMol [61] and Pymol [62] combine the familiar
colouring scheme with a more atomistic representation.

Future perspectives

It appears the gears are finally turning in the methodo-
logical machine towards implementing better support for
carbohydrates. However, software still require expert
knowledge of carbohydrate structure or very high resolu-
tion to work automatically. Work is currently being done
on the Sails program to be able to overcome many of these

Figure 4

limitations. In addition, based on encouraging ecarly
results [63,64°,65,66], new carbohydrate dictionaries with
more faithful model geometry and accurate torsion
restraints will improve refinement, particularly for cryo-
EM. Finally, sugars in active sites of enzymes might be
distorted into high energy conformations, and thus may
require further validation; work will need to be done in
this respect in order to give users a confidence level on
their conformational assignment.

We should like to emphasise that model building, refine-
ment and validation will need to be further integrated
together for maximum benefit of users. Recently, Van
Beusekom, Lutteke and Joosten [8°°] used a set of tools,
including PDB-REDO [30], Privateer [21] and CARP
[51] to analyse 8114 glycoproteins from the PDB. They
succeeded in correctly re-annotating 3620 carbohydrate
residues, which were then re-refined and are now avail-
able for the community to use. Incorporating prior glyco-
chemical knowledge into the structure solution process
will, as exemplified by the aforementioned authors,
extend the limits of resolvability further down our
glycans.

(a)
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3D SNFG glycan representation comparison of PDB code 4BYH in selected software: (@) CCP4mg [53] with Glycoblocks [54], (b) VMD [56] and (c)

LiteMol [57].
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The heterogeneity, mobility and complexity of glycans in glycoproteins have been, and currently remain, significant challenges in

structural biology. These aspects present unique problems to the two most prolific techniques: X-ray crystallography and cryo-elec-

tron microscopy. At the same time, advances in mass spectrometry have made it possible to get deeper insights on precisely the

information that is most difficult to recover by structure solution methods: the full-length glycan composition, including linkage

details for the glycosidic bonds. The developments have given rise to glycomics. Thankfully, several large scale glycomics initia-

tives have stored results in publicly available databases, some of which can be accessed through API interfaces. In the present work,

we will describe how the Privateer carbohydrate structure validation software has been extended to harness results from glycomics

projects, and its use to greatly improve the validation of 3D glycoprotein structures.

Introduction

Glycosylation-related processes are prevalent in life. The
attachment of carbohydrates to macromolecules extends the
capabilities of cells to convey significantly more information
than what is available through protein synthesis and the expres-
sion of the genetic code alone. For example, glycosylation is
used as a switch to modulate protein activity [1]; glycosylation
plays a crucial part in folding/unfolding pathways of some pro-

teins in cells [2,3]; the level of N-glycan expression regulates

the adhesiveness of a cell [4]; glycosylation also plays a role in
immune function [5] and cellular signalling [5,6]. At the fore-
front, glycosylation plays a significant role in influencing pro-
tein—protein interactions. For example, the influenza virus uses
the haemagglutinin glycoprotein to recognise and bind sialic
acid decorations of human cells in the respiratory tract [7].
Glycosylation is also used by pathogens to evade the host’s
immune system via glycan shields [8-10], and thereby to delay
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an immune response [11]. The structural study of these glycan-
mediated interactions can provide unique insight into the molec-
ular interplay governing these processes. In addition, it can
provide structural snapshots in atomistic detail that can be used
to generate molecular dynamics simulations describing a wider
picture underpinning glycan and protein interactions [12].
Unfortunately, significant challenges have affected the determi-
nation of glycoprotein structures for decades and have had a
detrimental impact on the quality and reliability of the pro-
duced models. Anomalies have been reported regarding carbo-
hydrate nomenclature [13], glycosidic linkage stereochemistry
[14] and torsion [15,16], and most recently, ring conformation
[17]. Most of these issues have now been addressed as part of
ongoing efforts to provide better software tools for structure de-
terminations of glycoproteins, although the most difficult cases
remain hard to solve. Chiefly among these is the scenario where
the experimentally resolved electron density map provides evi-
dence of glycosylation, without enough resolution to derive
definite and comprehensive details about the structural compo-
sition of the oligosaccharides (Figure 1). Glycan microhetero-
geneity and the lack of carbohydrate-specific modelling tools
have often been named as the principal causes for these issues
[18].

Heterogeneity of glycoproteins

Unlike protein synthesis, which is encoded in the genome and
follows a clear template, glycan biosynthesis is not template-
directed. A single glycoprotein will exist in multiple possibili-
ties of products that can emerge from the glycan biosynthesis
pathways, and these are known as glycoforms [22]. More
specifically, the variation can appear in terms of which poten-
tial glycosylation sites are occupied at any time — macrohetero-
geneity — or variations in the compositions of the glycans added
to specific glycosylation sites — microheterogeneity. This varia-

tion in the microheterogeneous composition patterns arises due

6RI6 - 0.93 A

6MZK - 2.50 A
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to the competition of glycan-processing enzymes in biosynthe-
sis pathways [23].

Implications for the structure determination of
glycoproteins

Several experimental techniques can be used to obtain 3D struc-
tures of glycoproteins: X-ray crystallography (MX, which
stands for macromolecular crystallography), nuclear magnetic
resonance spectroscopy (NMR) and electron cryomicroscopy
(cryo-EM). As of publication date, the overwhelming majority
of glycoprotein structures have been solved using MX [24,25].

The biggest bottleneck in MX is the formation of crystals of the
target macromolecule or complex. The quality of the crystal
directly determines the resolution — a measure of the detail in
the electron density map. Homogenous samples at high concen-
trations are required to produce well-diffracting crystals [26].
Samples containing glycoprotein molecules do not usually
fulfill this criterion. More often than not, MX falls short at elu-
cidating carbohydrate features in glycoproteins due to glycosy-
lated proteins being inherently mobile and heterogeneous [22].
Moreover, oligosaccharides often significantly interfere with
the formation of crystal contacts that allow the formation of
well-diffracting crystals. Because of this, glycans are often trun-
cated in MX samples to aid crystal formation [27].

In cryo-EM, samples of glycoproteins are vitrified at extremely
low temperatures rather than crystallised, as in MX. The rapid
cooling of the sample allows to capture snapshots of the mole-
cules at their various conformational states, and thus potentially
maintaining glycoprotein states more closely to their native
environments in comparison to crystallography [28]. Neverthe-
less, cryo-EM is still not an end-all solution to solving glyco-
protein structures: the flexible and heterogeneous nature of
glycans still has an adverse effect on the quality of the data,

Figure 1: Comparison of the glycan features in electron density maps over a range of resolutions from selected glycoprotein structures (PDB entries:
6RI6 [19]; 6MZK [20]; 405l [21]). The electron density maps were obtained with X-ray crystallography. The data resolution and PDB entry IDs associ-
ated with the structures have been directly annotated on the structure. Left: A high-resolution example where monosaccharides and the conforma-
tions can be elucidated; middle: A medium resolution example where the identification starts to become difficult; right: A low-resolution example for
which all prior knowledge must be used. Despite coming from different glycoprotein structures, the glycan has the same composition, and thus is

assigned a unique GlyTouCan ID of G15407YE.
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affecting the image reconstruction [29]. Moreover, due to the
low signal-to-noise ratio, the technique works more easily with
samples of a high molecular weight; this situation, however, is
evolving rapidly, with reports of sub-100 kDa structures
becoming more frequent lately [30,31]. Crucially, MX and
cryo-EM can complement each other to counteract issues that
both face individually [32].

The two techniques produce different information — electron
density (MX) or electron potential (cryo-EM) maps — but the
practical considerations in terms of the atomistic interpretation
hold true for both: provided that at least the secondary struc-
tural features can be resolved in a 3D map, a more or less com-
plete atomic model will be expected as the final result of the
study. Modelling of carbohydrates into 3D maps can be more
complex than modelling proteins [33], although recent advances
in software are closing the gap [34-36]. However, to date it
remains true that most model building software is protein-
centric [15]. As a consequence, the glycan chains in glyco-
protein models that have been elucidated before recent develop-
ments in carbohydrate validation and modelling software tend
to contain a significant amount of errors: wrong carbohydrate
nomenclature [13], biologically implausible glycosidic linkage
stereochemistry [14], incorrect torsion [15,16], and unlikely
high-energy ring conformations [17]. Early efforts in the valida-
tion of carbohydrate structures saw the introduction of online
tools such as PDB-CARE [37] and CARP [16]; more recently,
we released the Privateer software [24], which was the first
carbohydrate validation tool available as part of the CCP4i2
crystallographic structure solution pipeline [38]. In its first
release, Privateer was able to perform stereochemical and con-
formational validation of pyranosides, analyse the glycan fit to
electron density map and offered tools for restraining a mono-

saccharide minimal-energy conformation.

While these features were recognised to address some long-
standing needs in carbohydrate structure determination [39,40],
significant challenges remain, particularly in the scenario where
the glycan composition cannot be ascertained solely from the
three-dimensional map. Unfortunately, this problematic
situation happens frequently, especially in view of the fact that
the median resolution for glycoproteins (2.4 A) is lower than
that of non-glycosylated — potentially including fully deglyco-
sylated — proteins (2.0 A) [41]. To date, only one publicly avail-
able model building tool has attacked this issue: the Coot soft-
ware offers a module that will build some of the most common
N-linked glycans in a semiautomated fashion [34]. Indeed, the
Coot module was built around the suggestion that only the most
probable glycoforms should be modelled unless prior know-
ledge of an alternative glycan composition exists in the form of,

e.g., mass spectrometry data [14].

Beilstein J. Org. Chem. 2020, 16, 2523-2533.

Harnessing glycomics and glycoproteomics
results to inform glycan model building

Current methods used to obtain accurate atomistic descriptions
of molecules fall short in dealing with the heterogeneity of
glycoproteins. However, there are other methods that have been
proven to successfully tackle the challenges posed by glycan
heterogeneity, with mass spectrometry emerging as the one with
the most relevance due to the ability to elucidate the complete
composition descriptions of individual oligosaccharide chains

on glycoproteins [42].

The mass spectrometric analysis of glycosylated proteins can be
with (glycomics) or without (glycoproteomics) the release of
oligosaccharides from the glycoprotein. Usually, glycomics and
glycoproteomics experiments are carried out together to obtain
a complete description of the glycoprotein profile. Glycomics
experiments are required to distinguish stereoisomers and the
linkage information in order to obtain a full structural descrip-
tion about a glycan, whereas glycoproteomics are required to
establish the glycan variability and occupancy at the glycosyla-
tion sites of the protein [43]. Typically, these analyses are based
on mass spectrometry techniques, such as electrospray ioniza-
tion mass spectrometry (ESIMS) and matrix-assisted laser de-
sorption ionization MS (MALDIMS) [43]. Mass spectrometry
techniques are best suited for the determination of the composi-
tion of monosaccharide classes and the chain length. However,
the in-depth analysis of a glycan typically requires the integra-
tion of complementary analytic techniques, such as nuclear
magnetic resonance (NMR) and capillary electrophoresis (CE).
Nevertheless, depending on the sample, advanced mass spec-
trometry techniques can be used to counteract the need for
complementary analytic techniques. One of the examples
of this is tandem mass spectrometry, where the glycan
fragmentation is controlled to obtain the identification of the
glycosylation sites and a complete description of the glycan
structure compositions, including linkage and sequence infor-
mation [44]. Moreover, recent advances in ion mobility mass
spectrometry can now also be used for a complete glycan analy-
sis [45].

The analysis and interpretation of mass spectrometry spectra
produced by glycans is a challenge. Most significantly, in MS
outputs, glycans appear in their generalized composition
classes, i.e., Hex, HexNAc, dHex, NeuAc, etc. The identity
elucidation of generalized unit classes into specific monosac-
charide units (such as Gle, Gal, Man, GalNAc, etc.) requires
prior knowledge of the glycan biosynthetic pathways [46]. Ad-
ditional sources of prior knowledge are bioinformatics
databases that have been curated through the deposition
of experimental data. Bioinformatics databases contain

detailed descriptions of the glycan compositions and
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m/z values of specific glycans, and therefore aiding the process
of glycan annotation [47]. Such bioinformatics databases can
usually be interrogated using textual or graphical notations that
describe the glycan sequence. However, due to the glycan com-
plexity and the incremental nature of the different glycomics
projects, numerous notations have been developed over the
years — e.g., CarbBank [48] utilized CCSD [48] and Euro-
CarbDB [49] and GlycomeDB [50] used GlycoCT [51]
(Table 1).

Thankfully, data from discontinued glycomics projects are not
lost but were integrated into newer platforms, often with novel
notations. One such example is GlyTouCan [53], which uses
both GlycoCT [54] and WURCS [53] as notation languages. As
a result, tools that interconvert between notations were de-
veloped to successfully integrate old data into new platforms.
Additionally, the introduction of tools such as GlycanFormat-
Converter [55] to convert WURCS notations into more human-
readable formats has eased the interpretation of glycan data-
bases.

Significantly, the GlyTouCan project aims to create a public
repository of known glycan sequences by assigning them
unique identification tags. Each identification tag describes a
glycan sequence in the WURCS notation, and this allows to link
specific glycans to other databases, such as GlyConnect [56],
UniCarb-DB [57] and others, any of which are tailored to spe-
cific flavours of glycomics and glycoproteomics experiments.
Ideally, this implementation ends up requiring the user to be
familiar with a single notation — WURCS — used to represent
sequences of glycans.

Beilstein J. Org. Chem. 2020, 16, 2523-2533.

From glycomics/glycoproteomics to
carbohydrate 3D model building and

validation in Privateer

Many fields, for example pharmaceutical design and engi-
neering [58], molecular dynamics simulations [59] and protein
interaction studies [60], rely upon structural biology to produce
accurate atomistic descriptions of glycoproteins. However, due
to clear limitations of elucidating carbohydrate features in MX/
cryo-EM electron-density maps, structural biologists are likely
to make mistakes. This introduces the possibility of modelling
wrong glycan compositions in glycoprotein models, going as far
as not conforming with general glycan biosynthesis knowledge.
Model building pipelines would therefore greatly benefit from
the ability to validate against the knowledge of glycan composi-
tions elucidated via glycomics/glycoproteomics experiments.
This warrants the need for new tools that are able to link these
methodologies, through an intermediate interconversion library.

A foundation for such interconversion libraries exists in the
form of the carbohydrate validation software Privateer. The
program is able to compute individual monosaccharide confor-
mations from a glycoprotein model, check whether the
modelled carbohydrates atomistic definitions match dictionary
standards as well as output multiple helper tools to aid the pro-
cesses of refinement and model building [24]. Most important-
ly, Privateer already contains methods that allow the extraction
of carbohydrate atomistic definitions to create abstract defini-
tions of glycans in memory, and thus already laying a founda-
tion for the generation of unique WURCS notations and provid-
ing a straightforward access to bioinformatics databases that are
integrated in the GlyTouCan project.

Table 1: A comparison of the structural information storage capabilities of different sequence formats used in glycobioinformatics.2

multiple repeating

notation connections units
CCSD(CarbBank) -

LINUCS -

GlycoSuite - -
BCSDB (+) (+)
LinearCode - -
KCF + +
GlycoCT + +
Glyde-Il + +
WURCS 2.0 + +

alternative linear atomic
residues notation ambiguity
— + -
— + -
+ + -
+ + -
+ + -
+ - -
+ + +

a“+” Denotes that information can be stored directly without any significant issues, “(+)” denotes that information can be stored indirectly, or that there
are some issues and “-” denotes that information description in the particular sequence format is unavailable. This table is a simplified version of the

one originally published by Matsubara et al. [52].
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Methods

The algorithm used to generate the WURCS notation in Priva-
teer is based on the description published in Tanaka et al. [61],
with required updates applied from Matsubara et al. [52].
WURCS was designed to deal with the incomplete descriptions
of glycan sequences emerging from glycomics/glycopro-
teomics experiments (i.e., undefined linkages, undefined
residues and ambiguous structures in general). However, the
lack of this detail is unlikely to be supported in “pdb” or
“mmCIF"” format files, which are a standard in structural
biology. As a result, the “atomic ambiguity” capability
(Table 1) is not supported in Privateer’s implementation. More-
over, Privateer’s implementation of WURCS relies on a manu-
ally compiled dictionary that translates the PDB Chemical
Component Dictionary [62] three-letter codes of carbohydrate
monomer definitions found in the structure files into WURCS
definitions of unique monomers (described as “UniqueRES”
[52D).

The WURCS notations are generated for all detected glycans
that are linked to protein backbones in the input glycoprotein
model. For every glycan chain in the model, the algorithm
computes a list of all detected monosaccharides that are unique
and stores that information internally in memory. Then, the
algorithm calculates the unit counts in a glycan chain — how
many unique monosaccharides are modelled in the glycan
chain, the total length of the glycan chain and computes the
total number linkages between monosaccharides. After the com-
position calculations are carried out, the algorithm begins the
generation of the notation by printing out the unit counts. Then,
the list of unique monosaccharide definitions in the glycan
chain are printed out by converting the three-letter PDB codes
into WURCS-compliant definitions. Afterwards, each indi-
vidual monosaccharide of the glycan is assigned a numerical ID
according to its occurrence in the list of unique monosaccha-
rides. Finally, the linkage information between monosaccharide
pairs are generated by assigning individual monosaccharides a
unique letter ID according to their position in the glycan chain.
Alongside a unique letter ID, a numerical term is added that de-
scribes a carbon position from which the bond is formed to
another carbohydrate unit. Crucially, the linkage detection in
Privateer does not rely at all on metadata present in the struc-
ture file. Instead, linkages are identified based on the perceived
chemistry of the input model: which atoms are close enough —

but not too close — to be plausibly linked.

The generated WURCS string can then be used to search
whether an individual glycan chain has been deposited in
GlyTouCan. The scan of the repository occurs internally within
the Privateer software, as all the data is stored in a single struc-
tured data file written in JSON format that is distributed
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together with Privateer. If the existence of a glycan in the data-
base is confirmed, then the software can attempt to find records
about the sequence on other, more specialised databases (cur-
rently only GlyConnect) to obtain information such as the
source organism, the type of glycosylation and the glycan core
to carry out further checks in the glycoprotein model (Figure 2).

Availability and performance of the algorithm
This new version of Privateer (MKIV) will be released as an
update to CCP4 7.1. To demonstrate the capabilities of the
computational bridge integrated in the newest version of Priva-
teer (for standalone bundles, please refer to privateer branch
“privateerMKIV_noccp4” of GitHub repository with the instal-
lation instructions provided in the README.md file [63]), it
was run on all N-glycosylated structures in the PDB solved
using MX and cryo-EM. The list of structures used in this
demonstration was obtained from Atanasova et al. [18]. The
computational analysis of the demonstration revealed a relative-
ly small proportion of deposited glycoprotein models contain-
ing glycan chains that do not have a unique GlyTouCan acces-
sion ID assigned, raising questions about the provenance of
their structures. Importantly, the majority of the glycan chains
that do have a unique GlyTouCan accession ID assigned
(except for single residues linked to protein backbones), have
also been successfully matched on the GlyConnect database
(Table 2).

Results

Examples of use

As observed in previous studies, glycoprotein models deposited
in the PDB feature flaws ranging from minor irregularities to
gross modelling errors [14,17,41,64]. The automated validation
of minor irregularities was already possible with automated
tools such as pdb-care [37], CARP [65], and Privateer [24].
However, the automated detection of gross modelling errors is
currently a challenge due to the lack of publicly available tools.
Our newly developed computational bridge between structural
biology and glycomics databases makes the detection of gross
modelling errors easier, as demonstrated by the following ex-

amples.

Example 1 — 2H60

The glycoprotein model (PDB code 2H60) proposed by
Szakonyi et al. [66] contains 12 glycans, as detected by Priva-
teer. The model became infamous after it sparked the submis-
sion of a critical correspondence published by Crispin et al.
[14]. The article contained a discussion about the proposed
model containing glycans that were previously unreported and
inconsistent with glycan biosynthetic pathways. In particular,
the model contained oligosaccharide chains with Man-(1— 3)-
GlcNAc and GIeNAc-(1—3)-GlcNAc linkages, B-galactosyl
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Figure 2: A roadmap of the software development project that allows structural biologists to quickly obtain detailed information about specific glycans
in glycoprotein models from glycomics/glycoproteomics databases. The GlyTouCan (https:/glytoucan.org/) and GlyConnect (https:/
glyconnect.expasy.org/) logos have been reproduced here under explicit permission from their respective authors.

Table 2: Comparison of the successful glycan matches detected by Privateer in the GlyTouCan and the GlyConnect database.?

experimental
technique

MX
MX
MX
MX
MX
MX
MX
MX
MX
MX
MX
MX
MX
MX
MX
MX
cryo-EM
cryo-EM
cryo-EM
cryo-EM

glycan chain GlyTouCan ID GlyTouCan ID % of GlyTouCan in
length found not found GlyConnect
1 16797 0 1%
2 5870 5 90%
3 2550 17 71%
4 1012 21 80%
5 834 72 74%
6 460 85 69%
7 345 55 77%
8 235 25 85%
9 164 16 81%
10 118 5 92%
11 20 5 85%
12 8 4 75%
13 0 1 0%
14 0 0 0%
15 2 0 0%
16 0 1 0%
1 2080 0 3%
2 1081 0 98%
3 439 0 96%
4 143 0 93%

total glycan
chains

16797
5875
2567
1033

906
545
400
260
180
123
25
12

—_ N O =

2080
1081
439
143
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Table 2: Comparison of the successful glycan matches detected by Privateer in the GlyTouCan and the GlyConnect database.? (continued)

cryo-EM 5 146
cryo-EM 6 70
cryo-EM 7 45
cryo-EM 8 26
cryo-EM 9 15
cryo-EM 10 16
cryo-EM 11 4
cryo-EM 12 1
cryo-EM 13 1

2 85% 148
1 97% 71
0 100% 45
0 88% 26
1 100% 16
0 100% 16
0 100% 4
0 100% 1
0 0% 1

aGlycans obtained from the glycoprotein models were elucidated by X-ray crystallography and cryo-EM.

motifs capping oligomannose-type glycans and hybrid-type
glycans containing terminal Man-(1—3)-GIcNAc [14]. More-
over, the proposed model contained systematic errors in the
anomer annotations and carbohydrate stereochemistry. To this
day, there is still no experimental evidence reported for these
types of linkages and capping in an identical context.

The new version of Privateer was run on the proposed model.
WURCS notations were successfully generated for all glycans,
with only 1 glycan chain out of 12 successfully returning a
GlyTouCan ID. Under further manual review of the one glycan
and with help from other validation tools contained in Privateer,
it was found to contain anomer mismatch errors (the three letter
code denoting one anomeric form did not match the anomeric
form reflected in the atomic coordinates). After the anomer
mismatch errors were corrected, the oligosaccharide chain also
failed to return GlyTouCan and GlyConnect IDs. The other 11
chains that failed to return a GlyTouCan ID also contained

flaws, as described previously (Figure 3).

The analysis of this PDB entry highlights the kind of cross-
checks that could be done by Protein Data Bank annotators
upon validation and deposition of a new glycoprotein entry. It
should be recognised that PDB annotators might not necessari-
ly be experts in structural glycobiology. The fact that these
glycans could not be matched to standard database entries
should be enough to raise the question with depositors, and at
the very least write a caveat on a deposited entry where glycans
could not be correctly identified. Furthermore, despite the ex-
ample showing just N-glycosylation, other kinds of glycosyla-
tion are searchable as well, and therefore this tool could shed
much needed light on the validity of models representing more

obscure types of modifications.

Example 2 — 2762
Successfully matching the WURCS string to a GlyTouCan ID,
should not be a sole measure of a structure validity. GlyTouCan

is a repository of all potential glycans collected from a set of

databases, with the entries often representing glycans. There-
fore, the correctness of the composition should be critically
validated against the information provided in specialized and
high-quality databases such as GlyConnect [56] and
UniCarbKB [67]. The computational bridge provides direct
search of entries stored in GlyConnect, with plans to expand

this to more databases in the near future.

An example where the sole reliance on the detection of a glycan
in GlyTouCan would not be sufficient is rebuilding of the 2262
glycoprotein structure [68] to improve the model quality [41]
(Figure 4). The analysis of the original model generated the
GlyTouCan ID G28454KX, which could not be detected in
GlyConnect. The automated tools used by PDB-REDO slightly
improved the model by renaming one of the fucose residues
from FUL to FUC due to an anomer mismatch between the
three letter code and the actual coordinates of the monomer.
The new model thus generated the GlyTouCan ID G21290RB,
which in turn could be matched to the GlyConnect ID 54. Under
further manual review of mFo-DFc difference density map, a
(1—3)-linked fucose was added, along with additional correc-
tions to the coordinates of the molecule [41]. The newly gener-
ated WURCS notation for the model returned a GlyTouCan ID
of G63564LA, with a GlyConnect ID of 145. The iterative steps
taken to rebuild the glycoprotein model have been portrayed
(Figure 4). Because the data in GlyConnect is approximately
70% manually curated by experts in the field [56], a match of a
specific glycan in this database is likely a valid confirmation of
a specific oligosaccharide composition and linkage pattern
found in nature.

Conclusion

The mirrors of GlyConnect and GlyTouCan were obtained
thanks to the public access to the API commands, which
allowed to create scripts that automated the query of the entries
stored in the databases with relative ease. However, the integra-
tion of additional databases might require support from the

developers of those databases. Support for lipopolysaccharides
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WURCS=2.0/3,10,9/[a2122h-1b_1- WURCS=2.0/3,9,8/[a2122h-1b_1-
5_2*NCC/3=0][a1122h-1a_1-5][a2112h-1b_1-5]/1- 5_2*NCC/3=0][a1122h-1a_1-5][a2112h-1b_1-
1-2-2-2-2-3-3-2-2/a3-b1_b3-c1_c3-d1_c6-i1_d2- 5]/1-1-2-2-2-2-3-3-2/a4-b1_b4-c1_c3-d1_c6-
e1_e2-f1_f3-g1_g3-h1_i3-j1 i1_d2-e1_e2-f1_f3-g1_g3-h1

GlyTouCan ID: Not Found. GlyTouCan ID: Not Found.
GlyConnect ID: Not Found. GlyConnect ID: Not Found.

WURCS=2.0/5,10,9/[a2122h-1b_1-

WURCS=2.0/3,8,7/[a2122h-1b_1-  WURCS=2.0/4,9,8/[a2122h-1b_1- 5_2*NCC/3=0][a2122h-1a_1-
5_2*NCC/3=0][a1122h-1a_1- 5_2*NCC/3=0][a2122h-1a_1- * = Aa 1-
_ _ . — 5_2*NCC/3=0][a1122h-1a_1
5][a1122h-1b_1-5]/1-1-2-2-2-2-2-  5_2"NCC/3=O][a1122h-1a_1- 5][a1122h-1b_1-5][a1221m-1a_1-5]/1-
3/a4-b1_b3-c1_c3-d1_c6-f1_d2-  Sl[a1221m-1a_1-5]/1-2-3-3-1-3-3-3- 3 -

- ~ —c6-11_ . 2-3-3-1-3-3-4-3-5/a4-b1_a6-j1_b3-
e1_f3-g1_f6-h1 4/a4-b1_a6-i1_b3-c1_c3-d1_c6- o1 c3-d1 c6-a1 d2-e1 e3-f q3-

f1_d2-e1_f3-g1_f6-h1 ~co-01_co-gl_de-el_es-l_9
h1_g6-i1

GlyTouCan ID: Not Found. GlyTouCan ID: Not Found. GlyTouCan ID: Not Found.
GlyConnect ID: Not Found. GlyConnectID: Not Found. GlyConnect ID: Not Found.

WURCS=2.0/3,9,8/[a2122h-1b_1- WURCS=2.0/3,9,8/[a2122h-1b_1-
5_2*NCC/3=0][a1122h-1b_1-5][a1122h-1a_1-5]/1- 5_2*NCC/3=0][a1122h-1b_1-5][a1122h-1a_1-5]/1-
1-2-3-3-2-2-2-2/a4-b1_b4-c1_c3-d1_c6-f1_d2- 1-2-3-3-3-3-3-3/a4-b1_b4-c1_c3-d1_c6-f1_d2-
e1_f3-g1_f6-i1_g2-h1 e1_f3-g1_f6-i1_g2-h1

GlyTouCan ID: Not Found. GlyTouCanID: G63337SS

GlyConnect ID: Not Found. GlyConnect ID: 1334

Figure 3: N-Linked glycans in Epstein Barr virus major envelope glycoprotein (PDB entry: 2HB0O [66]). A) A selection of the glycan chains that failed to
return database IDs with their WURCS sequences extracted from the Privateer CCP4i2 report. B) Glycan chain (right) for which a GlyTouCan and
GlyConnect ID have successfully been matched with the modelling errors present in the model. After manual fixing (left), the WURCS sequence for
the glycan failed to return database IDs. Highlighting in red depicts the locations in WURCS notation where both glycans differ.

and polysaccharides may be added in future, too, owing to the = Currently, the generated WURCS strings are matched against
general purpose of the integrated databases — i.e., they are not an identical sequence in the database. This means that if a

limited to protein glycosylation. glycan model has a single modelling mistake, for example, at
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GlyTouCan ID: G28454KX
GlyConnect ID: Not Found.

1-2/a4-b1_a6-c1

WURCS=2.0/2,3,2/[a2122h-1b_1-
5_2*NCC/3=0][a1221m-1a_1-5)/1-

GlyTouCan ID: G21290RB
GlyConnectID: 54

WURCS=2.0/2,4,3/[a2122h-1b_1-
5_2*NCC/3=0][a1221m-1a_1-5]/1-2-
1-2/a3-b1_a4-c1_a6-d1
GlyTouCan ID: G63564LA
GlyConnect ID: 145

Figure 4: An N-linked glycan attached to Asn35 of human Toll-like receptor 4 (A: PDB entry 2z62 [68]). Model iteratively rebuilt by PDB-Redo as
shown in steps B and C [41]. Pictures at the top depict glycoprotein models of the region of interest and electron-density maps of the glycan chain
(grey: 2mFo DFc map, green and red: mFo DFc difference density map). Pictures at the bottom depict the SNFG representations of glycan chains,
their WURCS sequence and accession IDs to relevant databases (taken directly from Privateer's CCP4i2 report).

one end of the chain but is correct elsewhere, the current
version of the software would still fail to return a match. This
issue has been solved in the development version by the incor-
poration of a subtree matching algorithm, which will reveal
modelling mistakes at specific positions of the glycans, and
report these to the user.

Currently, all the developments outlined in this work are acces-
sible exclusively through the Privateer command line interface
and through Coot scripts. In order to facilitate the interaction
with users, a graphical interface to the new functionality will
be provided through the CCP4i2 [38] framework. This new
version of the interface is at the testing stage at the time of

publication.
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The case for post-predictional modifications in
the AlphaFold Protein Structure Database

To the editor — AlphaFold2 has arrived
to change workflows in structural biology,
for good. However, the algorithm does not
account for essential modifications that
affect protein structure and function, which
gives us only part of the picture. Here we
discuss how this omission can be addressed
in a relatively straightforward manner,
which leads to a complete structural
prediction of complex biomolecular systems.
The recent release of the AlphaFold
Protein Structure Database' by DeepMind
and EMBL-EBI marks a major breakthrough
in structural biology, as it makes available to
the scientific community worldwide highly
accurate structural predictions for 20,000
proteins from humans and proteins from
20 other biologically relevant organisms
that include Escherichia coli. Like many
scientists that work on macromolecular
structure, we are genuinely excited
about this development, yet we feel that
there is a non-negligible potential for
misinterpretation of its content in its
current form. In particular, the protein-only
predictions in the AlphaFold database
means that cofactors and, most importantly,
co- and post-translational modifications
are understandably — owing to the scope
of the technique — excluded. Among the
most relevant co- and post-translational
modifications is protein glycosylation —
relevant and very visible, as recent studies
of the dynamics of a fully glycosylated
SARS-CoV-2 spike protein illustrate®’.
Indeed, between 50% and 70% of those
20,000 predicted human proteins are
believed to be glycosylated®, but none of this
is yet visibly highlighted on the database.
Detailed information on the likelihood of
modifications is readily available through
AlphaFolds’ links to Uniprot (https://
www.uniprot.org), and thus we strongly
encourage the users of this fantastic new
resource to check the information available
on Uniprot before downloading a model.
Within this framework, we believe
that the absence of cofactors and of co- or
post-translational modifications in the
models in the AlphaFold Protein Structure
Database might be remediated through
the use of sequence and structure-based
comparative studies. Indeed, in the specific
case of glycosylation, the algorithms that
are implemented by DeepMind have
digested inter-residue distances from

Fig. 1| Grafting an N-glycan onto an AlphaFold model. a, Structural alignment of the crystal structure
of human CD1b in complex with phosphatidylglycerol (PDB 5WL1), shown in cyan, onto the model
predicted by AlphaFold (accession code P29016), shown in magenta. The N-glycosylation at position
N38 was reconstructed with Privateer’, where the linked Man6 structure was selected from a library of
highly populated conformers at equilibrium, obtained from molecular dynamics simulations at 300 K°.
b, Close-up view of the grafted Man6, with the structure rotated around the z-axis by 180°, represented
in sticks with colouring compliant to the Symbol Nomenclature for Glycans scheme. The relative
positions of the Trp 23 sidechain stacking the Man6 core are highlighted in sticks in both the crystal
structure (cyan) and in the AlphaFold model (magenta).

the Protein Data Bank (PDB)°, where
glycosylated proteins often exhibit either
full or partial glycan structures; therefore,
the space where unmodeled modifications,
such as protein glycosylation, should
have appeared is somehow preserved in
AlphaFold models, which allows for these
structural features to be directly grafted
onto a model. To demonstrate the potential
of this approach, we have developed
proof-of-concept functionality that grafts
protein glycosylation from a library of
structurally equilibrated glycan blocks,
obtained from molecular dynamics®,

onto an AlphaFold model.

This task has been automated and
integrated into the new Python interface
of the carbohydrate-specific Privateer
software” and is available to all on its
GitHub repository (https://github.com/
glycojones/privateer.git). Figure 1 shows
AlphaFold model P29016 (depicted

in magenta) of a human T cell surface
glycoprotein Cd1b, superposed onto the
protein’s crystal structure PDB 5WL1.
The latter was expressed in an insect cell

NATURE STRUCTURAL & MOLECULAR BIOLOGY | VOL 28 | NOVEMBER 2021 | 869-870 | www.nature.com/nsmb

line and it shows a characteristic double
core-fucosylation of the N-glycans,

which were omitted in Fig. 1 for clarity.
The N-glycan our tool grafted onto the
AlphaFold model is not just compatible
with the available space, but it shows a high
complementarity to the protein surface,
where the Man6 core is involved with Trp
23 in a CH-m interaction®, as seen in the
crystal structure.

We would like to emphasize that this
approach may also be useful to complete
the AlphaFold models in the database with
other types of modifications. For example,
the AlphaFold model P6887, a hemoglobin
subunit beta, contains a heme binding
site with just enough space for a heme
cofactor. Certain structure completions
will only be feasible via automated
comparative analyses against available
structural information — for example,
co-translational modifications such as
myristoylation’, or O-GlcNAcylation'

— while others such as N-glycosylation
or tryptophan mannosylation, which rely
on consensus sequences, will be more
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amenable to prediction. As comparative
studies would have to rely on experimental
structural information, positional
uncertainty (for example, a pLDDT-like
score'') may be estimated by comparing
the placed coordinates to a superposition
of the available structural information.
However, in the particular case of

protein glycosylation, we see more of a
compositional problem; indeed, the biggest
challenge would be to get a good estimation
of what glycoform is linked to each sequon.
Experimental structures offer only partial
information owing to limiting factors such
as mobility and micro-heterogeneity'?, so
other sources of knowledge (for example,
glycomics and molecular dynamics
simulations) ought to be used, especially
when attempting to model full-length
glycans, which is something we are sure
the glycobiology community will
appreciate. We are expanding the

Privateer software to address these cases,

870

by harnessing the rich information
available in glycomics databases'’.

To conclude, we think that these early
results are highly encouraging to serve as a
rallying point for the developers’ community
to complete and enrich the predicted
protein models with likely modifications,
to bring them to their fullest potential and
to correctly inform the next generation of
structural biology studies. a
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The oligosaccharides in N-glycosylation provide key structural and functional
Edited by M. Vollmar, Diamond Light Source, contributions to a glycoprotein. These contributions are dependent on the
United Kingdom composition and overall conformation of the glycans. The Privateer software
allows structural biologists to evaluate and improve the atomic structures of
carbohydrates, including N-glycans; this software has recently been extended to
check glycan composition through the use of glycomics data. Here, a broadening
Supporting information: this article has of the scope of the software to analyse and validate the overall conformation of
supporting information at journals.iucr.org/d N-glycans is presented, focusing on a newly compiled set of glycosidic linkage

torsional preferences harvested from a curated set of glycoprotein models.

Keywords: glycobiology; validation; Privateer;
N-glycans; torsion angles.

1. Introduction

Post-translational modifications (PTMs) are covalent modifi-
cations of proteins that occur after the nascent polypeptide
has left the ribosome. PTMs may induce significant changes in
the structure and function of the protein (Xin & Radivojac,
2012). A fundamental and abundant PTM is N-glycosylation,
in which an oligosaccharide moiety is attached to the N atom
of an asparagine side chain in the target protein. The oligo-
saccharide is subsequently trimmed and modified according to
the available cellular enzymes: glycoside hydrolases, glycosyl
and oligosaccharyl transferases. The resulting oligosaccharide,
or N-glycan, may end up having anything from a complex to a
minimal composition, leading to a specific 3D conformation
of the mature glycoprotein (Shental-Bechor & Levy, 2009).
N-Glycosylation is key to all sorts of interactions, including
those with cell-surface receptors (Petrescu et al., 2006; Rudd
et al., 2004) or even other parts of the same glycoprotein, as
shown in studies of the dynamics of SARS-CoV-2 spike, where
conformational changes in the Asnl65 glycan push up the
receptor-binding domain of the spike (Casalino et al., 2020).
Understanding the complex structure of carbohydrates is
challenging due to the various stereochemical and regio-
chemical possibilities exhibited by N-glycans. Producing a
correct 3D structure of a glycoprotein at a good enough
resolution can be vital in understanding how some biological
processes unfold. Alas, working with glycans in software for
X-ray crystallography and electron cryo-microscopy has
historically been all but straightforward: many carbohydrate
modelling, refinement and validation processes relied on
software written primarily for proteins and nucleic acids
(Atanasova et al., 2020), and libraries of restraints had become
outdated or were incorrect (Agirre, 2017). While recent efforts
® have aimed to address this situation (Atanasova et al., 2022;
OPEN 8 ACCESS Joosten et al., 2022), carbohydrate methodology still trails that
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Obtaining a glycoprotein structure at a high enough reso-
lution can generally be considered to be more difficult than
with a glycan-free protein. Two main issues are routinely
identified as problematic when it comes to obtaining higher
resolutions: heterogeneity and mobility, both of which trans-
late into poorer experimental data. Owing to these compli-
cations, the Protein Data Bank (PDB; Berman et al., 2000)
contains models that include incorrect nomenclature (Liitteke
et al., 2005), impossible linkages (Crispin et al., 2007) and
improbably high-energy conformations of carbohydrates that
deviate from the low-energy chair conformation of six-
membered rings (Agirre, Davies et al., 2015): in general, a *C,
chair for p-pyranosides and a ' C, chair for L-pyranosides. Ring
conformations (Cremer & Pople, 1975) and their energetics
(Davies et al., 2012) are discussed in detail elsewhere. Using
models with incorrect glycochemistry in downstream analyses
or molecular simulations will cause misrepresentation and
misinterpretation, while also perpetuating these errors. Soft-
ware packages such as pdb-care and CARP (Liitteke et al.,
2005), and more recently Privateer (Agirre, Iglesias-Fernandez
et al., 2015; Bagdonas et al., 2020), can be utilized for the
identification and rectification of these model errors, therefore
allowing future refinement data libraries to be as accurate and
representative as possible.

In this study, torsion angles (dihedral angles) in curated
structures of N-glycan-forming pyranosides were collected in
order to create accurate torsional libraries for use in the
Privateer validation software. Previous torsional databases
such as GlyTorsionDB (Liitteke et al., 2005) and its associated
link-checking tool (CARP) incorporate potentially flawed
models from the PDB, as they pre-dated the introduction of
ring conformation into the routine validation of glycan
structures (Agirre, Iglesias-Fernandez et al., 2015); therefore, a
survey of the PDB was completed with each PDB entry being
analysed and validated using Privateer to ensure that the
N-glycans were well fitted to the electron density without any
conformational errors. Also, in order to avoid the presentation
of data on multiple torsional plots and to allow the easy
identification of standout (outlier) linkage conformations, a
Z-score is calculated for each linkage, with standout linkages
being highlighted in orange on glycan diagrams that follow the
third edition of the Standard Symbol Nomenclature for
Glycans (SNFG; Varki et al., 2015). Furthermore, in recogni-
tion that not every standout linkage conformation will be the
consequence of a modelling mistake, a collection of verified
cases where the interaction between glycan and protein resi-
dues has caused an unusual conformation is presented. Finally,
a similar study was completed using PDB-REDO (van
Beusekom, Touw ez al., 2018) to analyse whether modern
refinement techniques can lead to less frequent errors in the
N-glycan models.

2. Materials and methods
2.1. Data-set collection and validation

A local PDB mirror (August 2021) was created for this
study. The PDB mirror was then scanned for proteins

containing glycosylated amino-acid residues. Of the mono-
saccharides contained within these chains, the conformations
of the six-membered rings (pyranosides) were validated using
Privateer: the software calculates ring conformation using the
Cremer-Pople algorithm (Cremer & Pople, 1975) and then
compares the detected ring conformation with the minimal
energy conformation stored in an internal database. The data
set was filtered to include only monosaccharides with a real-
space correlation coefficient (RSCC) higher than 0.80 [RSCC
(equation 1) is a measure of the local agreement between a
portion of an atomic model and the observed electron-density
map that surrounds it] and which had been deemed diag-
nostically correct by Privateer, i.e. no nomenclature errors, no
unphysical puckering amplitude and all pyranosides in their
minimal energy conformations (a chair in all analysed cases).
Privateer checks that the anomeric and absolute stereo-
chemistry in the structure matches that encoded in the three-
letter code (for example that a monosaccharide modelled as
MAN is perceived to be o-p-mannose), that the ring confor-
mation matches the lowest energy pucker, which is a *C; chair
for most D-pyranosides, with special cases such as 'C, for the
mannose moiety in tryptophan mannosylation (Akkermans et
al., 2022; Frank et al., 2020), including puckering amplitude
(Cremer & Pople, 1975).

COV(pobs > pcalc)

[Var(loobs)var(Iocalc)]1/2 .

RSCC = COI’I’(,OObS, IOCalC) = (1)

No resolution cutoffs were explicitly applied, although some
filtering is implicit in requiring a minimum RSCC, as the
accumulation of model-error components at low resolutions
makes it harder to obtain high RSCC values. A total of 68 541
monosaccharides were analysed, 57 569 of which Privateer
deemed correct; only these were used in the study. A further
8511 showed a high-energy ring conformation, which normally
requires manual assessment. A total of 2421 monosaccharides
showed geometry and/or nomenclature errors.

For the PDB-REDO comparison, the equivalent mono-
saccharides were taken from the so-called ‘conservatively
optimized” models in the PDB-REDO databank (van
Beusekom, Touw et al., 2018), i.e. models that were re-refined
without any torsional restraints for carbohydrates but were
not subjected to N-glycan rebuilding procedures (van
Beusekom et al., 2019).

Example linkages present in diverse glycans are shown in
Fig. 1 using the third edition of the SNFG (Varki et al., 2015),
which Privateer implements. The definition of ¢ and ¥ for
N-acetyl-B-p-glucosamine (GIcNAc, or NAG in the PDB
Chemical Component Dictionary) linked to asparagine, plus
all 1-2, 1-3 and 1-4 glycosidic bonds, and additionally w, which
covers 1-6 bonds such as in «-D-mannose—1,6—a-D-mannose
and «-L-fucose-1,6-N-acetyl B-p-glucosamine, is shown in
Fig. 2. While completing this study, a large array of different
linkages were identified; however, only a small number had
enough independent observations to enable meaningful data
extraction. Indeed, only approximately 10% of protein models
deposited in the PDB contain one or more carbohydrate
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PDB entry 5fji

High mannose,

GH3 enzyme from
Aspergillus fumigatus

PDB entry 5aog

Plant glycan,

peroxidase enzyme from
Sorghum bicolor

PDB entry 3sgk

Complex glycan,

antibody from Homo sapiens,
expressed in Cricetulus griseus

PDB entry 4byh
Sialylated complex glycan,
antibody from Homo sapiens

L] @ @)

GlcNAc Man Gal
(NAG, NDG) (MAN, BMA)

Figure 1

(GLA, GAL)

® A x

Neu5Ac Fuc Xyl

(SIA,SLB)  (FUC,FUL) (XYS, XYP)

Examples of different types of N-glycans shown using the Symbol Nomenclature for Glycans (SNFG). The Greek letters and numbers show the N-glycan
linkage naming. (a) High mannose from PDB entry 5fji, a GH3 glucosidase from Aspergillus fumigatus (Agirre et al., 2016). (b) Plant glycan from PDB
entry 5aog, a sorghum peroxidase (Nnamchi et al., 2016). (c) PDB entry 3sgk (Ferrara et al., 2011) shows a complex glycan from an Fc fragment of a
human antibody, which was in turn expressed in CHO cells. (d) A sialylated complex glycan from PDB entry 4byh (Crispin et al., 2013) expressed in
Homo sapiens. This figure was produced with Privateer, which follows SNFG version 3 (Varki et al., 2015).

groups, while around 6% are N-glycosylated (Agirre, 2017).
We set the minimum number of required observations to 50
and introduced a mechanism for Privateer to report which
linkages could not be validated due to insufficient data (see
below). A table of the linkages investigated in this study is
given as Table 1, as well as the commonly used abbreviations
associated with them.

2.2. Implementation in Privateer

To assess the normality of the torsion angles between
monosaccharides in N-glycans, a Z-score system was imple-
mented using similar methods to the Tortoize (van Beusekom,
Joosten et al., 2018) and WHAT_CHECK (Hooft et al., 1997)
software. The Z-score is based on how common a certain (¢, V)
combination is compared with a reference set of the same

glycosidic linkages calculated from high-quality structure
models. To calculate the Z-scores, torsional data from each
linkage were split into two-dimensional bins with a 2° bin
spacing and formed into a database. The Z-score is calculated
as described by Hooft et al. (1997) and shown in equation (2).

_ ()
7 = o)

@

Let k be a particular glycosidic linkage, for example BMA402-
NAG401 in a PDB file, under scrutiny and z; be its Z-score for
the @/ torsion pair measured on the structure; / is the linkage
type (Man-B1,4-GlcNAc in this case), ¢} is the number of data
points of that linkage (where c is a count) in the 2° x 2° bin
corresponding to the ¢/ torsion pair in the database, (c;) is
the average number of data points for that linkage across all
bins and o{c;) is the corresponding standard deviation of the
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Table 1

Full names, linkage abbreviations and shorthand notations with PDB Chemical Component Dictionary (CCD) codes for those linkages with sufficient

data.

No anomeric data are displayed for CCD codes, as this information is integrated into the codes themselves; for example MAN is @-pD-mannose and BMA is B-p-

mannose.

Full linkage denomination

N-Acetyl-B-p-glucosamine—asparagine
N-Acetyl-B-p-glucosamine—1,4-N-acetyl-8-D-glucosamine
B-pD-Mannose-1,4—N-acetyl-B-D-glucosamine
o-D-Mannose-1,3-8-pD-mannose
«-D-Mannose-1,6—-D-mannose
a-D-Mannose—1,2—-@-D-mannose
a-D-Mannose—1,3—@-D-mannose
a-D-Mannose—1,6—a-D-mannose
a-L-Fucose—1,3—N-acetyl-B-D-glucosamine
a-L-Fucose—1,6-N-acetyl-B-p-glucosamine
N-Acetyl-B-d-glucosamine-1,2-a-D-mannose
B-p-Galactose—1,4—N-acetyl-B-p-glucosamine
a-Sialic acid-2,6—-p-p-galactose

Abbreviation CCD code
GIcNAc-B-Asn NAG-ASN
GIcNAc-B-GIcNAc NAG-1,4-NAG
Man-f1,4-GlcNAc BMA-1,4-NAG
Man—«1,3-Man MAN-1,3-BMA
Man-«a1,6-Man MAN-1,6-BMA
Man-«1,2-Man MAN-1,2-MAN
Man-«a1,3-Man MAN-1,3-MAN
Man-«a1,6-Man MAN-1,6-MAN
Fuc-a1,3-GIlcNAc FUC-1,3-NAG
Fuc-a1,6-GIlcNAc FUC-1,6-NAG
GIcNAc-51,2-Man NAG-1,2-MAN
Gal-$1,4-GlcNAc GAL-1,4-NAG
Sia-a2,6-Gal SIA-2,6-GAL

number of data points for linkage / in the database, again
across all bins. As derived from the formula, positive Z-scores
indicate that the ¢/y torsion pair is well represented in the
database and thus normal, whereas negative Z-scores indicate
the opposite. Also, the scores are normalized to make the
results comparable between different linkages. Detailed
results and their interpretation are discussed in the next
section.

After scoring every glycosidic linkage, a global Z-score may
be calculated by simply averaging the Z-scores of all N-glycan
linkages. In addition to this, comparison to a reference set of
PDB entries with N-glycans allowed the calculation of a
relative ‘quality Z-score’, which is an additional parameter
that can be used as a measure of glycan normality. The
reference set was chosen following a set of criteria: crystal-
lographic structures and reflections from the wwPDB with
Riree < 0.25 and reported resolution < 2.50 A, with glycans
longer than four pyranosides and with a composition backed
up by a GlyConnect ID (Alocci et al., 2019). As a result, 510

NAG NAG ASN

Figure 2

Visual representation of ¢ and v in both sugar-sugar linkages and the
NAG-ASN linkage. This figure was generated from PDB entry 4byh
(Crispin et al., 2013).

structures were chosen containing 59 unique glycan structures.
The resolution range covered by the data set was 1.12-2.50 A,
and the Ry« and Ry values were in the ranges 0.10-0.23 and
0.12-0.25, respectively.

To provide a visual means of highlighting those linkages
with an unusual Z-score, the SNFG (Varki et al., 2015) vector
engine within Privateer (McNicholas & Agirre, 2017) was
modified to create an orange background behind the linkages.
Linkages for which insufficient data could be collected for
validation are marked with a grey background. This repre-
sentation was used in the figures presented in this study.
The representation was also extended to cover the mono-
saccharides in glycans, so that interesting or problematic
models can quickly be identified. We note that an orange
background does not automatically mean that there is a
modelling mistake, but rather that the linkage is worth
inspecting.

3. Results and discussion

The number of N-glycosylated structures in the PDB is
growing steadily (Scherbinina & Toukach, 2020; Agirre, 2017),
supported by the introduction of carbohydrate structure
modelling and validation tools such as pdb-care (Liitteke &
von der Lieth, 2004), the N-glycan building module in Coot
(Emsley & Crispin, 2018) and Privateer (Agirre, Iglesias-
Fernandez et al, 2015). However, as the resolvability of
pyranosides in N-glycans decreases the further the mono-
saccharides are from the asparagine residue (Atanasova et al.,
2020), the abundance of the data collected here dwindles for
linkages that form the antennae of the glycans. As stated
previously, we set a cutoff of 50 data points in order to guar-
antee the reliability of the Z-score calculation, and this
necessarily means that some glycosidic linkages are not yet
included in the analysis performed by the Privateer software.
Scripts for reproducing and extending this work are included
in the relevant section here, meaning that the torsion library
can be regenerated in future when more data are available.
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The torsional data that we harvested are plotted in Fig. 3. A
first close inspection of the graphs reveals a straightforward
correspondence between the most frequent linkage confor-
mations for every link type and their calculated energy
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Figure 3
Plots of ¢ and y values for all linkages collected with over 50 data points. Colour bars are plotted using the power-law distribution (Clauset et al., 2009) to
highlight outliers visually. Plots allow visualization of the energy-minima values.
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minimum or minima in the Disac3-DB section of the Glyco3D
2.0 database (Pérez et al., 2015) and GlycoMapsDB (Frank
et al., 2007). The mean linkage torsion angles and respective
standard deviations of this PDB survey are shown in
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Supplementary Tables S1 and S2. Supplementary Table S1
shows the values implemented into Privateer. A comparative
plot of quality Z-scores for the curated data set versus the rest
of the PDB is available in Supplementary Fig. S1. Low-quality
Z-scores (Z < —2) may indicate serious problems with the
overall quality of glycans in the structure model. High-quality
Z-scores (Z > 2), particularly in low-resolution structure
models, may indicate over-restraining of torsions in model
refinement and may warrant further inspection, as previously
shown for proteins (Sobolev et al., 2020).

3.1. GlcNAc-asparagine bond

Investigations of the torsion-angle data set between the
asparagine (ASN) amino-acid side chain and GIcNAc (NAG)
highlight a perhaps unsurprising trend. The ¢ torsion-angle
data set has a greater standard deviation (o = 25.3°) when
compared with the ¥ torsion angle (o = 22.1°). This is most
likely due to the i torsion angle referring to a C—N bond
which has a bond order of greater than one, analogous to a
peptide bond. Indeed, the mean value of ¥ is 178.5°, which is
very similar to the 180° torsion angle expected for a peptide
bond. Such a bond has limited torsional freedom. The ¢

06 Asnd43 <

2 r—

)
Figure 4

torsion angle refers to a single bond which has more rotational
freedom, leading to the increased spread of torsional data for ¢.

Correct modelling of the protein—sugar linkage torsion
angle is particularly important to establish a good basis for
other monosaccharides to be modelled further down the
N-glycan tree. Two main conformations for NAG-ASN exist
(Fig. 4), in which the conformation with a negative ¢ angle
(Fig. 4a) is the most abundant and the other conformation
(Fig. 4b), which is much more infrequent due to the additional
CH-r interaction (Trp431) that is required to stabilize it, is
flagged up as an outlier by Privateer. The arrangement shown
in Fig. 4(b), found in a fungal GH3 B-glucosidase, is conserved
across homologous structures.

3.2. Glycosidic linkages between pyranosides

N-Glycans exhibit common structures, as shown in Fig. 1.
The similarity of these conformations explains the consistency
in the types of linkages seen in various glycoproteins and
allows this quantitative study. N-Glycosylated chains attach to
the residue with a NAG sugar through a f-linkage. Attached
to this initial NAG sugar through a 8-1,4 linkage is an addi-
tional NAG sugar. This initial NAG-1,4-NAG linkage is

NAG-ASN linkage (n = 6688)

350 1 250
300 1 200
250 4 150
(a) (b) 3
~ 2001 o
5 kel
; — 100 %
150 4 2
<
50
100 A
50
0 0

-150 -100 -50 0 50 100 150
?(°)

*

a 3 B 4

Two main conformations for the NAG-ASN bond are detected in our data set, as previously shown in the literature (Imberty & Perez, 1995). (a) shows
the most frequent conformation (see the graph on the right for an idea of the numbers), with (b) showing a secondary and much more infrequent
preference. In (b) the GlcNAc appears flipped with respect to the orientation it has in (a); this can be spotted easily by looking at O6 of GlcNAc
(annotated in the figure), which appears on opposite sides of the asparagine side chain. Both shown conformations are from PDB entry 5fji (Agirre et al.,
2016); 2mF, — DF, electron density is shown at 1o for the glycans, but is omitted for the asparagine side chains for reasons of clarity; the positions of the

asparagine side chains showed a good fit to the electron density.
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Table 2

Comparison between the PDB and PDB-REDO torsional data.

Values have been rounded to the nearest integer due to the large deviations that were encountered.

@ (°) ¥ (%)
Resolution (A) Linkage PDB PDB-REDO PDB PDB-REDO No. of entries
x < 1.50 NAG-14-NAG —79+8 —79 + 24 —127 £ 18 —126 + 26 132
1.50 < x < 3.00 NAG-14-NAG —80 + 13 —74 + 24 —127 + 23 —125 £ 24 3190
x > 3.00 NAG-14-NAG —83 +24 —67 £ 36 —130 £ 23 —135 £ 27 472
All NAG-1,4-NAG —80 + 14 —73 + 26 —127 £ 23 —126 + 25 3800
x < 1.50 BMA-1,4-NAG —82 + 10 —84 + 10 —125+ 14 —122 £ 13 37
1.50 < x < 3.00 BMA-1,4-NAG —87 £ 16 —79 £ 29 —133 £ 18 —136 + 23 1369
x > 3.00 BMA-1,4-NAG —85 + 26 —65 + 47 —134 + 21 —142 £ 26 250
All BMA-1,4-NAG —87 + 18 =77 + 32 —133 + 18 —137 + 24 1659
x < 1.50 MAN-1,6-BMA 69 + 6 70 £ 5 150 £ 45 149 + 45 17
1.50 < x < 3.00 MAN-1,6-BMA 72 + 24 67 + 24 167 + 33 167 + 34 606
x > 3.00 MAN-1,6-BMA 79 + 42 66 + 41 177 + 31 179 + 34 75
All MAN-1,6-BMA 72 £ 27 66 £ 26 168 £+ 33 168 + 35 702
x < 1.50 MAN-1,3-BMA 77 + 14 76 + 14 122 + 21 122 + 21 23
1.50 < x < 3.00 MAN-1,3-BMA 75 £ 16 69 £ 20 121 £ 21 126 £ 23 602
x>3.00 MAN-1,3-BMA 82 + 21 68 + 26 125 + 30 135 + 34 130
All MAN-1,3-BMA 76 + 17 69 + 21 121 + 23 127 + 26 777
x < 1.50 MAN-1,6-MAN 60 £ 6 60 £ 3 —-179 £ 6 —177 £ 4 8
1.50 < x < 3.00 MAN-1,6-MAN 67 + 19 65 + 20 —173 + 16 —171 £ 16 175
x > 3.00 MAN-1,6-MAN 83 £ 45 68 £ 46 —174 £+ 34 —180 + 49 38
All MAN-1,6-MAN 68 + 25 65 £ 25 —173 £ 20 —173 + 24 221
x < 1.50 MAN-1,2-MAN 73+ 12 72 +12 126 + 37 125 + 37 23
1.50 < x < 3.00 MAN-1,2-MAN 77 + 16 70 + 16 134 + 33 139 4+ 35 387
x > 3.00 MAN-1,2-MAN 82 £ 125 71 £ 28 125 £ 26 130 £ 30 94
All MAN-1,2-MAN 78 + 18 71 £ 19 132 + 32 137 + 35 507
x < 1.50 MAN-1,3-MAN 74 £5 736 118 =17 118 £ 18 9
1.50 < x < 3.00 MAN-1,3-MAN 77 £ 16 75 £ 16 133 £ 22 135 £ 24 234
x > 3.00 MAN-1,3-MAN 89 + 18 83 + 19 129 + 34 130 + 33 36
All MAN-1,3-MAN 78 £ 17 76 £+ 16 132 =24 134 + 25 280
abundant in the PDB and hence contains a large number Attachment of additional mannose sugars onto the

(n = 3800) of validated data points. As evident by the two-
dimensional histogram (Fig. 3), most NAG-1,4-NAG linkages
contain torsion angles around ¢ >~ —80° and v >~ —130°.

Often, a BMA sugar is attached to the second NAG sugar
through a B-1,4 linkage. This BMA-1,4-NAG linkage may
theoretically have slightly more conformational variability
than NAG-1,4-NAG due to its position further down the
glycan tree; however, the spread of data (standard deviation)
is similar for both NAG-1,4-NAG and BMA-1,4-NAG. In
addition to this, in the complex tree a FUC sugar can be
attached to the initial NAG through an «-1,6 linkage. The
FUC-1,6-NAG linkage exhibits a large standard deviation
around both torsion angles, particularly around the i angle.
This could partially be the result of FUC being a terminal
residue at this position in the glycan, but the FUC-1,3-NAG
linkage, in which the FUC is also a terminal residue connected
to the same NAG, has less spread in the observed torsion
angles. A key difference, however, is the presence of a third
torsion angle, w, that gives more flexibility to the FUC-1,6-
NAG linkage. This additional flexibility also leads to less well
defined experimental data and thus more room for modelling
erTors.

N-glycan chain can often increase the amount of branching
and the size of the chain (see Fig. 1a). The most common
attachment onto the currently terminal BMA sugar is MAN-
1,3-BMA; indeed, this is shown in our data set of validated
glycans (n = 781), with the positional isomer MAN-1,6-BMA
being almost as frequent (n = 702). Interestingly, the MAN-
1,3-BMA linkage exhibits standard deviations (y: o = 22.6°)
which are similar to those of NAG-1,4-NAG (y: o = 22.8°).
However, the MAN-1,6-BMA linkage torsion angles do not
exist in a singular cluster and hence exhibit a larger standard
deviation (y: o = 33.3°). Again, this additional spread may be
caused by the presence of a third torsion angle in the linkage.

Certain glycoproteins have further monosaccharide
attachments such as a variety of MAN-MAN, NAG-MAN and
SIA-GAL linkages. Interestingly, the torsion-angle spread for
all MAN-MAN linkages (1,2, 1,3 and 1,6) is far greater than
the torsion-angle spread for NAG-MAN torsion-angle data,
despite having a similar data-set size and existing in a similar
area of the protein. A reason for this may be the N-acetyl
group in NAG, which makes the placement of the monomer
in relatively poor density less error-prone. The large standard
deviation of MAN-MAN linkages causes similar challenges to

468 Jordan S. Dialpuri et al. + Overall N-glycan conformation

Acta Cryst. (2023). D79, 462-472



research papers

Table 3

Results of r-tests between the PDB and PDB-REDO data sets at all resolutions.

Values that are not significantly different (p > 0.05) are shown in bold.

Linkage Resolution range (A) t-test result: ¢ t-test result:

NAG-1,4-NAG 0.93-6.92 Significantly different (p < 0.05) Significantly different (p < 0.05)
BMA-1,4-NAG 1.20-8.69 Significantly different (p < 0.05) Significantly different (p < 0.05)
MAN-1,6-BMA 1.20-6.92 Significantly different (p < 0.05) Not significantly different (p = 0.34)
MAN-1,3-BMA 1.20-6.92 Significantly different (p < 0.05) Not significantly different (p = 0.39)
MAN-1,6-MAN 1.12-6.31 Not significantly different (p = 0.14) Not significantly different (p = 0.35)
MAN-1,2-MAN 1.20-6.92 Significantly different (p < 0.05) Not significantly different (p = 0.18)
MAN-1,3-MAN 1.20-6.31 Not significantly different (p = 0.12) Not significantly different (p = 0.56)

MAN-BMA linkages in torsional restraint application. As well
as this, no apparent cluster was observed for the SIA-GAL
linkage, most likely due to the very low number of deposited
and curated linkages available in the data set. The values that
@ can adopt appear to be determined by the anomeric form
involved in the glycosidic linkage: for D-pyranosides this
means —180° < ¢ < 0° for B-anomers and 0° < ¢ < 180° for
a-anomers. The inverse is true for L-pyranosides.

Using this large torsion-angle data set, an investigation of
torsion-angle spread with glycan chain length and branching
was conducted, although no meaningful trend was identified
between glycan chain length and torsion-angle standard
deviation. Despite this, this large data set can be incorporated
into software packages such as Privateer to improve the
accuracy of glycoprotein models.

3.3. PDB-REDO analysis

With the increasingly commonplace solution of protein
complexes with high-resolution data, it is imperative that
model-building software can depict the conformation and
position of N-glycans accurately. Through the comparison of
N-glycan torsion angles of proteins deposited in the PDB and
the PDB-REDO databank, the applicability and necessity of
modern refinement techniques can be assessed. Comparisons
between torsion angles in N-glycans deposited in the PDB and
the PDB-REDO databank highlight an interesting relation-
ship between structure resolution and torsion-angle accuracy,
as shown in Table 2.

The PDB-REDO models used in this study had no torsional
restraints applied during refinement. Therefore, the torsion
angles calculated by PDB-REDO are not influenced by the
potentially flawed torsional restraints applied before the
model was initially deposited in the PDB. This application of
consistent refinement techniques without torsional restraints
leads to a data set which naturally has a larger spread than the
PDB. To assess whether the PDB and PDB-REDO data sets
are significantly different, a series of t-tests were performed
and are summarized in Table 3.

For the NAG-1,4-NAG and BMA-1,4-NAG linkages, both
mean torsion angles were deemed to be significantly different
(p <0.05) in the PDB and PDB-REDO data sets by the #-test.
For the MAN-1,6-BMA linkage, while the ¢ angle was deemed
to be significantly different, the ¥ angle was not significantly
different. Interestingly, both data sets showed no significant
difference between both torsion angles for MAN-1,6-MAN

and MAN-1,3-MAN linkages. While the PDB-REDO models
had many occurrences in which the torsion angles were not
statistically similar to those in the PDB data set, the torsion
angles in both data sets are within one standard deviation of
each other for every linkage. While it is impossible to auto-
matically determine whether the glycosidic linkages in a
deposited structure were restrained to certain values, we know

MAN-1,6-BMA linkage
, PDB-REDO
°, 71.5°

Figure 5

Refinement of PDB entry 6s2g (Ramirez-Escudero et al., 2019) in PDB-
REDO changes the torsion angle from an outlier in the PDB to an inlier
in the PDB-REDO databank. The MAN (chain ID and sequence number
F7)-1,6-BMA (chain ID and sequence number F3) linkage (red asterisk in
the bottom panel) of PDB entry 6s2g (green) is identified as an outlier in
the PDB (¢ = —8.6°, ¥ = —140.7°) but as an inlier in the PDB-REDO
databank (¢ = 71.5°, ¢ = 169.0°): Ap = 80.1°, Ay = 50.3°. The change is
brought on by moving the O6 atom (red asterisk in the top panel).
BMA(F3) and MAN(F7) are represented by ball-and-stick models [C
atoms in green (PDB model) or grey (PDB-REDO model)], whilst the
rest of the attached glycan (PDB-REDO model) is represented in a faded
grey ball-and-stick representation. 2F, — F, electron density (grey) is
displayed for the linkage contoured to 1o. The Z-scores for this linkage is
—1.03 in the PDB model and 1.53 in the PDB-REDO model. The top
image was produced using CCP4mg. Bottom: SNFG notation output
from Privateer.
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that PDB-REDO does not apply torsional restraints. Hence, in
the absence of potential bias towards torsion restraint targets,
it is likely that the PDB-REDO databank represents a more
realistic distribution of N-glycan glycosidic torsion angles and
could be used as an alternative data source for validation in
Privateer. A future update of Privateer will allow users to
analyse their structures against either the PDB or PDB-
REDO torsional sets.

The application of consistent refinement techniques was
also shown to improve outliers which had no physical basis
for occurring (little clear interaction with residues or other
ligands). Fig. 5 highlights the correction that PDB-REDO
applies to the initially skewed MAN-1,6-BMA linkage. The
data set of linkages originating from the PDB has numerous
instances like this in which PDB-REDO corrects the torsion
angles to more reasonable values. This powerful correction is
another interesting and useful feature that PDB-REDO
facilitates.

3.4. Outlier analysis

This analysis of N-glycan torsion angles deposited in the
PDB reveals clusters of abundant torsion angles, as shown in
Fig. 3. Perhaps due to the inherent variability in the envir-
onment surrounding monosaccharides in N-glycans, these

MAN-1,2-MAN linkage
¢ =82.9°

QUIENE

B 4

Figure 6

An unusual pair of MAN-1,2-MAN torsions in PDB entry 4j0m (She et
al., 2013). The mannose-mannose pair is well supported by the electron
density, indicating that the unusual conformation of the linkage (red
asterisk in the bottom panel) may be stabilized by interactions,
electrostatic in this case, with surrounding side chains. The MAN (chain
ID and sequence number D5)-MAN (chain ID and sequence number
D6) linkage of PDB entry 4j0m (pink) is identified as an outlier (¢ = 82.9°,
¥ =—179.9°). The carbohydrate linkage is represented by a ball-and-stick
model (C, green; O, red; N, blue). Residues identified as interacting with
the linkage are represented by a cylindrical model (C, pink). Hydrogen
bonds (black dashed line) and electrostatic interactions (within 4.5 A,
blue line) are shown with the distance between atoms in A. 2F, — F,
electron density (grey) is displayed for the linkage contoured to lo.
Possible electrostatic interactions were identified for residues within
4.5 A of the linkage and can be seen between Arg260 NH1 and MANS
03, His286 NE2 and MANS O3, Asn332 ND2 and MANS O4, and
Asn332 ND2 and MANS O6. This linkage has a Z-score of —1.06. The top
image was produced using CCP4mg. Bottom: SNFG notation output
from Privateer.

torsion-angle clusters are spread over a large range in most
cases. Outliers were quantified as any linkage which had a
Z-score which was lower than —1. The Z-score reported here
depends on the number of ¢/i pairs relative to the database
(Fig. 3) and not the deviation from the mean. The limit of —1
was chosen to highlight linkages that are uncommon in the
database. Examining these linkages in further detail may
highlight the cause of this. As always, surprising cases may
either be chemically interesting to look at or be wrong. Here,
we present one example of each.

3.4.1. Electrostatic interactions. Repulsive and attractive
electrostatic interactions are crucial for the functionality and
stability of proteins (Law et al., 2006). These interactions are
facilitated by both positively charged (lysine and arginine) and
negatively charged (glutamic acid and aspartic acid) amino-
acid side chains. Similarly, these amino acids can affect the

MAN-1,3-BMA linkage
@=-3.0°
w=1226°

Figure 7

High-energy ring conformations may cause glycosidic link anomalies. The
MAN(F7)-BMA(F3) linkage (red asterisk in the bottom panel) of PDB
entry 5gsq (Chen e al., 2017; gold), which was not part of the curated
torsion-angle data set because the MAN residue has a poor RSCC, is
identified as an outlier (¢ = —3.0°, ¥ = 122.6°). BMA (chain ID and
sequence number F3) and MAN (chain ID and sequence number F7) are
represented by a ball-and-stick model (C, green; O, red), whilst the rest of
the attached glycan is shown in a faded grey ball-and-stick representation.
Residues identified as interacting with the linkage are represented in stick
form (C, gold; O, red; N, blue). Hydrogen bonds (black dashed lines) are
shown with the distance between atoms in A. 2F, — F_ electron density
(grey) is displayed for the linkage contoured to lo. Possible CH-m
interactions were identified and can be seen between Phe243 and
NAG(F5) and between Phe241 and BMA(F3). This linkage has a Z-score
of —1.32, and presumably became distorted because the terminal
mannose, MAN(F7), is in a 'S; skew-boat ring conformation (high
energy; for further reading on conformational anomalies, please refer to
Agirre, Davies et al., 2015), as also highlighted in orange in the figure, due
to the absence of well defined electron density. Both the linkage and ring
conformations are unsupported by the electron density and should be
either removed or corrected before deposition to reflect the most
probable, low-energy conformations. The top image was produced using
CCP4mg. Bottom: SNFG notation output from Privateer.
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positions of monosaccharides contained within N-glycans via
varying degrees of electrostatic interactions.

Fig. 6 depicts an N-glycan (PDB entry 4j0m; She et al., 2013)
with MAN-1,2-MAN torsion angles that are highly deviated
from the mean. Since this glycan has been validated using
Privateer (all monosaccharides, including those involved in the
linkage, were in low-energy chair conformations) and has an
RSCC of greater than 0.80, indicating a good fit to electron
density, it can be assumed that these torsion angles are a direct
result of external factors. Upon examination of the area
surrounding the glycan, it becomes evident that a network of
electrostatic interactions could be affecting the conformation
of the N-glycan chain. The proximity of the linkage to argi-
nine, histidine and asparagine side chains may cause the
observed deviation. Furthermore, this highlights how linkages
further down a glycan tree can also be subject to interactions
with protein residues. These interactions may also explain why
MAN-MAN linkage torsion angles are less concentrated on
one pair of values than the more constrained NAG-NAG
linkage.

3.4.2. High-energy ring-conformation anomalies may
distort a linkage. Fig. 7 shows a glycan stabilized by CH-x
interactions with phenylalanine side chains (PDB entry 5gsq;
Chen et al., 2017). While the fit to electron density is reason-
able for the first few pyranosides (which show no issues in the
validation report), the MAN-1,3-BMA and the terminal MAN
residue are highlighted in orange in the Privateer SNFG
representation: the link has a Z-score of —1.32, indicating a
large deviation, and the ring of the terminal mannose is in a
'S5 conformation, which is wholly unexpected for a pyranoside
that is part of an N-glycan and therefore is marked as worthy
of inspection (orange). Examination of the electron-density
map around the MAN-1,3-BMA pair reveals that the fit to
the observed data is poor for the MAN residue; refinement
against incomplete density usually results in high-energy ring
conformations without the inclusion of torsion restraints
(Agirre, 2017). The distortion of the ring conformation in
pyranosides has been reported to have a knock-on effect on
linkages (Agirre et al., 2017); hence, we believe this is the most
probable explanation for this outlier.

4. Conclusions

In this study, a large number and range of N-glycan linkage
torsion angles were collected from both the PDB and the
PDB-REDO databank after being curated using Privateer.
The collected data, released and articulated through the
Privateer software, will provide a strong foundation for future
model building, refinement and validation software. The
comparisons between the PDB and PDB-REDO models
presented here assessed the importance of modern refinement
techniques. The differences in the torsion angles between the
validated PDB and PDB-REDO data sets are minimal.
However, in certain cases the application of a consistent
refinement technique can alleviate errors in the model-
building process. Furthermore, the absence of torsional
restraints in PDB-REDO perhaps allows a more realistic

spread of torsional values to be observed. It is also important
to note valid rationalizations for linkage torsion angles
deviating from the calculated mean. Electrostatic and steric
interactions play a large role in protein folding in general and
can cause or stabilize the skewed N-glycan linkage torsions
exhibited in certain glycoproteins. Therefore, it is highly likely
that these electrostatically charged or sterically bulky amino
acids play a role in overall N-glycan conformation.

5. Availability and open research data

All scripts, data and graphics associated with this work
have been uploaded to Zenodo (https://doi.org/10.5281/
zen0do.7356467). The Privateer source code is available from
GitHub (https:/github.com/glycojones/privateer). Binaries
will be released as an update to CCP4 8.0.
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The Collaborative Computational Project No. 4 (CCP4) is a UK-led
international collective with a mission to develop, test, distribute and promote
software for macromolecular crystallography. The CCP4 suite is a multiplatform
collection of programs brought together by familiar execution routines, a set of
common libraries and graphical interfaces. The CCP4 suite has experienced
several considerable changes since its last reference article, involving new
infrastructure, original programs and graphical interfaces. This article, which is
intended as a general literature citation for the use of the CCP4 software suite
in structure determination, will guide the reader through such transformations,
offering a general overview of the new features and outlining future
developments. As such, it aims to highlight the individual programs that
comprise the suite and to provide the latest references to them for perusal by
crystallographers around the world.

1. Introduction

As a technique, macromolecular crystallography (MX) relies
heavily on computational methods, built on top of a strict set
of conventions and common formats. Most conventions follow
the lead of the International Union of Crystallography (IUCr),
while MX software development is undertaken by both
academic and private sector initiatives, such as the Phenix
Consortium (Liebschner et al., 2019) and Global Phasing Ltd
(Cambridge, United Kingdom). Based in the UK, MX soft-
ware tools find a common distribution and maintenance
channel under the umbrella of the Collaborative Computa-
tional Project No. 4, best known as CCP4. This consortium was
established by the UK Science Research Council in 1979,
almost 45 years ago, to facilitate the coordination and colla-
boration of MX software developers (Agirre & Dodson,
2018). Aside from coordinating and distributing software,
CCP4 has a mission of promoting the teaching of MX, with an
annual didactic CCP4 Study Weekend and numerous online
and in-person annual workshops around the world. Forums,
which originally took the shape of email lists — the CCP4
bulletin board (or CCP4bb) for general users’ questions and
ccp4-dev for developer discussions — are an evolving aspect of
the CCP4 community, with social media taking a more
prominent role in hosting other kinds of exchanges, for
example paper or event announcements (Twitter: @ccp4_mx)
or parallel discussions at conferences (Slack channels).
The CCP4 website (https://www.ccp4.ac.uk) is the primary
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mechanism for reference and asynchronous communication
but, most importantly, provides a central distribution point for
software downloads. A minimal installer package can be
obtained from the site, and this will proceed to install the latest
version of the suite. Updates are then distributed via a non-
disruptive mechanism that was first introduced with CCP4
version 6.3.0 in 2012. Update reminders are generated auto-
matically, although the update mechanism itself is, by design,
initiated manually. As an indication of update frequency, the
7.0 series, which was originally released in 2016, saw more than
70 updates until the 7.1 series was released in 2020. Updates
are not a one-way road: they may be rolled back if problems
are encountered. Whilst every effort has been made to keep
the suite streamlined and maintainable, the inclusion of large
databases and toolkits has driven space requirements steadily
upwards (Fig. 1).

The last decade has seen some large transformations in the
field of MX: new workflows have been created (for example
phasing with AlphaFold2 models) and some old workflows
have been optimized, while some others are on the verge of
disappearing; this has often been the result of cross-pollination
with other techniques in structural biology, for example
electron cryo-microscopy (cryo-EM) in particular, through a
synergistic collaboration with CCP-EM (Burnley et al., 2017),
the Collaborative Computational Project for Cryo-EM, which
repurposes some CCP4 code for the cryo-EM community. For
example, owing to the deep-learning revolution in computa-
tional structure prediction (Jumper et al, 2021), it is now
possible to phase most structures using large predicted frag-
ments or, owing to the accuracy of the method, even to rigid-
body fit an initial predicted model into electron density
(Oeffner et al., 2022; McCoy et al., 2022; Medina et al., 2022).
As a side effect of the creation of these new workflows,
experimental phasing is now losing importance in the

everyday activities of an MX laboratory, with derivatives only
being created as a last resort after all of the now conventional
methods have failed. Data acquisition and processing, greatly
bolstered by both software and hardware developments in situ
at synchrotrons, is now performed almost instantaneously
after data collection, presenting the user with the results of
applying different processing strategies. Although seemingly
unconnected, most of these newer developments have one
thing in common: the Python programming language as a
platform for pipelining and program communication.

While some Python scripts were already part of the CCP4
suite even before the time of the last general publication
(Winn et al., 2011), most of the recent source code committed
to the CCP4 repositories involves Python in one way or
another; for example, both the data-integration tool DIALS
(Winter et al., 2018) and its CCP4 graphical user interface DUI
(Fuentes-Montero et al., 2016) are Python-heavy software.
Other CCP4 programs, encoded in a different language such
as C++ for performance reasons, may also offer Python
bindings; examples include Coot (Emsley et al, 2010),
Privateer (Agirre et al., 2015) and GEMMI (Wojdyr, 2022),
which is a crystallographic toolkit developed in collaboration
with Global Phasing Ltd. Both the Python language and its
interpreter are now at the core of the CCP4 suite. Importantly,
both new graphical user interfaces to the CCP4 suite (see
below) make substantial use of the Python language.

On the subject of graphical user interfaces, a large paradigm
shift is also under way, with both CCP4i2 and CCP4 Cloud
making extensive use of web technologies: HTML, CSS and
JavaScript are used for both interface design and result
presentation, with CCP4 Cloud making a strong case for the
transformation of existing interactive model-building and
illustration applications, for example Coot and CCP4mg, into
apps that can be run within a web browser.

CCP4 suite: compressed size (GB, compressed) versus releases in time

25T
20 USB memory stick storage capacity (2006)
15 +
|
1.0 ‘
CD-ROM storage capacity (2002) |
05 | ’ “

4.2 5.0 6.0 6.1 6.2
2002 2003 2006 2007 2011

Figure 1

6.3 6.4 6.5 7.0 71 8.0
2012 2013 2014 2016 2020 2022

Evolution in the size of the CCP4 suite from version 4.2 (2002) through to version 8.0 (2022). Some representative programs included in the releases are
highlighted in orange. The update mechanism (CCP4-um) was first used in version 6.3. New graphical interfaces were introduced in versions 7.0
(CCP4i2) and 7.1 (CCP4 Cloud). Coot and CCP4mg were originally distributed separately, but were bundled with the suite from version 6.5. For
reference, the sizes of two popular contemporary storage devices are shown as dotted lines; please note that these were never targeted as distribution

media.
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2. Overview of the newest developments
2.1. Graphical user interfaces

The long-serving CCP4i interface (developed in Tcl/Tk) has
recently been deprecated and replaced by a more modern,
QT/PySide graphical user interface (GUI) named CCP4i2
(Potterton et al., 2018). The CCP4i2 GUI, the main purpose of
which is to provide a desktop-based experience, has intro-
duced a number of architectural differences with respect to
the first iteration. (i) A real database system, as opposed to a
directory structure, provides traceability of files and jobs, and
allows the automatic population of inputs to follow-on jobs
with outputs from previous jobs. (ii) Large MTZ files are
separated into important column sets defining particular data
types and with predictable names, for example Miller indices
(H, K and L columns) plus amplitudes and estimated standard
deviations or e.s.d.s (F and SIGF columns) define an ‘Ampli-
tudes’ data type. (iii) Individual programs are wrapped in
Python for their incorporation into tasks, which in many cases
will be pipelines themselves; for example ‘Data reduction’ is
a pipeline that involves use of the programs POINTLESS,
AIMLESS, CTRUNCATE and FREER. (iv) Communication
of results between individual programs is consolidated in
structured data (XML) files. In addition, task reports aim to
present only fundamental results and, where possible, provide
expert diagnostics in a natural human-readable language, for
example ‘No evidence of possible translational noncrystallo-
graphic symmetry’. Other utilities include a multiplatform
project import and export mechanism, instant job search by
keywords, the use of task-specific key performance indicators,
for example Ryori/Riree, and context-dependent follow-on jobs
with automatic selection of input files and default options.
Outside the graphical user interface but very much within its
infrastructure, the i2run module provides a command-line
mechanism for running CCP4i2 pipelines, opening the door to
batch processing using interface-level decision making.

CCP4 Cloud (Krissinel et al., 2022) is a complete reimagi-
nation of what an interface should look like in the context of
macromolecular crystallography. Technology-wise, it provides
a server-side JavaScript implementation (based on Node.js)
designed to work with high-performance computing (HPC)
facilities (clusters and generic clouds) but which can also be
run on a user’s PC. This implementation also enables secure
web access by a browser via HTMLS5, CSS and JavaScript
(jQuery), and allows CCP4 Cloud to look consistent across
different browsers and platforms, making it possible to run
jobs and manage projects from, for example, mobile devices.
The interface provides a general file-import function, which
allows it to decide what kind of jobs can be run: for example,
automated model building can only be performed if at least
reflections and a sequence have been imported. The system
features task interfaces for many CCP4 programs and some
newly introduced pipelines. One such example is CCP4build,
which combines Parrot for density modification (Cowtan,
2010), Buccaneer for model building (Cowtan, 2006), REFMAC
for refinement (Murshudov et al, 2011), Coot for model
editing (Emsley et al., 2010) and EDSTATS (Tickle, 2012) for

model accuracy analysis; using these tools, CCP4build is able
to make expert decisions depending on the phasing approach
and model completeness. High-level progress indicators are
available in both CCP4 Cloud and CCP4i2; one such example
is the ‘verdict’ functionality, which provides a score for model
completion and fit to the experimental data. CCP4i2 and
CCP4 Cloud have a conceptually similar set of tasks, although
their graphical presentation differs (Fig. 2).

2.2. Data processing

Developed in collaboration with Diamond Light Source
and the Lawrence Berkeley National Laboratory, the DIALS
project (Winter et al., 2018) is the CCP4 suite’s main diffrac-
tion image processing toolkit; it is modular and hackable by
design, so experienced crystallographers can tweak, extend or
add new algorithms. Regardless of this specialist component-
based approach, complete DIALS workflows are provided in
the xia2 pipeline (Winter, 2010), which incorporates expert
decision making (Winter et al, 2013). More recently, a
graphical user interface (DIALS User Interface or DUI) has
also been introduced (Fuentes-Montero ef al., 2016). The xia2
pipeline is run automatically at the end of data collections at
Diamond Light Source (Oxfordshire, United Kingdom),
providing the results of applying multiple data-processing
strategies: users are expected to look at the metrics provided
and decide which is better suited to their diffraction data set.
Newcomer users wanting to learn more about DIALS are
advised to use DUI, which provides a guided step-by-step
execution of the whole process, although command-line use
through simple scripts is designed to be accessible to the non-
expert user.

DIALS is able to natively process data obtained at X-ray
free-electron laser (XFEL) facilities (Ginn et al, 2015;
Uervirojnangkoorn et al, 2015) and supports multi-crystal
scaling (Beilsten-Edmands er al, 2020) and analysis via
xia2.multiplex (Gildea et al., 2022), serial crystallography
(Brewster et al., 2018; Parkhurst, 2020) and electron diffrac-
tion such as that obtained with standard field emission gun
(FEG) cryo-microscopes (Clabbers et al., 2018). Data from
multiple crystals may be scaled and merged together with
BLEND (Mylona et al., 2017). Ice rings and further patholo-
gies in measured data can be identified by a separate stand-
alone tool named AUSPEX, which provides visual and
automatic diagnostics based on statistics (Thorn et al., 2017)
and, more recently, machine learning (Nolte er al, 2022).
Alternatively, the iMosflm software (Powell et al, 2017)
provides an easy-to-use interface to the MOSFLM image-
processing program; while the software is no longer under
active development, it contains many useful features and
remains popular with users.

Once the data have been processed, Laue group determi-
nation and data scaling and reduction can be performed
directly with DIALS, although POINTLESS and AIMLESS
are also offered as a fallback mechanism (Evans &
Murshudov, 2013); indeed, the latter two programs form the
basis of the CCP4i2 ‘data reduction’ task. Further diagnostics
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can be obtained by running CTRUNCATE, which was amplitudes from intensities; it will scan data sets for signs
originally an implementation of French and Wilson’s algo- of anisotropic diffraction, twinning and translational non-
rithm (French & Wilson, 1978), to obtain structure-factor crystallographic symmetry (tNCS) among other critical issues
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Figure 2
Comparison of the new CCP4 graphical user interface offerings: (a) desktop (CCP4i2) and (b) online (CCP4 Cloud). The same pipeline (Crank-2) has
been run on both interfaces. The reports show equivalent graphs due to the use of a compatibility layer that allows the same report code to run on both

platforms.
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that could complicate or even compromise the downstream
structure-determination process. This set of programs has
graphical interfaces in both CCP4i2 and CCP4 Cloud,
producing colour-coded reports that flag up potential
problems. Importantly, detailed reports are generated when-
ever merged intensities or amplitudes are imported into the
graphical interfaces, providing a sanity check and metadata
tracking.

2.3. Phasing

The CCP4 suite provides software for all phasing methods,
although they mainly fall within one of the following cate-
gories: molecular replacement (MR), ab initio phasing with
ideal fragments (a special case of molecular replacement) and
experimental phasing. In the coming years, and due to the
recent improvement in protein structure-prediction methods,
the line between the former two is expected to become blurred
or even disappear.

2.3.1. Molecular replacement and ab initio phasing,
including bioinformatics. While the ever-growing area of
bioinformatics is outside the remit of CCP4, the search for
suitable molecular-replacement templates is primarily driven
by protein homology analysis and therefore exploits bio-
informatics methods. Various third-party tools have been
incorporated into the suite to give support to the CCP4 model-
preparation tools and automated structure-solution pipelines.
MrBUMP is an automated tool that will perform searches for
templates and attempt molecular replacement with them,
displaying comprehensive results that can be taken forward
provided that the R factors are low enough. It can find
structures of homologues using PHMMER (Eddy, 2011) or
HHpred (S6ding, 2005) and place them using either Phaser
(McCoy et al., 2007) or MOLREP (Vagin & Teplyakov, 2010).
The template search code of MrBUMP can also be harnessed
interactively in CCP4myg, allowing users to create composite
models and ensembles for subsequent MR searches; this tool
can be accessed from both CCP4i2 and CCP4 Cloud. MrParse
(Simpkin, Thomas et al., 2022) provides a convenient visual-
ization of potential search models from the PDB and data-
bases of new generation models such as the AlphaFold Protein
Structure Database (Varadi et al., 2022). Designed to slice
predicted models as well as homologs into domains that may
differ in relative orientation from the crystal structure,
Slice’N’Dice (Simpkin, Elliott et al., 2022) is an automated
molecular-replacement pipeline that facilitates the placement
of these domains in molecular replacement. By processing
and slicing the models, it simplifies the task of placing these
domains. CCP4mg (McNicholas et al., 2011) can also be used
to visualize the slicing of the input models.

CCP4 has a number of efficient molecular-replacement
packages: AMoRe (Trapani & Navaza, 2008), MOLREP
(Vagin & Teplyakov, 2010) and Phaser (McCoy et al., 2007) all
have different strengths, although only the latter is under
active development.

Phaser uses a maximum-likelihood approach to the phasing
problem; it is the only molecular-replacement software that

uses intensities natively, i.e. without turning them into ampli-
tudes first, and can also use SAD data (for SAD and MR-SAD
phasing). The voyager (Sammito et al, 2019) automated
procedure within Phaser presents a new architecture that
allows more flexibility, guiding user decisions in creating
ensembles. It also provides, alongside a plethora of new and
reimplemented algorithms, code to make the best use of
AlphaFold (Jumper et al., 2021) and RoseTTAFold (Baek et
al., 2021) structure predictions, or high-confidence subsets of
them, including the transformation of model confidence
metrics (for example the AlphaFold pLDDT) into estimated B
factors. Owing to the flexibility of the new design, tools for
fitting models into cryo-EM maps have been included. An ad
hoc graphical user interface is under development; this will
allow easier navigation of the different solutions calculated
during the search strategy, presenting the user with essential
plots such as the self-rotation function.

CCP4 also has fragment-based ab initio phasing packages:
ARCIMBOLDO (Rodriguez et al., 2009) and Fragon (Jenkins,
2018), which use ideal fragments of proteins (mainly helices)
in targeted molecular-replacement searches. The use of these
programs was initially confined to high-resolution data, but
they have recently enjoyed success at resolutions lower than
23 A, a threshold beyond which it becomes difficult to
ascertain the direction of helical fragments, owing to their
improved search strategies (Medina et al, 2022), phase
combination (Millan et al., 2020) and the use of available
structural information, including AlphaFold predictions.
ARCIMBOLDO (Rodriguez et al., 2009) can use fragments of
homologous models and phase previously intractable coiled-
coil structures (Caballero et al., 2018). It should be noted that
part of the success of these methods is down to the ability of
Phaser to place single amino acids or even atoms with great
accuracy (McCoy et al, 2017) and the ability of the density-
modification and autotracing algorithms in SHELXFE (Us6n &
Sheldrick, 2018) to bootstrap solutions from poor starting
phase sets with average errors as high as 70° (Millan et al.,
2015). Also in alternative MR territory is AMPLE (Bibby et
al., 2012), which majors on editing search-model ensembles,
particularly ab initio predictions and distant homologues.

SIMBAD (Simpkin et al., 2018, 2020) provides a sequence-
independent phasing pipeline that may be used for phasing
crystals of unknown contaminants (Simpkin et al., 2018).
Other MR pipelines use larger fragments or domains as their
source of phasing information: BALBES (Long et al., 2008)
and MoRDA (Vagin & Lebedev, 2015) are automated pipe-
lines that use MOLREP to place matches from curated
databases containing fragments, domains and homo- and
hetero-oligomers. Dimple (Wojdyr et al., 2013) is an auto-
mated procedure that aims to quickly arrive at a solved
structure of a protein-ligand complex starting from an
isomorphous crystal; the software will phase the data and
produce preliminary maps, including a difference density map
where omit density for a ligand might be found.

2.3.2. Experimental phasing. The steady increase in unique
new domains deposited every year in the PDB, the availability
of millions of predicted models in the AlphaFold Protein
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Structure Database (Varadi et al., 2022) and the continuous
improvement of fragment-based ab initio phasing methods
mean that experimental phasing is increasingly becoming a
last-resort approach to recovering phases; it also means that
software will have to deal with the most difficult cases. New
since the time of the last CCP4 general publication (Winn et
al., 2011) is the inclusion of the SHELXC/D/E (Sheldrick,
2008) programs, which can be run individually or in a pipeline
through the Crank-2 (Skubak & Pannu, 2013) frontend, which
is available in both the CCP4i2 and CCP4 Cloud interfaces.
Crank-2 itself incorporates a number of different algorithms
that can deal with SAD, SIRAS, MAD and MR-SAD. As
stated in the previous section, the Phaser software (McCoy et
al., 2007) is also able to perform both SAD and MR-SAD
phasing.

2.4. Model building and refinement

2.4.1. Interactive model building. The CCP4 suite ships
with the de facto industry-standard interactive model-building
program Coot (Emsley et al., 2010). After two decades under
constant development, the Coot software package has now
reached version 1.0, which incorporates a major rework of the
graphical architecture, interface, tools and components of the
program. Aside from all of the well known tools for manual
model building, the software has a built-in ligand building tool
Lidia, which can use AceDRG (see below) for restraint
generation, the ability to create covalent linkages between
protein and ligand or between molecular components
(Nicholls, Joosten et al., 2021), a semi-automatic N-glycan
building tool, which is able to build entire oligosaccharides
that are consistent with the most common biosynthetic path-
ways (Emsley & Crispin, 2018), a real-space, accelerated
refinement tool that is able to process whole macromolecules,
in contrast to the manual localized real-space refinement that
users typically perform when fitting or tweaking parts of a
model (Casanal et al., 2020), and validation tools that run the
most common checks on protein models (Ramachandran
plots, rotamer propensities, planarity of the peptide bond, per-
residue B factors and density-fit analysis, amongst others),
plus tools to facilitate ligand fitting (Nicholls, 2017) and vali-
dation (Emsley, 2017), for example deviation from ideal
geometry values in dictionaries, clashes and interaction maps.
Coot makes use of the CCP4 Monomer Library to obtain
restraints for the most common biomolecule monomers
(amino acids, carbohydrates, nucleic acids) and most ligands
defined in the PDB Chemical Component Dictionary (West-
brook et al., 2015).

At present, Coot is tied to desktop machines due to its
reliance on the GTK toolkit (Emsley et al., 2010). This means
that users of CCP4 Cloud (Krissinel ef al., 2022) need to have a
local installation of the CCP4 suite in order to perform manual
model building. However, there is an ongoing effort to
produce a web-based interface, which will use the Coot engine
in the same manner that the GTK version does but without
requiring a local CCP4 installation.

2.4.2. Automated model building. While Coot has incre-
mentally added a wealth of automatic procedures over the

years, the CCP4 suite includes several fully automated
pipelines that combine automated model-building software
[Buccaneer (Cowtan, 2006) and Nautilus (Cowtan, 2014),
ARPIWARP 8.0 (Lamzin et al., 2012) or the chain-tracing code
in SHELXE (Us6n & Sheldrick, 2018)] with reciprocal-space
refinement (see Section 2.4.4) and validation [EDSTATS
(Tickle, 2012) and MolProbity (Williams et al., 2018)] to
produce protein and nucleic acid models that are completed
iteratively. These pipelines, for example Modelcraft (Bond &
Cowtan, 2022) in CCP4i2 and CCP4build in CCP4 Cloud, are
available from both modern graphical user interfaces (CCP4i2
and CCP4 Cloud) and are completed by either graphical or
textual summaries of the completeness of the built model.
Outside the protein realm, AlphaFold (Jumper et al., 2021)
and RoseTTAfold (Baek et al, 2021) models can be
glycosylated using the glycan library and tools in the Privateer
software (Bagdonas et al.,2021). PanDDA (Pearce et al., 2017)
allows users to increase the signal-to-noise ratio of their ligand
maps by combining several data sets from ligand-free and
ligand-bound forms of the protein; the program has algorithms
for combining different crystal forms. The current automated
model-building offerings in the suite are completed by ARP/
wARP 8.0 (Lamzin et al., 2012), which was jointly released
with CCP4 version 7.0 for the first time in 2018; this software
pioneered the iterative combination of model building and
refinement (Perrakis et al., 1999), a feature that is now present
in all modern model-building pipelines, and the automated
addition of ligands (Langer et al., 2008). Modern versions of
ARP/wARP may also be used with cryo-EM data (Chojnowski
et al., 2021). At a higher level, the PDB-REDO pipeline has
been integrated into CCP4 through graphical interfaces in
CCP4i2 and CCP4 Cloud, with API calls to the PDB-REDO
web server (Joosten et al., 2014).

2.4.3. Restraint dictionaries: the CCP4 Monomer Library.
The dictionaries in the CCP4 Monomer Library (Vagin et al.,
2004) have been improved by the introduction of AceDRG
(Long et al., 2017), which since version 7.0 of the suite can also
generate restraint dictionaries for covalent linkages (Nicholls,
Wojdyr et al., 2021; Nicholls, Joosten et al., 2021). New
dictionaries are now routinely generated for many compounds,
although pyranose sugars have received a separate treatment
to account for their conformational preferences (Atanasova et
al., 2022; Joosten et al., 2022). H atoms have been modelled
and restrained in their nuclear positions in the CCP4
Monomer Library (Catapano et al., 2021), as informed by
neutron diffraction data (Allen & Bruno, 2010).

2.4.4. Refinement. The main tool for full-model reciprocal-
space refinement in CCP4 is REFMACS (Murshudov et al.,
2011). The program uses the sparse-matrix approximation of
the Fisher’s information matrix (Steiner et al., 2003) and is
designed to be fast and flexible, with a number of refinement
methods built into the engine, including restrained, un-
restrained and rigid-body refinement. Jelly-body restraints are
particularly useful for stabilizing refinement, for example,
after molecular replacement, where larger parts of a structure
might need to move into place. In addition to controlling
model parameterization and performing macromolecular
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refinement, REFMACS also performs map calculation. A
variety of types of weighted maps are produced, which allow
visualization, subsequent analyses and validation.

REFMACS allows the addition of case-specific structural
knowledge to be utilized during refinement through the
external restraints mechanism (Nicholls e al, 2012; Kova-
levskiy et al., 2018). These external restraints, which are most
useful when only low-resolution data are available, can for
instance be generated by ProSMART (Nicholls et al., 2014) for
proteins and nucleic acids using homologues or backbone
hydrogen-bonding patterns, LibG (Brown et al., 2015) for
nucleic acid base-pairing and stacking, and Platonyzer (Touw
et al., 2016) for zinc, sodium and magnesium sites. The auto-
mated pipeline LORESTR (Kovalevskiy et al., 2016) can be
used to optimize the refinement protocol at low resolution,
expediting the process and easing manual user effort. New
developments and the next generation of structure-refinement
tools are being implemented in Servalcat utilizing the GEMMI
library (Yamashita et al., 2021, 2023).

The PAIREF program (Maly et al, 2020), which has
recently been introduced into CCP4i2, performs automatic
paired refinement (Karplus & Diederichs, 2012) using the
REFMACS refinement engine. It analyses the impact of weak
reflections beyond the traditional high-resolution diffraction-
limit cutoff on the quality of the refined model. The program
monitors model and data indicators and model-to-data
agreement metrics and implements a decision-suggesting
routine for the high-resolution cutoff that may result in the
best model. Outside REFMACS and associated tools, the
SHEETBEND software (Cowtan et al., 2020) allows a very
fast preliminary refinement of the atomic coordinates and,
optionally, isotropic or anisotropic B factors (Cowtan &
Agirre, 2018). It is based on a novel approach in which a shift
field, and not atoms, is refined to update and morph models.
This approach is particularly indicated to correct large shifts in
secondary-structure elements after molecular replacement
and is run by default as part of the Modelcraft pipeline (Bond
& Cowtan, 2022).

2.5. Validation and deposition

Both the CCP4i2 and CCP4 Cloud interfaces include a
validation and deposition interface developed in collaboration
with the PDBe (the Protein Data Bank in Europe; wwPDB
Consortium, 2019; Armstrong et al., 2020). The purpose of this
tool is to prepare mmCIF files for deposition; additionally,
it provides the convenience of letting users see what their
preliminary wwPDB validation report (Gore et al., 2012, 2017)
would look like and allowing them to fix errors and notice
interesting chemical features of a model before going through
the actual deposition process. Also, in preparation for
deposition, the model and structure factors are converted into
an mmCIF, which in turn allows the wwPDB to pre-populate
many of the required metadata for deposition, such as
refinement statistics.

Further validation tools exist in CCP4 outside this online
validation process. Protein model validation can be performed

with a variety of tools. MolProbity analyses backbone
geometry, rotamers and clashes, and produces a script file that
will generate a menu within Coot containing lists of outliers.
Coot itself contains a plethora of interactive and live-updated
validation tools, ranging from MolProbity-equivalent metrics
to other less frequently quoted metrics, for example the
Kleywegt Plot, which can be of great value depending on the
problem. The EDSTATS software (Tickle, 2012) provides a
unique analysis of model-to-data fit, separating results by main
chain and side chain and looking at difference density, with the
results being able to point out common modelling problems,
such as poorly fitting regions requiring a peptide flip. Version
8.0 of CCP4 has seen the gradual inclusion of PDB-REDO
(Joosten et al., 2012) functionality into the CCP4 interfaces;
for example Tortoize (Sobolev et al., 2020), a tool that analyses
main-chain and side-chain geometry and reports Z-scores for
every amino acid, is now integrated into the CCP4 validation
tasks. The visual output of PDB-REDO calculations is
displayed consistently across CCP4i2, CCP4-Cloud and the
PDB-REDO website by encapsulating various interactive
plots and tables in a self-contained single web component.
Detection of errors, particularly sequence-register errors, by
analysing the agreement between observed contacts and inter-
residue distances with the predictions from software such as
AlphaFold2 (Sanchez Rodriguez et al., 2022) is available in
ConKit (Simkovic et al., 2017). The findMySequence software
(Chojnowski et al., 2022) uses machine learning for the iden-
tification of unknown proteins in X-ray crystallography and
cryo-EM data, with the added benefit of detecting elusive
register errors, which may have a detrimental effect on the
quality of the rest of the structure. The [Iris validation frame-
work (Rochira & Agirre, 2021) is a standalone tool that
displays a variety of validation metrics as concentric circles,
with modelling errors becoming visible as ripples in successive
circles. Carbohydrate model validation, including protein
glycosylation, can be carried out with the Privateer software
(Agirre et al., 2015), which in the MKIV version incorporates
checks of glycan composition against offline mirrors of several
glycomics databases (Bagdonas et al., 2020) and overall glycan
conformation using Z-scores (Dialpuri et al., 2023). Specific
structural radiation-damage sites in structures derived from
cryocooled crystals can be identified with RABDAM through
the Byamage (Shelley et al., 2018) and B, (Shelley & Garman,
2022) metrics, and space-group and origin ambiguity may be
determined and resolved using Zanuda (Lebedev & Isupov,
2014).

2.6. Analysis and representation

PISA (Krissinel & Henrick, 2007) allows the analysis of
molecular interfaces, calculating likely assemblies, intra-
molecular and intermolecular contacts, and accessible areas,
offering insight into crystal packing. Intramolecular
(predicted) contact maps and other related representations
can be visualized with ConKit (Simkovic et al., 2017) or online
at the ConPlot server (Sanchez Rodriguez et al., 2021).

On the representation side, the main tool in CCP4 is the
CCP4 Molecular Graphics project (CCP4mg). Since the last
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Figure 3

A collection of newer representations included in the CCP4 Molecular Graphics project (CCP4mg). (a) PDB entry 2bn3 is a high-resolution model of
insulin (Nanao et al., 2005); it is shown here as worms, with water molecules drawn as ellipsoids, both coloured and scaled by the anisotropic B factors of
the model. (b) PDB entry 3v8x (Noinaj et al., 2012) is a structure of human transferrin (chain B), drawn here as a solvent-accessible surface with
N-glycans shown as Glycoblocks (McNicholas & Agirre, 2017). (¢) PDB entry 3c02, a structure of aquaglyceroporin from Plasmodium falciparum
(Newby et al., 2008), embedded in a lipid bilayer by CHARMM-GUI (Jo et al., 2008); lipids are shown as cartoons.

CCP4Amg general publication (McNicholas et al, 2011), the
main updates have involved new functionalities for handling
cryo-EM maps, 3D representation of N-glycans (McNicholas
& Agirre, 2017) and the addition of a new interactive interface
to the functionality of MrBUMP (Keegan et al., 2018). Some
newer representations from CCP4mg can be seen in Fig. 3.

2.7. Under the bonnet

The dxtbx toolkit for DIALS (Parkhurst et al., 2014) is
included as part of the cctbx (Grosse-Kunstleve et al., 2002)
distribution; the clipper-python module (McNicholas et al.,
2018), a SWIG wrapper around the original C++ Clipper
library, is also included and supports a number of functions of
the CCP4i2 interface, including the Iris validation framework
(Rochira & Agirre, 2021). At a higher level, CCP4i2
(Potterton et al., 2018) provides code reusability via the
command line, offering a mechanism for executing Python-
only pipelines without a running instance of the graphical user

interface (headless mode). CCP4 Cloud projects and auto-
matic structure-solution workflows can also be initiated from
the command line using the ‘cloudrun’ utility; this is useful for
performing serial computations for selected targets. The Coot
model-building software (Emsley & Cowtan, 2004), originally
conceived as a C++ object-oriented toolkit, is now exposed
as an importable Python module to allow code reuse in
new applications, and is also able to run in headless
mode, suppressing all graphical output. Finally, CCP4mg
(McNicholas et al., 2011) is also able to run without graphics,
generating images from a scene-description file in XML
format; this functionality is used in CCP4i2 to generate
molecular graphics of, for instance, autobuilt structures.

3. Future plans

The transition towards web technologies, which is already
under way with the introduction of CCP4 Cloud, will be
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completed in the near future by the introduction of fully
fledged model-building, visualization and figure-preparation
web-browser interfaces to the existing Coot and CCP4mg
engines. We also foresee an increase in the number of
connections to theoretical modelling packages such as
AlphaFold (Jumper et al.,2021) and RoseTTAfold (Baek et al.,
2021), as well as deeper harnessing of the AlphaFold Protein
Structure Database (Varadi et al., 2022).

4. Software availability and data-access statement

The CCP4 software suite can be obtained from https:/
www.ccp4.ac.uk/download. CCP4 maintains a public instance
of CCP4 Cloud at https://cloud.ccp4.ac.uk available to both
academic and licenced commercial users. No data were
generated in the context of the present publication.
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