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LgtC
LOS
LUv
MD
MGD1
MgdA
MGDG
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. His-tag specific antibody + Horseradish peroxidase
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: Carbohydrate-binding proteins
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. Diacylglycerol

: DiGalactosylDiacylglycerol

: Dynamic light scattering

: 1,2-Dioleoyl-sn-glycero-3-phosphocholine

: 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine
: Dithiothreitol

: Galactose

: Galactosyltransferase

: Globotriaosylceramide
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: Glucosylsyltransferase

: Glycosyltransferase
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SuUv : Small unilamellar vesicles
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TEV : Tobacco etch virus
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l. Introduction to the synBlOcarb project

The synBlOcarb European Training Network brings together a diverse team of academic and
industrial experts from across Europe who are pioneering the development of synthetic
glycobiology. Collectively, the teams aim to provide 15 early-stage researchers (ESRs) with
advanced training in enabling technologies for the development and exploitation of

glycoscience for diagnostics and targeted drug delivery.

In the context of the synBlOcarb project, glycosyltransferases (GTs) are of great interest for
the building of sophisticated glycolandscapes on the surface of artificial cells or tissues. They
offer the possibility to add one or several sugars at specific positions but also to introduce
unnatural sugars (i.e. azido sugars) that could serve for biorthogonal chemistry (Figure 1).
Research undertaken in this project from me (ESR7) uses GTs to expand the toolbox of
synthetic glycobiology. A small set of GTs selected by the consortium will be produced in
recombinant forms and functionally characterised. Following this, the proteins will be tested

on protocells such as giant unilamellar vesicles (GUVs) and supported lipid bilayers (SLBs).

Conjugation ([

Small molecules

Figure 1: Demonstrating the potential use of glycosyltransferases for the modification of solid
surface-supported glycocalyx models with further application in conjugation of proteins,

glycans and other small molecules.

For this project two galactosyltransferases have been selected, MGD1 and LgtC. MGD1 is a
monotopic membrane protein that adds a galactose residue from UDP-Gal to a lipid acceptor

(diacylglycerol). It was chosen as a model protein for understanding substrate specificity,
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enzyme mechanism and lipid membrane interaction. LgtC is a soluble bacterial GT that can
add a galactose residue to lactose-containing acceptors. Its interest in the project was the
possibility to generate on model membrane systems the Gb3 glycolipid antigen that is the
receptor of the bacterial Shiga-toxin StxB. Overexpression of Gb3 is observed in a number of
cancers and also in Fabry’s disease, thus making the development of diagnostic and
therapeutic strategies based on StxB attractive (Stimmer et al., 2014; Geyer et al., 2016;
Kovbasnjuk et al., 2005; Aerts et al., 2008).

Within the synBlOcarb network, collaborations were established with two groups. From the
University of Freiburg - BIOSS and Institute of Biology Il, collaborations with Professor Winfried
Roemer and Lina Siukstaite (ESR4) were established for their expertise in protocell synthesis
and advanced microscopy techniques. From the University of Leeds, we established
collaborations with Dr Ralf Richter and Chunyue Wang (ESR3) for biophysical studies on the
interface of SLBs (supported lipid bilayers) using quartz crystal microbalance with dissipation
(QCM-D). Secondments were also undertaken with the respective synBlOcarb partners from
the University of Freiburg and University of Leeds in order to train in the respective techniques

related to the collaborations established.

Finally, collaboration with Dr Olga Makshakova (Kazan Institute of Biochemistry and

Biophysics) was essential for molecular modelling and simulations in this project.
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Il. State of the Art

1. The Glycocalyx

Centre to the synBlOcarb project is the glycocalyx, a forest of complex carbohydrates in the
form of glycoproteins, glycolipids and proteoglycans that surrounds every cell (Figure 2). This
sweet barrier between the cell and its environment extends several hundreds of nanometres
in the extracellular matrix. This dense network of diverse glycans is synthesised by a group of
enzymes called glycosyltransferases that reside primarily in the endoplasmic reticulum and
Golgi apparatus. The glycocalyx regulates major biological events such as cellular protection,
adhesion, signalling and differentiation (Varki et al, 2017; Zeng, 2017; McMorran et al., 2016;
Mulivor and Lipowsky, 2002; Mdockl, 2020). Molecular interactions between glycans and

lectins (carbohydrate-binding proteins, CBPs) play central roles in these processes.

gl}'l.'n:h.':ll}'x' prodection recognilion of “self” <ignalling I:"'k."'-“'.']':- ol
1:|:.';11';L|}'\ s;u||1|1|q: xily

elvcan siruciung
v
glycoconjugate tvpe
L
glveolonm diversity
L
spatial organization
T
nanoscile wpography
¥
membrane dynamics

T gy D
o namEmEres
i

bl )
glycolipid )y coproteins
mucin glycoproien patches profesglycans

Figure 2: Components and hierarchical complexity of the glycocalyx (from Purcell and Godula,

2019)

The glycocalyx has multiple levels of complexity that determine its biological functions. From
individual glycans providing affinity for carbohydrate binding proteins, to spatial and
nanoscale organisation of glycans within glycoconjugates and across the glycocalyx which can

determine the extent of activity and higher order interactions (Purcell and Godula, 2019). The
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study of biological functions of cell surface glycans is also complicated by the

microheterogeneity of glycoforms.

The glycolandscape present at the cell surface is ever evolving to protect from opportunistic
pathogens (viruses, bacteria, parasites) that exploit cell surface glycans (Imberty and Varrot
2008; Castillo-Acosta et al., 2017; Formosa-Dague et al., 2018; Van Breedam et al., 2014).
Changes in the glycocalyx must occur while maintaining its biological functions and identity
(‘self’ signature), in order to prevent the cell from being rejected by the host immune response
(Maverakis et al., 2015). Aberrant cell surface glycosylation is also a hallmark of severe
pathologies such as cancer and genetic diseases arising from defects in the biosynthetic
machinery (Pinho and Reis, 2015; Ng and Freeze, 2018). Glycan structures that are
overexpressed, or uniquely present, on cancer cells are biomarkers that can be exploited for
the development of new diagnostic methods and therapeutic strategies (Haga and Ueda,
2022; Diniz et al., 2022; Kailemia et al., 2017). Understanding the way cells use the glycocalyx
to determine their biological functions is therefore of great interest, particularly in glycan

based treatments, or also termed glycotherapy (Hudak and Bertozzi, 2014).

2. Advances in glycocalyx engineering and characterisation

The study of the glycocalyx requires characterisation of its components, their spatial
organisation and their association with its biological functions. Altering glycan structures at
the cell surface is a powerful approach to decipher glycan-mediated events. Some of the
earliest approaches to the study of the glycocalyx were genetic techniques that targeted
glycan biosynthesis machinery, chemoenzymatic methods that edited glycan structures, and
the introduction of non-natural sugars by metabolic strategies (Mahal et al., 1997; Griffin and

Hsieh-Wilson, 2016; Critcher et al., 2021).
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Figure 3: Various approaches to modify the glycocalyx (from Critcher et al., 2021). The different
approaches are genetic (A), chemoenzymatic (B), metabolic oligosaccharide engineering (C)

and de novo glycocalyx remodelling (D).

The targets of genetic approaches (Figure 3A) are mostly glycosyltransferases and glycan-
modifying enzymes. The resulting mutant cell lines (i.e. CHO-Lec mutants with altered N-
glycosylation from Pamela Stanley’s group) have significantly advanced our understanding to
assign glycan epitopes to specific CBP (Patnaik and Stanley, 2006). However, as the target
enzymes typically operate on multiple substrates, it is difficult to study the impact of a
modified glycan on a specific glycoprotein. In addition, perturbing glycan biosynthetic genes
may have indirect, unexpected or undesirable effects such as protein unfolding or cellular
lethality (Critcher et al. 2021). Modern genetic techniques (CRISPR/Cas9) have been recently
used to build a panel of cell surface glycan arrays (Narimatsu et al. 2019; Qiu et al. 2018). This
approach is likely to improve our understanding of the many biological roles of surface

glycans.

Chemoenzymatic methods (Figure 3B) mostly rely on the use of exogenously added
carbohydrate-active enzymes (i.e. GTs, glycosidases) to modify cell surface glycans. This

15



approach also offer the possibility to introduce unnatural functional groups (i.e. azido-sugars)
that can be used to specifically label glycans or to overcome glycan microheterogeneity

(Chaubard et al., 2012; Hong et al., 2019; Tang et al., 2020).

Metabolic oligosaccharide engineering (MOE) involves the use of modified analogues of
monosaccharides that are taken up and metabolized by cells and finally incorporated into cell
surface glycoconjugates (Figure 3C). These monosaccharides derivatives can then be
functionalised using biorthogonal chemistry with a molecular probe or biomolecules (Mahal
et al., 1997, Saxon and Bertozzi 2000). This approach has found many applications, notably in
imaging and cell targeting, and greatly facilitated the in vivo study of glycans (Li N et al., 2019;
Laughlin et al., 2008; Wu et al., 2018).

The glycocalyx can also be engineered for the display of large glycoconjugates using lipid-
functionalised anchors that can insert into cell membranes (Figure 3D). This approach has
been extensively used to introduce glycosaminoglycans (GAG) onto cell surfaces to investigate
protein-glycan interactions. This is a powerful strategy to influence cellular signalling and
determine their downstream effects (Pulsipher et al., 2015; Huang et al., 2018). Similarly, the
introduction of mucin mimetics into cell membranes was helpful in understanding their roles

in body’s defence against pathogens (Wheeler et al., 2019).

However, although powerful and transformative these different strategies provide no control

over cell surface presentation or nanoscale organisation, often resulting in perturbation of the

by e 3HE

glycocalyx.

2
=
9
2 ; & ; ;

o) neo-glycolipids neo-glycoproteins glycodendrimers
2 5
= =
= =
o o
2 X
) =
isolation, purification and characterization g
S
chemical and chemoenzymatic synthesis >
J ) =
=)

glycopolymers DNA assemblies glyco-nanoclusters

— glycosylation and bioconjugation

— macromolecular synthesis

Figure 4: Glycans and synthetic glycomaterials that mimic components of the glycocalyx (from

Purcell and Godula, 2019).
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Other synthetic glycobiology approaches have been developed. A vast array of glycans,
glycoconjugates and synthetic glycomaterials have been synthesized to mimic constituents of
the glycocalyx (Figure 4). Initially these were used as soluble ligands to probe interactions with
CBP. Nevertheless, this does not reflect the behaviour of glycans on cell surfaces. For example,
glycoconjugates on surfaces can reorganise to enhance multivalency and hence avidity, alter
molecular dynamics, as well as promote higher-order binding interactions (Purcell and Godula,
2019; Migliorini et al.,, 2014). Glycocalyx models such as solid-surface and lipid-bilayer
supported models and even modified live cells, have been developed to elucidate the more
intricate interactions observed in the glycocalyx (Figure 5). This approach, sometimes referred
to as “precision glycocalyx editing”, is becoming increasingly used to answer fundamental
guestions in glycobiology (Purcell and Godula 2019), and is the centre of the synBlOcarb

European project.
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Figure 5: Glycocalyx models displaying the effects of spatial organisation of glycoconjugates

(from Purcell and Godula, 2019).

The most widely used application of solid-surface models are glycan arrays, where surface
immobilised glycans and synthetic glycoconjugates are used in high-throughput profiling of
protein interactions (Oyelaran et al., 2009; Blixt et al., 2004; Parera Pera et al., 2010). Despite
their utility, glycans immobilized onto solid supports fail to capture the dynamic nature of the

glycocalyx.

On the other hand, membrane models more closely resemble the glycocalyx, providing
conditions such as curvature and dynamic features, for example the movement of
glycoconjugates across the membrane. The use of artificial systems in synthetic glycobiology

has grown in recent years. The supported lipid bilayer (SLB) (Figure 5) is an appropriate
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experimental model to study cellular processes associated with the glycocalyx, as they provide
insight into the effects of glycan density and clustering for optimum presentation to CBP
(Richter et al., 2006: Migliorini et al., 2014). The building of complex and well-defined
glycocalyx into artificial membranes is still challenging. Lipid vesicles such as liposomes or giant
unilamellar vesicles (GUVs) can be used in a bottom-up approach to build protocells of
increased complexity (Figure 6). These minimal membrane models have been used to
investigate glycolipid-mediated events such as endocytosis, cell adhesion and membrane
fusion (Omidvar and Romer, 2019). Assembly of protocells to form prototissues has been
obtained by combining glycan-decorated vesicles and multivalent lectins that act as cross-
linking agents (Villringer et al., 2018; Ribeiro et al., 2018). This represents an important step

towards synthetic minimal tissues.

(@) b) . -
lipid composition glycoconjugate
mimicking lipid rafts incorporation

lipid vesicles

genomic
factors

membrane
asymmetry

proteins

reconstitution

of transmembrane
Y e
cytoskeleton proteins
i} sphingolipids (e.g. SM) Y cholesterol 7% cytoskeletal proteins

9”?1 phospholipids (e.g. DOPC) 5?‘ § glycolipids (e.g. Gb3) E transmembrane proteins

Figure 6: Bottom-up approach to build a protocell from GUVs. Increasing protocell complexity
achieved by incorporation of different lipids, glycoconjugates, proteins and cytoskeleton (from

Omidvar and Rémer 2019).
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Of interest for synBlOcarb and the study of the glycocalyx is the synthesis of specific glycan
structures on the surface of synthetic membrane models. This approach has multiple
advantages such as the synthesis of specific glycan epitopes and glycan structures that either

are not commercially available or does not exist in nature.

Key to the engineering of glycocalyx components are the family of enzymes called
glycosyltransferases which catalyse the synthesis of complex glycan structures. In this context,
GTs have enormous potential as tools for building glycan structures on the surface of

membrane models.

lll. The large glycosyltransferase family

Glycosyltransferases (GTs) are a large group of enzymes responsible for the biosynthesis of
glycoconjugates, disaccharides and polysaccharides that are found in nature. They are an
ancient family of enzymes found in all domains of life. GTs catalyse the transfer of a sugar
moiety from an activated donor to a specific acceptor. There is a large variety of biomolecules
that can act as acceptors such as proteins, lipids, DNA, mono/oligosaccharides and a myriad
of small molecules. For sugar donors, a vast majority (~90%) of GTs use nucleotide sugar

donors, but some GTs can also use lipid-phosphate-sugar donors (Figure 7).
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Figure 7: Different types of activated sugar donors.
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Currently there are approximately more than 900,000 GT sequences identified and classified
into 114 different families in the Carbohydrate-Active Enzymes (CAZy) database
(http://www.cazy.org). CAZY classification into GT families is based on sequence similarity.
New families are created when GTs with proven activities are discovered but that cannot be
assigned to an existing GT family, as in the case of the B-Kdo glycosyltransferase from which
the GT99 family originated (Ovchinnikova et al., 2016). The human genome contains over 200

genes coding for GTs distributed into 46 distinct GT families.

Another criterion for classification is the processive or non-processive characteristic of the GT,
this is the ability of the enzyme to add only one sugar residue or to polymerise consecutive

repeats of glycans.

Although a large number of GTs have been identified, less than 1% are biochemically
characterised and even less with solved structures. Using sequence comparison from the same
CAZY family shows highly conserved peptide motifs which are likely to be involved in structure
and catalytic activity (Coutinho et al., 2003). Generally, GTs of the same family have the same
overall protein fold and mechanism of action. Substrate specificity, however, is much more
difficult to predict and often GTs of the same family with closely related sequences can have
different donor and/or acceptor specificities. Examples of this can be seen in Blood Group A
and B transferases, from the GT6 family, where a difference of only 4 amino acids results in
different sugar donor specificities (GalNAc versus Gal) (Yamamoto et al., 1990). Determining
the acceptor and sugar donor can be challenging, often requiring experimental
characterisation of individual GTs, and this is the reason for the small number of characterised

GTs compared to glycoside hydrolases.

1. Structures of Glycosyltransferases

To date, GTs discovered and structurally solved that use nucleotide sugars as donors are of
the GT-A and GT-B fold (or variants of these two folds) (Figure 8). Currently, around 40 GT
families can be classified as GT-A fold and 36 as GT-B fold on the basis of solved structures or
structure prediction and these two folds are also the focus of the PhD project (Breton et al.,

2012; Taujale et al., 2021; Moremen and Haltiwanger, 2019).
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GT-A GT-B

Figure 8: Representative 3D structures of GT-A and GT-B glycosyltransferases corresponding
to 81-2 N-acetylglucosaminyltransferase | (PDB ID 1FOA) and T4 phage 6-glucosyltransferase
(PDB ID 1j39) (from Varki et al., 2017).

GT-A and GT-B enzymes comprise a Rossmann-like fold, an a/B/a sandwich, which is typically
found in proteins that bind nucleotides. With a few exceptions, most GT-A enzymes are
dependent on a divalent cation for activity and the catalytic domain contains a ‘DxD’ motif
that interacts with the donor phosphate group through coordination with the metal-ion
(Breton et al. 2006). In the few metal-ion independent GT-A enzymes identified, Lys and Arg

side chains are utilised for phosphate interactions (Pak et al, 2011).

GT-B enzymes possess two distinct Rossmann domains connected by a linker region with the
catalytic site in the cleft between the two domains. Unlike GT-A enzymes they are metal-ion
independent and do not contain a DxD motif, instead employing Lys and Arg residues similarly

to metal-ion independent GT-A (Breton et al., 2006; Li et al., 2017).

Completely different folds have been described for GTs that utilize lipid-phosphate donor
substrates (Breton et al., 2012; Henrissat et al., 2008). These are integral membrane

proteins, sometimes improperly referred as GT-C fold enzymes (Bohl et al., 2021).

21



2. Topology of glycosyltransferases

Most GTs that synthesize the diversity of glycoconjugates found in the glycocalyx reside in the
endoplasmic reticulum and Golgi apparatus. Golgi-resident GTs are usually type |l
transmembrane proteins, consisting of a short N-terminal cytoplasmic domain followed by a
transmembrane domain, a stem region of variable length and a large globular catalytic domain
facing the luminal side. Proteolysis in the stem region can generate a soluble catalytic domain
(Breton et al, 2001). Other membrane protein architectures have been described for GTs,
including type | and integral transmembrane proteins (Magdalou et al., 2010; Oikawa et al.,
2013). The topology of GTs may be more complex with the presence of add-on domains
(Breton et al., 2012). These additional domains can confer new functionalities; i.e. mediate
substrate recognition or protein-protein interactions (Qasba and Ramakrishnan, 2007; Lazarus
et al., 2011). Some glycosylation reactions that occur in the cytosol are mediated by soluble
GTs. This is for example the case for the numerous plant GTs involved in the glycosylation of

secondary metabolites (Lim and Bowles, 2004).

In the context of the PhD project, we have a particular interest for membrane-associated GTs
that are either ‘peripheral’ or ‘integral’ depending on the level of binding to the membrane
(Albesa-Jové et al., 2014) (Figure 9). Peripheral GTs weakly bind to the lipid membrane or
other membrane proteins through noncovalent interactions such as hydrogen bonding and
electrostatic forces. An example of a peripheral GT is phosphatidyl-myo-inositol
mannosyltransferase (PimA) from Mycobacterium smegmatis (Guerin et al., 2007). Integral
GTs bind strongly and permanently to the membrane. They can be further classified as
monotopic, bitopic or polytopic. Monotopic proteins bind only to one leaflet in the bilayer.
For example, the monogalactosydiacylglycerol transferase (MGD1) from Arabidopsis thaliana
is @ monotopic protein that was shown to localize to the outer leaflet of the chloroplast inner
envelope membrane (Miege et al., 1999; Rocha et al., 2018). Bitopic and polytopic proteins
cross the bilayer by one or more transmembrane domains, such as the bitopic sialyltransferase

(PmST1) from Asteurella multocida (Ni et al., 2006)
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Figure 9: Examples of membrane associated GT-B proteins. A) Peripheral GT, phosphatidy!-
myo-inositol mannosyltransferase (PimA), from Mycobacterium smegmatis (Guerin et al.,
2007). B) Monotopic GT, MurG, from Pseudomonas aeruginosa (Hu et al., 2003). C) Bitopic
GT, sialyltransferase (PmST1), from Pasteurella multocida (Ni et al., 2006). D) Dimeric
monotopic GT, a-2,3-sialyltransferase (NST) from Neisseria meningitidis (Lin et al., 2011).

Figure from Albesa-Jové et al. (2014).

3. Catalytic mechanisms of glycosyltransferases

Glycosyltransferases can be classified into ‘inverting’ or ‘retaining’ enzymes depending on the
stereochemical configuration of the donor sugar glycosidic bond, when transferred (Figure
10). In retaining reactions the stereochemistry of the anomeric linkage is conserved after
transfer while it is reversed in inverting reactions. This capacity for stereochemical inversion

or retention leads to different catalytic mechanisms.
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Figure 10: Representation of outcomes from retaining and inverting reactions (Lairson et al.,

2008).

a) Inverting mechanisms

Inverting GTs primarily use a substitution nucleophilic bimolecular (Sn2) reaction mechanism
with the formation of an oxocarbenium-ion transition state (Figure 11). This reaction uses an
enzyme amino acid as a catalytic base (typically Glu, Asp or His) to deprotonate the acceptor
nucleophilic hydroxyl group which then attacks the anomeric carbon of the donor sugar from
the opposite side. The leaving group (nucleotide donor) is displaced, and its negative charge
is stabilised by either a metal ion, positive amino acids or helix dipole, thus favouring its
departure. The reaction results in the inversion of the anomeric carbon configuration (Breton

et al, 2012; Lairson et al., 2008; Moremen and Haltiwanger, 2019).
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Figure 11: Catalytic mechanisms for inverting glycosyltransferases (from Moremen and

Haltiwanger, 2019).

For several inverting GTs such as POFUT1 (a protein-O-fucosyltransferase), where no catalytic

base could be identified, a Sn1-like mechanism has been proposed where the oxygen atom
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from the donor phosphate deprotonates the acceptor hydroxyl, priming it for nucleophilic
attack of the donor sugar anomeric carbon. In the case of POFUT1 a water molecule can

promote catalysis by acting as a proton relay (Lira-Navarrete et al., 2011).

b) Retaining mechanisms

The reaction mechanism for retaining GTs is not as well understood and has been debated for
years. Two mechanisms have been proposed, a double-displacement and Syi-like (internal
return) mechanism (Figure 12). The double-displacement includes two Sn2 reactions with the
formation of a transient covalent intermediate. The first reaction is the nucleophilic attack of
the sugar donor anomeric carbon resulting in the formation of a covalent glycosyl-enzyme
intermediate. In the second reaction, the glycosyl-enzyme intermediate is attacked by the
acceptor hydroxyl group from the same side as the leaving nucleotide. This reaction is
catalysed by the deprotonation of the acceptor hydroxyl by either an enzymatic base or the
leaving nucleotide. This results in the overall retention of the anomeric configuration (Lairson
et al, 2008). However, there is no convincing evidence for the existence of a covalent

intermediate to date.

Double-displacement retaining Sni-like same-side retaining
i =0 N &
O, mits o | 0 %) N 0
Nti\g W et S st SR | == S O Nt
= B = o a O-R = ) % _— o
o | / -
| I 0..,0 poae I
Co-nop e b 0-R °\\PC°:,‘ N4 o 0L o0-R
= / i _ - \
H NMP—0" 0 o nMP—0" “OH
2

Figure 12: Catalytic mechanisms for retaining glycosyltransferases (Moremen and

Haltiwanger, 2019).

In the Sni-like mechanism the acceptor hydroxyl group is deprotonated by an oxygen atom in
the donor phosphate group. The nucleophilic hydroxyl then attacks the anomeric carbon of
the donor sugar from the same side as the leaving group phosphate, thereby retaining the

stereochemistry of the anomeric carbon (Moremen and Haltiwanger, 2019).
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4. Applications of glycosyltransferases
a) Protein glycosylation

One of the most widely used applications of GTs is the glycosylation of proteins and small
molecules. It is known that adding or changing the type of sugar bound to molecules can
significantly influence their biological properties. In the case of pharmaceutical proteins, it has
been shown that glycosylation can enhance their overall stability by protecting them from
proteolytic degradation, aggregation, chemical and thermal denaturation, oxidation, chemical

crosslinking, and it also increases their solubility (Sola and Griebenow, 2009).

More than 70% of therapeutic proteins are glycosylated and how they are glycosylated can
profoundly affect their physical and biological properties and hence their therapeutic efficacy.
This is particularly true for the production of therapeutic monoclonal antibodies (Wang et al.,

2019) (Figure 13).
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Figure 13: Antibody with variable glycosylation in the Fc domain (from Van Erp et al., 2019).
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Commonly, therapeutic proteins that require glycosylation are produced in mammalian cell
lines, such as Chinese Hamster Ovary (CHO), Human Embryonic Kidney (HEK) cells. Other hosts
such as insect cell lines, yeast and plants are also used when the glycans do not need to be
human-type. A lot of effort has been made in the last decade to glycoengineer these non-
mammalian expression systems to produce homogenous and ‘humanized’ glycoproteins (van
Landuyt et al., 2019; Hamilton et al., 2006; Harrison et al., 2006; Kallolimath et al., 2016; Dicker
and Strasser, 2015, Margolin et al. 2020; Gupta and Shukla, 2018, Kightlinger et al., 2020)
(Figure 14). This has been mainly achieved by modifying the biosynthetic machinery of the
host (i.e. knocking out unwanted GT activities and/or introducing the missing GT activities) of

or through metabolic engineering.
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Figure 14: Protein expression hosts (mammalian, insect, plant and yeast) and how synthetic

glycosylation systems have been engineered by remodelling their naturally occurring

glycosylation pathways (from Kightlinger et al., 2020).

Moreover, there have been advances in the production of therapeutic proteins on bacterial
expression platforms (Keys and Aebi, 2017; Tytgat et al., 2019;
free glycosylation systems, where the use of purified GTs or co-expression of GTs with the

target molecule allow for glycosylation from E. coli extract (Kightlinger et al.,

Kightlingher et al., 2020) (Figure 15).
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Figure 15: Advances in bacterial glycosylation systems. a) Engineered eukaryotic glycosylation
systems in E. coli bacteria via expression of eukaryotic GTs. b) Cell free expression platform
utilising the bacterial lysate and GTs, purified or co-expressed, to construct a glycosylation

pathway (from Kightlinger et al., 2020).

A recent application of protein glycosylation engineered the monoclonal antibody,
Trastuzumab, with enhanced N-glycosylation on the Fab domain, via insertion of glycosylation
sites, which led to enhanced protein stability and resistance to protein aggregation (Cruz et

al., 2021).
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Figure 16: Pharmaceutical effects of engineered N-glycans on therapeutic proteins. Specific
glycosylation such as mannose-6-phosphate can improve cellular or subcellular targeting.
Glycosylation can also improve Antibody-Dependent Cell Cytotoxicity (ADCC) and enhance
pharmacokinetic properties, for example polysialylation reduces renal clearance and increases

half-life (from Van Landuyt et al., 2019).

Glycans can also be used for targeting therapeutic proteins to their site of action. For example,
in enzyme replacement therapy (ERT) of lysosomal storage diseases, an enzyme with
mannose-6-phosphate enhances its cellular uptake and targeting for lysosomal delivery (Kang
et al.,, 2018). An example of this is Fabrazyme®, an ERT for Fabry disease, it contained
mannose-6-phosphate from mammalian expression which targeted the enzyme to the

lysosome (Prabakaran et al., 2012).

b) Small molecule glycosylation

As with proteins, glycosylation can improve chemical stability, solubility and polarity of drugs,
increasing their concentrations in solution (Figure 17). The addition of the sugar moiety can
facilitate the formation of hydrogen bonds that are vital for the specific recognition by their
targets. Thus, in natural products that contain glycan moieties, the removal of the glycan can
significantly diminish or kill bioactivity (He and Liu, 2002). For example, in the antimicrobial
drug Clindamycin, the 3 hydroxyl groups in the sugar moiety form important hydrogen bonds

with peptidyl transferase ligands that are important for its bioactivity (Schliinzen et al., 2001).
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therapeutic drugs (from Goel et al., 2021)

A significant use of GTs is in the area of drug discovery and drug development. A property of
some GTs that produce natural products (usually small molecules) are their substrate
promiscuity, either for the sugar donor or acceptor. This can be exploited in order to
glycosylate a number of potential drugs with a variety of sugars. In a process called
glycorandomization, small molecules, drug leads and existing drugs are rapidly diversified
through the conjugation of glycan molecules. This process can lead to the discovery of new
glycomolecule analogs with enhanced efficacy, specificity and

pharmacokinetic/pharmacodynamic profiles (Griffith et al., 2005).

c) Glycosylation of membrane surfaces

An interesting application of recombinant GTs is in a technique called chemoenzymatic glycan
modification, which has been used as a tool to edit glycan structures in a cellular environment
(Hong et al., 2019: Hong et al., 2020). As with glycorandomization, the substrate promiscuity
of certain GTs is exploited in order to add natural or unnatural sugar donors. In an approach
called in situ glycan editing, recombinant GTs were used to incorporate monosaccharides to
cell receptor glycans, as a way to probe their roles as modulators of cell signalling (Jiang et al.,

2018) (Figure 18).
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Figure 18: In-situ glycan editing of a cell receptor glycan. Recombinant GTs and sugar donors
incubated with the cell to add specific glycans to the cell surface. Promiscuous GTs were also
used to add functionalised sugars for biorthogonal conjugation of a probe (from Jiang et al.,

2018).

Another example utilised multiple recombinant GTs, with relaxed sugar donor specificities, in
order to develop a live cell-based assay for probing glycan-mediated influenza A virus infection

(Hong et al., 2019).

Regarding the modification of synthetic membrane systems, there are not many examples in
the literature. One example utilised B(1,4)-galactosyltransferase (B4Gal-T1) to glycosylate
GUVs and LUVs composed of N-Acetylglucosaminolipids (Figure 19). This study highlighted the
ability of some GTs to have increased activities in lipid micro-domains (Noble et al., 2012)

(Figure 19).
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Figure 19: Epi-fluoresence micrographs of LUVs incubated with fluorescently-labelled Erythrina
cristagalli lectin (ECL). A) Dispersed vesicles before incubation with 64Gal-T1/UDP-Gal. B)
Aggregated vesicles from lectin binding after 84Gal-T1/UDP-Gal incubation (from Noble et al.,
2012).

Another example utilised a-1,3-mannosyltransferase (GumH) to glycosylate a supported lipid
bilayer and monitored real time glycosylation by QCM-D (Quartz-Crystal Microbalance with
dissipation monitoring) (Figure 20). However, this study used immobilized alkanethiol self-
assembled monolayers (SAM) as the inner leaflet attached to the solid support, while only the
outer leaflet was a monolayer of glycolipids. Although not a true lipid bilayer, it nevertheless

demonstrates that it is possible to glycosylate the surface of a lipid monolayer (Alves et al.,
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Figure 20: Enzymatic glycosylation of a supported lipid bilayer by GumH (from Alves et al.,
2011).

These examples illustrate potential methods by which the activity of GTs on the surface of

membranes can be characterized.
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IV. Selected glycosyltransferases in the PhD study

1. The MonoGalactosylDiacylglycerol synthase (MGD1)

MGD1, from the plant Arabidopsis thaliana, is a GT28 family protein that transfers a galactose
from UDP-a-galactose (UDP-Gal) to diacylglycerol (DAG) to form the galactolipid
monogalactosyldiacylglycerol (MGDG) (Figure 21). Its role in the synthesis of the most
abundant galactolipid in the thylakoid biosynthesis pathway makes it a very important enzyme

in the formation of photosynthetic membranes (Jarvis et al., 2000).

MGD1 is nuclear-encoded and targeted to the inner envelope membrane of chloroplasts
(Miege et al., 1999). Its primary sequence comprises 533 amino acids with a chloroplast transit
peptide at its N-terminus (aa 1-106), followed by a short peptide region that is predicted to
be disordered (aa 107-136) and a large catalytic domain (aa 137-153). MGD1 is a monotopic
membrane protein that must bind for catalysis the water-soluble nucleotide sugar donor and
the hydrophobic DAG acceptor. Its membrane binding properties are therefore crucial for
optimal catalysis. Major advance was obtained in the production and purification of the
catalytic domain of MGD1 expressed in E. coli. The recombinant protein is produced as a fully
active and soluble monomeric form that retains its membrane binding properties (Rocha et

al., 2013; Sarkis et al., 2014).
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Figure 21: Diagram of MGD1 activity (from Rocha et al., 2016b).
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a) Relevance in photosynthetic activity and membrane development

Non-phosphorus galactoglycerolipids, also called galactolipids, are the most abundant class of
lipids on earth. The uncharged galactolipids, MGDG and digalactosyldiacylglycerol (DGDG),
form up to 80% of the lipid content of thylakoid membranes (Table 1). The remaining lipids
mainly include the anionic lipids phosphatidylglycerol (PG) and sulfoquinovosyldiacylglycerol
(SQDG) (Block et al., 2007). The galactolipid composition has been remarkably conserved
throughout evolution in photosynthetic organisms from cyanobacteria to plants (Petroutsos

et al,, 2014).

27 7 7 2 0O 0 4

Thylakoids 53

Inner envelope 49 30 5 8 1 6 0 1

Outer envelope 17 29 6 10 5 32 0 1

Table 1: Membrane lipid composition of plant plastids and cyanobacteria (Kobayashi, 2016).
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Figure 22: The four major lipid constituents of plant photosynthetic membrane.
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In the thylakoid membrane, MGDG and DGDG play an essential role in photosynthesis by
providing a lipid bilayer matrix and as structural components of protein photosystem
complexes PSI and PSII (Fujii et al., 2014; Rocha et al., 2018). MGDG with its cone shape is a
‘non-bilayer forming lipid’ while DGDG, SQDG and PG are ‘bilayer forming lipids’ (Figure 23).

MGDG DGDG
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Hexagonal-ll phase Lamellar bilayer phase

Figure 23: Conceptual structure of MGDG and DGDG and their phase behaviours in aqueous

mixtures (from Fujii et al., 2019).

The ratio of MGDG/DGDG seems to be crucial for the stability and functional properties of
photosynthetic membranes. Changes in this ratio may alter the membrane from hexagonal Il
(HII) to lamellar (La) phases, thus this ratio must be tightly regulated (Dérmann and Benning,

2002; Demé et al., 2014) (Figure 24).
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Figure 24: Neutron diffraction images of lipid films consisting of major plant photosynthetic
membranes. A) Neutron diffraction patterns of MGDG (HIl) and DGDG (La). B) Lipid films of
different lipid ratio. Demonstrated is the shift from HIl to La phase via an increase in DGDG

ratio (from Demé et al., 2014).

The importance of galactolipids can be visually observed as deficiencies in MGDG have
resulted in a largely altered chloroplast architecture with significant loss of thylakoid
membranes and the formation of chloroplast invaginated inner-envelope membranes
(Kobayashi et al., 2007; 2013). The loss of MGDG also impairs PSIl activity and disrupts the
formation of photosystem complexes such as the correct oligomerisation of the light-
harvesting complex Il (LHCII) and PSII (Fujii et al., 2014; Kobayashi et al., 2013; Schaller et al.,
2011). Overall effects can be visualised in plant MGD1-knockout mutants that exhibit impaired
cell development during embryogenesis, and can only grow in sucrose supplemented media,

highlighting the importance of MGD1 and galactolipids (Fujii et al., 2019) (Figure 25).
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mgd1-2  mgd1-2+MGD1 WT

Figure 25: Different varieties of Arabidopsis thaliana seedlings germinated and grown on
sucrose containing media for 21 days. From left to right are: loss of function mgd1 mutant
(mgd1-2), mgd1-2 mutant with exogenously introduced wild-type MGD1 cDNA and wild-type
seedling (from Kobayashi et al., 2007).

b) Membrane binding properties of MGD1

As mentioned above, in photosynthetic membranes, the majority of lipids are the galactolipids
MGDG (~50%) and DGDG (~30%), and the MGDG/DGDG ratio must be tightly regulated. The
reason for this was investigated by studying the influence of lipid constituents in MGD1
binding (Sarkis et al., 2014, Rocha et al., 2016b). In this study, binding of MGD1 to Langmuir
monolayers consisting of essential plant lipids such as MGDG, DGDG, PG, and DAG were
performed. Phosphatidic acid (PA) was also included in the study. MGD1 demonstrated high
affinity for all monolayers tested except DGDG (Figure 26). As shown in Figure 26, a maximum
insertion pressure (MIP) value above the protein interfacial tension (22 mN/m) and the
estimated physiological surface pressure (30 mN/m), and a positive synergy factor (a) are
indicative of a high affinity of the protein for the monolayer (Figure 26). Therefore, MGD1
demonstrated high affinity for all monolayers tested except for DGDG. The contrasted
behaviour of MGD1 toward MGDG and DGDG is interesting. Indeed, MGDG, which is the

reaction product, has a positive effect on MGD1 binding whereas DGDG has a negative effect
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and tends to exclude MGD1. These results highlight the importance of the MGDG/DGDG ratio
on MGD1 binding.
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Figure 26: Influence of the lipid nature on the binding of MGD1 to Langmuir monolayers.
Maximum insertion pressure (MIP) and synergy factor (a). MDP is composed of
MGDG:DGDG:PG in a 64/28/8 ratio. (Top) MIP values are determined from the increase in
surface pressure upon injection of MGD1 under the monolayer and calculated at different
initial surface pressures. The red line indicates the interfacial tension of MGD1 (22 mN/m).
(Bottom) Synergy factor (a) of MGD1 for individual lipids. This provides information on the
affinity of proteins for lipid monolayer. A positive (a) value is indicative of a favourable
condition for protein binding whereas a negative (a) value is indicative of a repulsion

phenomenon (from Sarkis et al., 2014).

c) 3D structure of MGD1

The crystal structure of the catalytic domain of MDG1 (residues 137-533) in its apo-form and
in complex with UDP has been recently solved and has given insight into its membrane binding

properties and catalytic mechanism (Rocha et al., 2016). MGD1 is an inverting enzyme that
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adopts a standard GT-B fold. It is comprised of two Rossmann-fold domains of similar size,
aptly named the N- and C- domains, connected by a linker (Y319—P333) and stabilized by two
long C-terminal a-helices (Figure 27). The catalytic site is located in the cleft between these
two domains. The C-domain (residues K334-P506) contains the nucleotide-sugar donor
binding sub-site whereas the N-domain (residues P140-V318 and E507—-N524) is presumably
involved in DAG binding. The closest structural homologs of MGD1 are bacterial GTs involved
in the synthesis of peptidoglycan (MurG from family GT28), and the synthesis of the antibiotics
calicheamycin (CalG1 and Olel from family GT1). A peculiarity of MGD1 is a large disordered
region of almost 50 amino acids in the N-domain (residues 182-230), which is not visible in the

crystal structure.

Figure 27: Structure of MGD1 with modelled UDP-Gal and disordered loop region (Red) not
seen in the published structures (Olga Makshakova, personal communication). Cartoon (A) and

Surface (B) representation.

d) UDP-Gal binding site

Although a complex of MGD1 with UDP-Gal has been obtained, only the electron density for
UDP moiety is visible. This can be attributed to either flexibility/disorder of the Gal moiety, or
hydrolysis of the donor. The UDP binds in a pocket at the interface between the two domains.
There is marked difference in crystal structures between the apo-form (4WYI) and UDP-bound
form (4X1T). A conformational change is observed in the UDP-bound form where a glycine-
rich loop located between CB1 and Ca2 moves up 7A. This closes the donor binding pocket

and buries the nucleotide moiety while the sugar is expected to be exposed to solvent.
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Computational docking experiments were used to model the Gal moiety in the MGD1 active
site (Figure 28). The enzyme MurG, a N-acetylglucosaminyltransferase, has been chosen
because of its similar sugar binding motif and near identical spatial positioning of key residues
in their donor binding site, this is despite only having <20% overall sequence identity. UDP-Gal

was modelled into a similar orientation as UDP-GIcNAc in MurG (Hu et al., 2003).
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Figure 28: UDP-Gal in the MGD1 active site. (Left) MGD1 with bound UDP. (Right) UDP-Gal
modelled into the active site, based on the orientation of UDP-GIcNAc bound to MurG (Rocha
et al.,, 2016).

Residue F413 forms stacking interaction with uracil. The carbonyl backbone of 1414 forms a
hydrogen bond with uracil N3 while its main chain amide interacts with the 04 atom. 02 and
03 atoms of ribose make hydrogen bonding with R324 and E438. The main chain amide and
hydroxyl group of T435, as well as G434, form interactions with a-phosphate. K430 hydrogen
bonds to the B-phosphate. In the modeled Gal moiety, the 02 atom hydrogen bonds to the

side chain of E456, while the main-chain carbonyl of Q455 interacts with O3.

Finally, the P433 residue seems to confer UDP-Gal specificity to MGD1 as the OH group at the
C4 position of glucose is predicted to result in a steric clash with the proline (Rocha et al.,
2016). There have been extensive mutation studies on the residues stated above which have
resulted mostly in either complete loss or largely diminished activity (Table 2). In the context
of the PhD, three residues will be particularly studied, namely P433, Q455 and E456, in our

attempts to change the donor sugar specificity (UDP-Gal versus UDP-Glc).
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MGD1 mutants Enzyme activity (%)
Native 100
H155A 0
H155R 0
F413A <2
K430A 0
K430R 0
T435A 75
P433A <5
E438A 0
Q455A 15
E456A 0
E456N 0

Table 2: List of MGD1 mutants studied that interact with UDP-Gal and their catalytic activity
(Rocha et al., 2016).

e) DAG binding site

As previously mentioned, the N-domain contains a large disordered region (residue W182-
F230), also called the LOOP region. This region is believed to contain the predicted secondary
structures NB2—Na2 loop, the Na2 helix, the NB3 strand and part of the Na3 helix. The high
guantity of basic and aromatic residues suggests that this region is involved in membrane
anchoring and DAG binding. This is supported by mutational studies where MGD1 substitution
mutants W182A, D184N, W188A have resulted in a ~“90% decrease in enzyme activity (Botté
et al., 2005).
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End NB2 N2 NB3 Ne3
180-DLWTDHTPWPFNQLPRSYNFLVKHGTLWKMTYYGTSPRIVHQSNFAATSTFIAREIAQGLMKYQP-2 44

Figure 29: Amino acid sequence of the disordered region in MGD1:UDP structure (4X1T).
Residues in italics are visible in the apo-enzyme structure (4WYI). Residues in red were deleted

in mutant MGD1A192-215 (from Rocha et al., 2016).

In addition to this, a truncated form of MGD1 with a deletion in the disordered region
corresponding to the Na2 helix and N3 strand (residues Q192-S215), named MGD1A192-
215, was successfully produced with correct folding but it lacked activity. The Langmuir
monolayer technique was used to investigate the DAG binding properties of MGD1A192-215.
Results showed that the Q192-5215 deletion caused a 12-fold decrease in the rate of binding
to DAG monolayers when compared to native MGD1, highlighting the importance of the

disordered region in membrane binding (Rocha et al., 2016).

f) Lipid activators of MGD1

A highlight of MGD1 is the requirement of anionic lipids for catalytic activity. There is complete
inactivity utilising only DAG and UDP-Gal. This was demonstrated as early as 2010 using
phosphatidylglycerol (PG) and phosphatidic acid (PA) (Dubots et al., 2010). In this study, both
PG and PA can activate MGD1 but they seem to proceed through different mechanisms, thus
suggesting distinct binding sites. PG behaves as a classical activator of MGD1, whereas PA acts
as an allosteric activator. In addition, PG and PA have a synergistic effect on MGD1. Kinetics
data from the mutant P189A supports this assumption as the mutant lost activity in PG tests
while retaining ~50% activity with PA (Nitenberg et al., 2020). Mutational data suggest that
PG binds to a region close to the expected DAG binding site. SQDG, which is another important
anionic lipid in chloroplast membrane can also activate MGD1 and it is expected to bind to the
same binding site as PG (Nitenberg et al., 2020). Interestingly, PG and SQDG appear to be
functionally redundant in plant chloroplasts. They can replace each other to maintain a
constant content of negatively charged lipid (~15%), which seems to be required for correct

functioning of photosynthetic membranes (Yu et al., 2002).

43



g) Proposed model for catalytic mechanism

Structural data has highlighted the role of H155 as the catalytic base that deprotonates the
nucleophile group of the DAG acceptor but they did not reveal the role of anionic lipids in
catalysis. A catalytic dyad (His-Asp/Glu) has been described in the closest structural homologs
of MGD1 of family GT1, CalG1 and Olel (Bolam et al., 2007; Chang et al., 2011; Breton et al.
2012). Nevertheless, no equivalent acidic residue is present in MGD1 active site. In a recent
study, using Langmuir membrane models, residues H155 and P189 were shown to be involved
in PG binding (Nitenberg et al., 2020). This led the authors to propose a Sx2 type mechanism
involving a PG-His catalytic dyad, where PG binding is stabilised by P189 and H155 (Figure 30).
This acid-base dyad should facilitate the deprotonation of the OH group of DAG via H155. As
far as we know, there is no example in the literature of a similar catalytic dyad involving an

anionic lipid.
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Figure 30: Proposed mechanism of PG activation for MGD1 (Nitenberg et al., 2020).

Nevertheless, there is the issue of a mechanism utilising PA. The current hypothesis is that PA,
having a smaller polar head, can bind to the active site in a different way while not interacting

with P189 and still forming a hydrogen bond with H155. There is also the possibility of a second
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regulatory binding site, which would clarify the allosteric properties of PA (Dubots et al., 2010).
In the context of the PhD study, we will further explore potential binding sites in MGD1 for
PA.

h) Protein—-membrane interaction and capture of DAG and PG

The flux of DAG must be tightly controlled to meet the galactolipid demand during the massive
and rapid expansion of thylakoid membranes upon light illumination. The DAG content in
chloroplast membranes is very low (less than 1 mol%), thus suggesting that, once formed, DAG
is rapidly converted to MGDG. One central question is to understand the mechanism of such
an efficient recognition of DAG by MGD1. Interestingly, in silico analyses showed that MGD1
can induce a reorganisation of lipids by attracting DAG molecules to create an optimal
platform for protein binding (Figure 31B). This effect was first observed using a model of
bilayer formed of only DAG and PG (1:3 mol/mol) (Nitenberg et al., 2020). A model of MGD1
interacting with membrane has also been proposed. The molecular dynamics (MD) simulation
also highlights the motion that happens in the protein, particularly in the C-domain, that brings

the catalytic His155 residue close to membrane surface (Figure 31C).
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Figure 31: (A) MD simulations (Coarse-Grain) in QuickSurf representation showing the
interaction of MGD1 with a DAG:PG bilayer (1:3 mol/mol). Color coding: PG (grey), DAG
(vellow), N-domain of MGD1 (magenta), C-domain of MGD1 (green). (B) Local clustering of
DAG (red circle) in the area of MGD1 binding. (C) Internal motions in the MGD1 N- and C-
domains bringing the catalytic residue, H155, near the membrane. P189 residue (red) and

H155 residue (blue) (from Nitenberg et al., 2020).

A similar computer simulation study carried out with a more complex membrane model,
consisting in a mixture of representative lipids of the inner envelope membrane
(MGDG/DGDG/PG/DAG; 40/30/25/5) came to the same conclusions (Makashakova et al.,
2020). The protein tends to locate in the vicinity of DAG-PG clusters, thus facilitating the
capture of both lipid ligands. Protein-lipid interactions occur primarily via residues of the N-
domain, particularly those in the large “disordered” LOOP region that becomes ordered upon

membrane binding (Figure 33).
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Figure 32: MD simulations of MGD1 binding to a biomimetic membrane model. Lipid bilayer
composed of MGDG(cyan)/DGDG(pink)/PG(grey)/DAG(yellow) in the molar ratio 40:30:25:5.
a) Top view, showing the clustering of DAG and PG, upon MGD1 binding. B) MGD1 bound to
the DAG/PG cluster. N-domain of MGD1 is in red, C-domain in blue, and the LOOP region in
green (from Makshakova et al., 2020).
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2. Lipooligosaccharide a-1,4-galactosyltransferase C (LgtC)

Lipooligosaccharide a-1,4-galactosyltransferase C, more commonly known as LgtC, is a GT8
family protein from the Gram-negative bacteria Neisseria meningitidis. LgtC catalyzes a key
step in the biosynthesis of lipo-oligosaccharide (LOS) by transferring a galactose residue from
UDP-a-Gal, in a retaining Gal-a-1,4- linkage, to a terminal lactose acceptor of the LOS
structure. LgtC is also able to use other glycolipid acceptors such as Lactosylceramide (LacCer)

to produce Globotriaosylceramide (also named Gb3) (Figure 33) (Aldercreutz et al. 2010).

In the context of the PhD, LgtC was selected as a candidate to create artificial membrane

surfaces displaying the Gb3 glycolipid.
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Figure 33: Chemical structure of Gb3 (Gala-1,4-Gal6-1,4-GlcB-ceramide).

a) 3D structure of LgtC

LgtC has been extensively studied and structural data are available (Persson et al., 2001). This
is one of the major reasons why we chose this enzyme as it opens the opportunity to engineer
the enzyme for various applications. LgtC is a retaining enzyme that adopts the canonical GTA-
fold and it is metal ion-dependent (Figure 34). It can be produced as a soluble enzyme in E.

coli and purification protocols are available (Chan et al., 2012).

The crystal structure of LgtC was first solved in 2001 with a manganese ion, the acceptor
analogue 4'-deoxylactose and in the absence/presence of the donor analogue UDP-2FGal
(Persson et al., 2001). The catalytic domain (residues 1-247) has a standard GT-A fold
containing the active site whereas a smaller helical C-terminal domain (residues 248-310) is
hypothesised to mediate membrane attachment due to an abundance of basic, hydrophobic

and aromatic residues.
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Figure 34: Crystal structure of LgtC (PDB code 1GA8) in complex with manganese ion (purple),
acceptor 4’-deoxylactose and donor analogue UDP-2-deoxy-2-fluorogalactose (UDP-2FGal)
(Persson et al., 2001).

b) LgtC as a target for drugs

In Neisseria meningitidis LgtC acts on lipooligosaccharides (LOSs) displayed on the cell surface
of gram-negative bacteria. This results in the synthesis of glycan structures on LOSs that mimic
human glycosphingolipids, such as Gb3, thereby allowing the bacteria to more easily evade
the host immune system and causing infection such as meningitis (Moran et al., 1996). LgtC
expression have also been linked to high-level serum resistance to non-typeable Haemophilus
influenzae (NTHI) strains (Erwin et al., 2006). Thus, inhibition of LgtC and other GTs involved
in the biosynthesis of LOSs have been explored as a strategy for anti-microbial drug discovery

(Xu et al., 2017).

c) Gb3 glycolipid and Shiga toxin

The Gb3 antigen is studied in the context of glycolipid-mediated endocytosis of toxins,
particularly the Shiga toxin. The Shiga toxin (Stx) is one of the most potent bacterial toxins
known, which is produced by Shigella dysenteriae and enterohaemorrhagic Escherichia coli
strains. Stx is composed of a toxic A-subunit and a receptor-binding B-subunit. The
homopentameric B-subunit of Shiga toxin (StxB) specifically binds to Gb3 molecules (Melton-

Celsa, 2014). Stx1B monomer was showed to have a Kp of 4 mM to the trisaccharide Gb3,

49



however, the apparent Kp for the Gb3 glycolipids was determined to be 4.2 nM. High affinity
in Gb3 binding of StxB is achieved through avidity, each monomer has 3 binding sites with a

total of 15 binding sites per holotoxin (Gallegos et al., 2012) (Figure 35).

Figure 35: Structure of a mutated (W34A) Shiga-like Toxin B subunit in complex with Gb3
analogue (PDB code: 1D1I). Structure showed from the side view (A), top view (B) and bottom

view (C).

Gb3 also belongs to those glycolipids that are predominantly expressed in cancerous tissues,
and is a biomarker in certain cancer types, and particularly, Gb3 is a possible target in colon

cancer therapy (Falguiéres et al., 2008).

Gb3 is also used in tissue formation studies. Figure 36 displays an example of prototissue,
which was formed from GUVs containing the glycosphingolipid receptor Gb3 and by cross-
linking GUVs with the tetrameric lectin LecA from Pseudomonas aeruginosa that recognizes

specifically Gb3.

(a)

DHPE-TxRed (membrane)

merge

Figure 36: Assembly of prototissues by lectin—glycan interactions. Confocal sections of an
arbitrary plane of a prototissue made by cross-linking Gb3-containing GUVs (membrane
marker: DHPE-TxRed, red colour) in the presence of Alexa488-labelled lectin LecA (200 nM,

green colour). (Omidvar and Rémer, 2019).
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V. Objectives of the PhD

1. Investigation of donor substrate specificity and mechanism of action of

MGD1

As previously alluded to, most GTs currently being used for synthetic biology applications are
those that exhibit some level of substrate promiscuity. This flexibility allows applications in
the addition of non-native or novel sugars, as well as in the glycosylation of different target
acceptors. However, not all GTs have such flexibility in recognizing substrates. There are GTs
with very high specificity and therefore there is value in being able to engineer GTs with

altered selectivity.

Thus, one of the main goals of the PhD project, is to increase our understanding of the sugar
donor specificity and catalytic mechanism for glycosyltransferases. MGD1 is highly specific for
its sugar donor (UDP-Gal) and is thus an ideal model for investigating its sugar donor specificity
and mechanism of action. In addition, MGD1 has been extensively studied in the laboratory,

and therefore many biochemical and structural data are available.
The main objectives are:

- Modify the sugar donor specificity from UDP-Gal to UDP-Glc
- Confirm the existence of a PG/His catalytic dyad for its mechanism of action

- ldentify the allosteric site for the PA activator

We also explored the capacity of MGD1 (and also LgtC) to use modified nucleotide sugars

carrying bio-orthogonal azido groups.

The approach to meet these objectives involves mutational studies coupled to molecular
modelling and simulations to probe the effects of mutations on one or more residues of the

protein.
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2. Application of glycosyltransferases to glycosylate synthetic membrane

surfaces

This PhD further explores the use of recombinant GTs to decorate synthetic membrane
systems (GUVs and SLBs) with sugars. LgtC was chosen for its ability to produce the Gb3
antigen, the receptor for the lectin Shiga Toxin-B (StxB). LgtC has been widely studied with
soluble acceptors, but not with lipid acceptors such as LacCer, and not in a membrane context
(Lairson et al., 2004). In this PhD we explored the capability of LgtC to decorate lactosyl-
ceramide-containing micelles, GUVs and SLBs, with galactose to form the Gb3 antigen. StxB
was used as a reporter to monitor the Gb3 formation either by fluorescence microscopy

(GUVs) or QCM-D (SLBs).

Altogether, results from this research will have applications in the use of GTs (native or

engineered) to expand the toolbox for synthetic glycobiology.
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Chapter 2

Materials and Methods
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I. Materials

This chapter details the principles, protocols and materials employed for all experiments in
Chapters 3 to 5. In addition, the computational modelling and simulations performed by

collaborator, Olga Makshakova, are also described.

Molecular biology and protein expression

All primers used for mutagenesis and genes for RcMGlcD, ReMGD1 and LgtC were synthesised
by Eurofins (Germany). See appendix for the list of primers. Vector pET-TEV was acquired from
Nova lifetech Inc. and vector pET29b from Novagen/Sigma-Aldrich (Germany). Restriction
enzymes: Ndel, Notl and Xhol were bought from New England Biolabs (France), and Dpnl from
Promega (France). PrimeSTAR Max DNA polymerase and DNA Ligation Mix/Mighty Mix were
purchased from Takara (France). QlAquick DNA Extraction Kit was bought from Qiagen
(France). Monarch DNA Gel Extraction Kit was bought from New England Biolabs (France).
Taq'Ozyme Purple Mix 2 was purchased from Ozyme (France). NEB5a competent E. coli cells
and BL21(DE3) competent E. coli cells were bought from New England Biolabs (France) and
XL1 competent E. coli cells from Agilent Technologies (France). LB media and LB agar were

purchased from Invitrogen. IPTG and Kanamycin were purchased from Euromedex (France).

Protein purification
Superdex 75 Increase 10/300 GL and HisTrap FF (1 ml and 5 ml) were purchased from
Cytiva/Sigma-Aldrich. Benzonase nuclease and Imidazole were purchased from Sigma-Aldrich

(Germany) and cOmplete protease inhibitor from Roche/Sigma-Aldrich.

Glycosyltransferase assays

UDP-Glo™ glycosyltransferase assay kit and Ultra-pure UDP-Galactose were purchased from
Promega (France). UDP-Gal for QCM-D experiments was purchased from Carbosynth (UK). TLC
Silica gel 60 F254 was purchased from Supelco/Sigma-Aldrich (Germany), and Orcinol from
Sigma-Aldrich. Shiga Toxin B-subunit (StxB) was provided by our synBlOcarb partners at
enGenes Biotech (Vienna, Austria). Lectins RPL-Gall (Pseudomonas aeruginosa), RPL-Gal4
(Photorhabdus asymbiotica) were provided by GlycoSelect (Ireland). Isolectin GS-IB4, from

Griffonia simplicifolia, was purchased from Thermofisher Scientific.
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Lipids

Monogalactosyldiacylglycerol (MGDG), Digalactosyldiacylglycerol (DGDG), C8 Lactosyl(l3)
Ceramide (d18:1/8:0) (C8 LacCer), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphate (16:0-18:1) (PA) and cholesterol were purchased
from Avanti Polar Lipids (USA). L-a-phosphatidylglycerol (Egg vyolk) (PG), 1,2-sn-
dioleoylglycerol (DAG) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were
purchased from Sigma-Aldrich (Germany). Ceramide trihexosides (Gb3) was obtained from

Matreya (USA).

Other chemicals not mentioned were of analytical or liquid chromatography grade. Unless

stated otherwise, all procedures used MilliQ H;0.

Il. Expression and purification of recombinant proteins

1. Generation of protein constructs
a) MGD1

In a previous work, the MGD1 gene from Arabidopsis thaliana was cloned into a pET29b
expression vector, via the Ndel and Notl restriction sites (Rocha et al., 2013). The MGD1
protein produced for experiments is the catalytic domain of wild-type MGD1 (cdMGD1), and
is N-terminal truncated (residue 1-136). The deleted sequence corresponds to a chloroplast
signal peptide sequence (1-107) followed by a short region predicted to be disordered and not
necessary for activity. The gene construct also contains a non-cleavable C-terminal 6-histidine
tag (His-Tag). It is transformed into E. coli XL1 competent cells for plasmid amplification, and
E. coli BL21 (DE3) for protein expression.

Ndel Notl

Figure 37: Construct for wild-type MGD1.

The pET29b-cdMGD1 plasmid codes for the wild-type MGD1 and is the DNA template used for

subsequent mutagenesis procedures of MGD1.
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b) MGD1 mutants
The mutagenesis procedure for MGD1 aimed to perform point mutations on the DNA
sequence of MGD1. The MGD1 mutant, AQE, was created in a previous study which used the
wild-type MGD1 plasmid as the template (Rocha et al., 2016). For MGD1 mutants, AEE, AEQ
and GGG, we used the AQE mutant as the template for mutagenesis. For MGD1 mutants GGA
and GGL, we used the GGG mutant as the template. All MGD1 mutants produced for Chapter
4 used the wild-type MGD1 as the template. The primers used for mutagenesis were designed

and then synthesised by Eurofins. See annex for the details on primers used.

For mutagenesis, the PCR reaction mix is assembled as described in the table below:

Reaction mixture for mutagenesis

Quantity

Template plasmid 20 ng

Sense primer (10 uM) 1l
Anti-sense primer (10 uM) 1l
Nuclease-free H,0 Varies

PrimeSTAR Max DNA polymerase 25 ul

Final volume 50 ul

Table 3: Composition of the reaction mix for mutagenesis.

After assembly of the mutagenesis reaction mix, PCR was run on a Mastercycler gradient

(Eppendorf), with the program described in Table 4.

Steps No. cycles Temperature (°C) Time
1 1 95 2 min
2 30 95 20 sec
55 20 sec
72 15 sec/kb plasmid
3 1 72 3 min

Table 4: PCR cycle for mutagenesis of MGD1.
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After PCR, the template DNA in the reaction mix was digested with the addition of 10 U Dpnl
restriction enzyme and was incubated for at least 1 hour at 37°. In parallel, 10 ul of PCR
reaction was run on 1% agarose gel to check for amplification. After Dpnl digestion, 2 pl of the
PCR product was used to transform E. coli NEB5a competent cells by heat shock: 45 seconds,
42°C, then 2 minutes on ice. The transformed cells are incubated at shaking 180 rpm, 37°C for
1 hour before plating onto LB agar plates supplemented with 50 pug/ml kanamycin. Plates are
incubated overnight at 37°C. Selected colonies are grown in 5 ml LB overnight at 37°C and
plasmid is extracted using the QIAquick Gel Extraction Kit according to manufacturer
instructions. The plasmid was sent for DNA sequencing. Upon confirmation of successful
mutagenesis, the plasmid was transformed into expression strain E. coli BL21 (DE3) using the

heat shock method described previously.

¢) ReMGIcD and ReMGD1
RcMGlcD and ReMGD1 genes were synthesized by Eurofins. Both genes were codon optimised
for E. coli expression. RcMGIcD is from Roseiflexus castenholzii, and the synthesised gene
codes for the full-length protein (1-396). The plasmids containing the genes for RcMGlcD and
RcMGD1 were transformed into E. coli NEB5a competent cells, and was grown overnight in 5
ml LB media to amplify the plasmid. The plasmid was extracted using the QIAquick Gel
Extraction Kit. The genes and pET29b were digested with Ndel and Notl for 1 hour at 37°C.

The typical reaction mix for restriction digest is described in Table 5:

Restriction digest reaction mix

Quantity

Plasmid <2 pg

Ndel (10 uM) 1 ul

Notl (10 uM) 1l

Nuclease-free H,0 Varies

CutSmart buffer 20 ul

Total volume 40 ul

Table 5: Reaction mixture for restriction digest. Digestion is left to occur for 1 hour at room

temperature.
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After digestion, the reaction mix was run on 1% agarose gel and the bands containing the
digested RcMGlcD, RcMGD1 and pET29b were extracted using the Monarch DNA Gel
Extraction Kit according to manufacturer instructions. Ligation of the RcMGlcD or ReMGD1
gene to pET29b was performed using the DNA Ligation Mix/Mighty Mix according to

manufacturer’s instructions (Table 6).

Ligation reaction mix

Quantity

Vector Varies

Gene Varies

Nuclease-free H,0 Varies

DNA Ligation mix 5ul

Total volume 10ul

Table 6: Reaction mixture for DNA ligation. Vector and gene insert are added in a molar ratio
of 1:3 and made to 5ul with nuclease-free H,O before adding the DNA ligation mix. The

reaction mix is incubated at 4°C overnight or at room temperature for 20 minutes.

Ligation created the pET29b-RcMGlcD and pET29b-RcMGD1 plasmids. The final constructs
were transformed into E. coli NEB5a competent cells for plasmid amplification by heat shock
(45 seconds, 42°C, then 2 minutes on ice). The transformed cells are plated in a LB agar plate
containing kanamycin (50 pg/ml) and incubated at 37°C overnight. Kanamycin selects for
colonies containing the pET29b vector. Colonies were then screened for the pET29b
containing the RcMGIcD or ReMGD1 gene. A typical PCR mix for screening contained: E. coli
colony, T7 sense and anti-sense primers (0.2 uM) and Taq'Ozyme Purple Mix 2 kit. The
screening reaction was run on PCR with cycles according to Ozyme manufacturer instructions.
Afterwards, the PCR reaction are run on 1% agarose gel and positive colonies are re-plated on
LB agar plates. A positive colony was grown overnight in 5 ml LB to amplify the plasmid and
was extracted for DNA sequencing. The pET29b-RcMGlcD and pET29b-RcMGD1 plasmids are

transformed into E. coli BL21 (DE3) for protein expression.
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d) CaMGD1
The CaMGD1 gene from Caldilinea aerophila was obtained from Dr Koichiro Awai from
Shizuoka University, Japan. CaMGD1 was cloned, expressed and purified at CERMAYV by Miléne
Nitenberg (Thesis, 2018). CaMGD1 is composed of 380 amino acids and the coding sequence
was cloned into pET24a vector, which possessed kanamycin resistance and the T7 promoter,
via the restriction enzymes Ndel and Xhol. The final construct expressed CaMGD1 with a non-

cleavable His-Tag at the C-terminus.

e) LgtC
The gene of LgtC from Neisseria meningitidis was codon optimised for E. coli expression and
synthesised with 25 amino acids truncated at the C-terminus. This region is believed to be
involved in membrane association. Truncation was also performed to increase solubility and
yields. Codons were optimised for E. coli expression and with the mutations C128S, C174S
(Persson et al., 2001) and T273A which were reported to improve expression levels of the
protein without compromising the enzyme activity (Chan et al., 2012). The pET-TEV plasmid
was chosen as the expression vector for LgtC. The pET-TEV plasmid is a pET28a vector

containing the Tobacco Etch Virus (TEV) cleavage site in-place of the original thrombin site.

The plasmid containing the LgtC gene was synthesised by Eurofins and transformed into E. coli
XL1. Two small cultures containing the LgtC gene and pET-TEV were grown overnight to
amplify the plasmids, and were extracted using the QIAquick Gel Extraction Kit. The LgtC gene
and pET-TEV were digested with Ndel and Xhol for 1 hour at 37°C (Table 5). Digestion products
were run on 1% agarose gel and the bands containing the digested LgtC gene and pET-TEV
were extracted using the Monarch DNA Gel Extraction Kit. Ligation of the LgtC gene and pET-
TEV (Table 6) was performed using the DNA Ligation Mix/Mighty Mix. This formed the LgtC-

TEV construct which is ~6.3kb long and contains a N-terminal TEV protease site and His-Tag

(Figure 38).
LgtCinsert
A o 858bp
- - 6x Histidine | _ TEV cleavage _ _ LgtC I
G tag site (1-286aa)
pET-TEV vector
5.4kb

Figure 38: Schematic for the expression construct of LgtC in pET-TEV vector (Lgtc-TEV).
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The construct was transformed into E. coli XL1 and plated in kanamycin supplemented (50
ug/ml) LB agar plates, and colonies left to grow overnight at 37°C. Colonies were then
screened for the plasmid containing the LgtC gene. A PCR reaction contained a mix of E. coli
colonies, T7 sense and anti-sense primers (0.2 uM) and Taq'Ozyme Purple Mix 2 kit. After PCR,
the PCR mixes are run on 1% agarose gel and positive colonies are plated on LB agar plates.
Selected positive colonies are grown overnight in 5 ml LB media and plasmid extracted for

DNA sequencing. LgtC-TEV plasmid is transformed into E. coli BL21 (DE3).

2. Expression of recombinant proteins

Recombinant protein expression was performed on a large scale in 1 L LB medium (50-100 ml
on a small scale) in baffled flasks with induction by isopropyl B- d-1-thiogalactopyranoside
(IPTG). Encoded in the expression vector is the Lacl gene, which codes for the lac repressor
(Lacl). The Lacl binds to the lac operon, preventing RNA polymerase transcription and thus
protein expression. IPTG binds to Lacl removing it from the lac operon and thus protein
expression is induced. Also included in the expression vector is the gene for antibiotic
resistance (kanamycin). Thus, the medium contains the antibiotic to ensure the elimination of

cells that do not acquire antibiotic resistance from the expression vector.

a) MGD1, MGD1 mutants, ReMGIcD and CaMGD1
Expression and purification of MGD1, MGD1 mutants, RcMGIcD and CaMGD1 follow the
protocol established by Rocha et al. (2016a). A small starter culture of 20 ml LB containing E.
coli BL21 (DE3) cells harbouring the MGD1 construct was grown overnight. A 1 L of LB medium
supplemented with 50 pg/ml kanamycin was inoculated with the 20 ml starter culture. The
culture was incubated at 37°C and 180 rpm. At optical density (ODeoo) 0.6-0.8 the culture was
induced with IPTG to a final concentration of 0.25 mM and incubated at 30°C for 4 hours. Cells
were harvested by centrifugation at 7,000 x g at 4°C. Cell pellets were stored at -20°C until
purification. 1 ml of culture was collected before IPTG induction and after expression, and was

used to monitor protein expression in SDS-PAGE.
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b) LgtC
The expression of LgtC was based on the procedure by Chan et al. (2012). A small starter
culture of 20 ml LB medium containing E. coli BL21(DE3) cells harbouring the LgtC-pET-TEV
construct was grown overnight. 1L of LB medium supplemented with 50 ug/ml kanamycin was
prepared. The 1L LB medium was inoculated with 20 ml starter culture and incubated at 37°C
and 180 rpm. At ODeoo of 0.6-0.8 the cells were induced with 0.5 mM IPTG and incubated
overnight at 16°C and 180 rpm for ~16 hours. Cells were harvested by centrifugation at 7,000
x g and 4°C. Cell pellets were stored at -20°C until purification. 1 ml of culture was collected
before IPTG induction and after expression, and was used to monitor protein expression in

SDS-PAGE.

3. Purification of recombinant proteins

Proteins are expressed in the cytoplasm of the bacteria. To release the proteins, cells were
lysed by high pressure ell disruption. The resulting lysate was centrifuged at high speed
(24,000 x g) and the target protein found in the supernatant. The supernatant was clarified
through a 0.22 um filter to remove any large particles. The expressed proteins contained a
His-tag which allowed for immobilized metal affinity chromatography (IMAC) for the
separation of the target proteins from other bacterial proteins present in the supernatant.
The IMAC column contains immobilized nickel in its matrix. His-Tag binds to the nickel matrix,
while other proteins pass through or bind with weaker affinity. The target protein can be
released from the column with a gradient of imidazole. Due to their weak binding, non-specific
bacterial proteins were washed away with a low concentration of imidazole (0-75 mM
imidazole), while the target proteins were eluted with higher concentration of imidazole
(Figure 39A). If cleavable, the protein was incubated with His-tagged-TEV protease to cleave
the His-Tag from the protein of interest. The mixture was then further purified by IMAC. The
TEV protease and His-Tag bound to the column, and the target protein were collected in the

flow through.
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Figure 39: Basic principles of (A) IMAC and (B) SEC. A) Proteins containing a His-tag bind to
nickel ion. The addition of imidazole out competes for binding to nickel, releasing the His-tag
protein. B) Porous matrix interacts with smaller proteins and, thus separates proteins by their

molecular mass.

A second step of purification involved size exclusion chromatography (SEC). A column
containing a porous matrix separated proteins by their size. Smaller proteins interact with the
porous matrix more strongly and therefore are retained in the column for a longer time. In
practice, large proteins elute earlier from the column than small proteins (Figure 39B). By
looking at the volume at which a protein elutes and comparing this to an established standard
an approximate molecular weight of the protein can be obtained. This can be used as a quality
control for identification of contaminant proteins or an indicator of oligomerisation of the

target protein.

a) MGD1, MGD1 mutants, ReMGIcD and CaMGD1
For purification of MGD1, MGD1 mutants, RcMGIcD and CaMGD1, the following buffers were

prepared:

e Lysis buffer: 25 mM HEPES, 500 mM NaCl, 1 M Urea, 10 mM imidazole, 1 mM DTT,
Benzonase® nuclease (1 pl/10 ml of solution), cOmplete protease inhibitor (1 tablet/50
ml of solution), pH 7.5

e Binding buffer: 25 mM HEPES, 500 mM NaCl, 1 M Urea, 10 mM imidazole, 1 mM DTT,
pH 7.5
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e Elution buffer: 25 mM HEPES, 500 mM NaCl, 1 M Urea, 500 mM imidazole, 1 mM
dithiothreitol (DTT), pH 7.5
e SEC buffer: 25 mM Bis-Tris propane, 150 mM NaCl, 5% (v/v) Glycerol, 1 mM tris(2-
carboxyethyl)phosphine (TCEP), pH 6.5
Cell pellets from large scale expression were resuspended in lysis buffer (5 ml/g of cell pellet).
The cells were disrupted using a Cell Disruptor CSL (Constant Systems, Ltd) at 1.8 kbar. The
lysate was centrifuged at 24,000 x g for 30 min at 4°C. The supernatant was then clarified
through a 0.22um filter. The protein was first purified by IMAC using either the 1 ml or 5 ml
HisTrap FF column and the binding/elution buffers. The chromatography system used for
IMAC and SEC was performed on a NGC Quest 10 purification system (BioRad). The clarified
lysate was loaded into the HisTrap FF column at 1 ml/min and the flow-through was collected.
The HisTrap column was washed at 1 ml/min (or 2 ml/min for the 5 ml column) with 40 mM
(8% elution buffer) and then 80mM (16% elution buffer) imidazole until Absgonm Was stable.
MGD1 was eluted from the column with an imidazole gradient (80-500 mM or 16-100% elution
buffer). Fractions were pooled according to protein purity evaluated by SDS-PAGE and DLS,

using Zetasizer Nano ZS (Malvern), if necessary.

Pooled fractions were concentrated to a maximum concentration of 10 mg/ml and injected
into a Superdex 75 Increase 10/300 GL column. Proteins were purified through the SEC column
by running the SEC buffer at 0.5 ml/min. Fractions were analysed by SDS-PAGE, and by
Dynamic Light Scattering(DLS), using a Zetasizer Nano ZS (Malvern), if necessary. The
appropriate fractions were pooled and concentrated up to 10 mg/ml using a Macrosep®
concentrator (Pall) with a 30 kbDa MWCO and stored at -20°C. Protein concentration was
monitored using a NanoDrop™ ND-2000 spectrophotometer (Thermo Scientific). The
Nanodrop parameters for MGD1 and MGD1 mutants are: 47900 M.cm™ and 43.99 kDa. For
RcMGlcD: 60,515 Mt.cm™ and 42.50 kDa. For CaMGD1: 47,815 Mt.cm™ and 41.00 kDa

b) LgtC

For LgtC purification, the following buffers were prepared:

e Lysis buffer: 20 mM Tris, 1 mM DTT, 500 mM NaCl, Benzonase nuclease, cOmplete

protease inhibitor, pH 7.5

63



e Binding buffer: 20 mM Tris, 1 mM DTT, 500 mM NaCl, pH 7.5
e Elution buffer: 20 mM Tris, 1 mM DTT, 500 mM NaCl, 500 mM Imidazole, pH 7.5
e SEC buffer: 20 mM Tris, 5 mM TCEP, pH 8.5

Cell pellets from protein expression were resuspended in lysis buffer (5 ml/g cell pellet) and
disrupted using a Cell Disruptor at 1.8 kbar. The lysate is centrifuged at 24,000 x g for 30 min
at 4°C and the supernatant was clarified through a 0.22 um filter before loading into a HisTrap
FF column. The column was washed with binding/elution buffer at 25 mM (5%B) and 75 mM
(15%B) imidazole each until the Abs;sonm became stable. LgtC was eluted with an imidazole
gradient 75-500 mM (15-100%B) imidazole. The samples were collected in 1 ml fractions and
analysed by SDS-PAGE for purity and DLS for homogeneity. The appropriate fractions were
pooled and concentrated up to 10 mg/ml using a Macrosep® concentrator (Pall) with a 10kDa
molecular weight cutoff (MWCO). The parameters for NanoDrop™ were 61,225 M cm™ and

34.85 kDa.

LgtC was injected into a Superdex 200 Increase 10/300 GL column equilibrated in SEC buffer.
LgtC was purified by running SEC buffer through the column at 0.5 ml/min. The appropriate
fractions were analysed by SDS-PAGE, pooled and concentrated up to 10 mg/ml. The purified

protein was stored in aliquots at -20°C until further use.

4. Protein analysis methods

a) SDS-PAGE
A quality control for protein purification was performed by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE). Protein samples were denatured with boiling,
reducing agent (mercaptoethanol or DTT) and SDS, which is a strong anionic detergent. This
treatment denatures the protein samples and SDS coats the proteins with a uniform negative
charge. The protein samples are then run on a gel matrix with a determined polyacrylamide
concentration. In an applied electric field, the negatively charged proteins migrate through
the gel to the positive anode and are separated by their molecular weight. Since the proteins

in the sample now have the same charge to mass ratio, there is no differential migration due
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to charge. Proteins were thus separated by their molecular weight and this allowed for

evaluation of the purity of the protein.

Described below is the typical protocol for SDS-PAGE analysis of fractions from purification of
protein.

The appropriate amount of 5X SDS-PAGE Protein Loading Buffer (10% SDS, 500 mM DTT, 50%
Glycerol, 500 mM Tris-HCL and 0.05% bromophenol blue) was added to protein samples to be
analysed, typically 2 ul loading buffer to 10 ul sample. The samples were boiled at 100°C for 5
minutes and sonicated in a bath sonicator (Bioblock Scientific) at 5kHz for 5 minutes. A 10%
polyacrylamide gel was prepared and assembled in an electrophoresis cell (BioRad). The
electrophoresis cell was submerged in SDS-PAGE running buffer: 25 mM Tris-HCIl, 200 mM
Glycine, 0.1% (w/v) SDS, pH 8.3. A protein ladder and protein samples were loaded in a 10%
polyacrylamide gel. Migration of the proteins was started by applying a constant voltage of
130V. When the dye has migrated near the bottom of the gel the electric current was stopped.
The gel was extracted from the cell apparatus and proteins were stained with Coomassie blue

overnight. The next day, the gels were analysed and recorded.

b) Western blot
Western blot is another analytical technique utilised in this PhD project. It is an immunoblot
technique used for detection of specific proteins in a sample using antibodies. The protein
samples undergo denaturation and size separation under SDS-PAGE. Blotting is the next
process and works under the same principle as SDS-PAGE, where the natively charged proteins
migrates to the anode. In blotting, the protein bands from the SDS-PAGE gel are transferred
to a nitrocellulose membrane. Next is the blocking procedure, which coats the membrane
surface in casein or bovine serum albumin (BSA) except for sample proteins. The blocking step
reduces background signal and false positives. Finally, the membrane is probed with an
antibody specific to the protein sample and visualised. In the case of the PhD, the antibody
used is specific for proteins with a His-tag and is conjugated to horseradish peroxidase (Anti-
His-HRP). Bands on the membrane are visualised by adding 3,3',5,5'-tetramethylbenzidine
(TBM) staining reagent. TMB is oxidised by HRP in the presence of peroxide which results in a
blue precipitate at the site of the His-Tag proteins. Western blotting was essential for

detection of extremely low quantities of protein that could not be distinguished by SDS-PAGE.
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Described below is the typical protocol for western blot analysis of fractions from purification

of protein.

Protein samples underwent SDS-PAGE as previously described. However, a pre-stained
protein ladder was run on the SDS-PAGE gel in order to visualise the molecular weight of bands
on the nitrocellulose membrane. Afterwards, the SDS-PAGE gel was assembled for blotting on
a nitrocellulose membrane (membrane and gel sandwiched by blotting paper) and placed on
an electrophoresis cell. The cell was submerged with the blotting buffer: SDS-PAGE running
buffer supplemented with 20% ethanol. Blotting is initiated by applying a constant voltage
(100 V) for 1 hour. TBST buffer is prepared: 50 mM Tris, 250 mM NaCl, pH 7.6. Blocking solution
was prepared, 30 ml: TBST buffer supplemented with 1% BSA. The membrane was assembled
in the SNAP i.d. 2.0 Protein Detection System (Sigma) according to manufacturer’s
instructions. The membrane was blocked with the blocking solution for 1 min and solution
drained away. Probing solution was prepared by mixing 2.5 pl Anti-His-HRP with 5 ml of TBST.
Antibody binding to His-Tag proteins is started by completely covering the membrane surface
with the probing solution and incubating for 15 minutes at room temperature. Afterwards,
the membrane is washed with 4 cycles of 30 ml TBST. The His-Tag proteins were visualised by

applying TBM staining reagent.

c) Dynamic light scattering
Dynamic Light Scattering (DLS) can be used as additional quality control to ensure purity,
structural integrity and any multimeric formation of the protein. DLS works by the principle of
light scattering by small particles in solution. Brownian motion of particles in solution results
in intensity over time fluctuations of Rayleigh scattering. This fluctuation of intensity is
measured, and by using mathematical tool, particles can be physically characterized. In
regards to proteins in solution, the hydrodynamic radius of the protein is obtained and can be
correlated to ‘globular protein’ molecular weight. Additional information that can be obtained

from DLS are monodispersity and homogeneity of the protein sample.

DLS measurements were taken using the Zetasizer Nano ZS (Malvern) and analysed on the

Zetasizer Nano software. For measurement of proteins, buffer composition is input into the
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software in order to remove background signal from the buffer. Proteins were diluted to 0.1-

1 mg/ml for measurements.

lll. Enzyme activity assays

1. UDP-Glo™ assay — principle

UDP-Glo™ is a glycosyltransferase assay kit by Promega. The assay functions by means of a
luciferase reaction which converts the UDP product into ATP, that generates luminescence
measured as relative light units (RLU) (Figure 40). This luminescence can be correlated to UDP
concentration using a standard curve of know UDP concentrations (Figure 41). GTs may have
a small hydrolase activity that cleaves UDP from sugar. Thus, there must be a control (without
the acceptor), the RLU value of this control is taken from the full enzyme reaction to obtain
the true transferase activity. A control reaction with no donor or no enzyme also provides the

background luminescence reading (no reaction), but is not necessary.

In a standard GT reaction, the enzyme reaction is stopped by mixing an equal amount of UDP
detection reagent (UDR), which consists of UDP-Glo enzyme and Nucleotide detection buffer

provided by the kit. Adding UDP also starts the bioluminescence process.

UDP Detection Assay
OH
HO o
HO o UDP Detection
Glycosyltransferase oM Reagent .
> + m » Light
One-step reaction
OH converts UDP to ATP
HO. and generates light.
Glycosyltransferase HO O/m Reaction products
substrate OH

UDP-sugar substrate

UDP-forming reaction

Figure 40: Schematic of the enzymatic assay. Figure taken from the manufacturers protocol

from Promega.

The UDP standard graph is created from measuring the luminescence of known UDP
concentrations. It is important to note, when performing the UDP-Glo assay, that the same
homogenous UDP detection reagent mix must be used for both the UDP standard and the

experiment. This is to ensure reliability when utilising the UDP standard graph for calculations.
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Figure 41: A typical UDP standard graph and below the creation of the UDP standards via

consecutive two-fold dilutions of a known UDP concentration.

The enzymatic activity can be expressed in multiples ways. Activity can be expressed as the
raw luminescence reading (RLU) of the reaction. This method does not require the creation of
a UDP standard graph, but the data only useful in comparisons of enzyme reactions when all
conditions are the same in all conditions (buffer, reaction time, substrates concentration and
protein concentration) and performed in the same experimental batch. Using a UDP standard

graph, the rate can be expressed as uM/min or as specific enzyme activity (nmole/min/mg).

2. Enzyme assay for MGD1, MGD1 mutants, RcMGIcD and CaMGD1

MGD1 enzyme activity was assayed using an adapted protocol based on Rocha et al., 2016.
The MGD1 assay uses mixed micelles composed of the lipid acceptor diacylglycerol (DAG) and

a lipid activator, phosphatidylglycerol (PG) or phosphatidic acid (PA).

The assay is carried out in mixed lipid/detergent micelles. In this case the constituents of
mixed micelles are DAG, PG or PA and 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS). The concentration of each lipid is expressed as the surface
concentration of the lipid at the level of mixed micelle (mol-%). Each lipid is calculated as the

mol-% of all constituents in the mixed micelle.
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Composition of MGD1 reaction tubes
Full reaction (ul) | No DAG control (ul) | No Donor control (ul)
DAG 1 mg/ml 10 0 10
PAorPG1 mM 4 4 4
Tp3X + CHAPS 18 mM 12 12 12
H.0 17.5 17.5 22.5
MGD1 (Varies) 2 2 2
UDP-Gal (5 mM) 5 5 0
Total Volume 36.5 36.5 36.5

Table 7: Composition of MGD1 reaction tubes. Quantity of protein and reaction time depend
on the experiment. Tp3x: 75 mM Bis-Tris propane, 450 mM NaCl, 15% Glycerol, 3 mM TCEP.

Detailed are the composition of a full MGD1 reaction, No DAG control and No UDP-Gal control.

Using a Hamilton syringe, DAG and PG/PA (can be pre-made as a lipid mix) are placed in a glass
tube and solvents evaporated under nitrogen (20 minutes) to form a lipid film. A master-mix
consisting of Tp3x (CHAPS supplemented), water and MGD1 is created and added to the glass
tubes to solubilise the lipid (Table 7). The tubes are sealed with caps and sonicated in an iced
water bath sonicator (Bioblock Scientific) at 5 kHz for 10 minutes, with temperature

maintained below 10°C. This step forms the mixed micelles for the MGD1 reaction.

During this time the UDR is prepared according to manufacturer instructions. 25 ul UDR is
added to a 96-well plate (Greiner Bio-One, Germany). After sonication to form micelles, the
reaction can begin. The reaction is started by addition of UDP-Gal/UDP-Glc (5 mM) to the
tubes and vortexing. Pipetting of UDP-Gal to each tube are performed in equal intervals (every
20 seconds). The final reaction mix consists of: 25 mM Bis-Tris propane, pH 6.5, 6 mM CHAPS,
150 mM NaCl, 5% glycerol, 1 mM TCEP, supplemented with 6.3 mol-% DAG, 1.5 mol-% PG/PA
and 0.7mM UDP-Gal. In the assay, the MGD1 concentration reaction time can be varied.
Enzyme assays are performed at 25°C. The reaction is stopped by taking 25 pl of the enzyme
reaction and transferring it to the 96-well plate containing UDR. After all reactions have been

stopped, the plate is covered in foil, shaken for 20 seconds and left to stand for 1 hour at room
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temperature. Bioluminescence is measured on the SPARK® Multimode Microplate Reader

(TECAN).

The protocol described above is the standard/traditional protocol used in Chapter 3 and 4.
However, for adapting the protocol to GUVs, as described in Chapter 5, the assay protocol was
altered slightly. During the sonication step to form micelles, MGD1 was not added. MGD1 was
added separately after the sonication step. The change in the protocol was to mimic the LgtC
reaction with GUVs (see Chapter 5), where GUVs are preformed and reaction initiated by

adding LgtC and UDP-Gal. Aside from this, the protocol was followed as described.

3. Enzyme assay for LgtC

a) Establishing buffer conditions for a UDP-Glo assay

An enzymatic assay for LgtC using the UDP-Glo™ kit was developed in this work. Using lactose

as the acceptor, two buffer conditions were tested:

e 20 mM Tris, 5 mM DTT, 5 mM MnCl;, pH 8.5

e 20 mM HEPES, 5 mM DTT, 5 mM MnCl,, pH 7.5
Both buffers were designed with consideration to the tolerable pH limits of the UDP-Glo™ kit,
as described in the manufacturer’s guidelines. HEPES buffer is based on previous activity
studies with LgtC, which used neutral pH conditions (Persson et al., 2001). LgtC was reported
to be very stable in the more basic Tris buffer condition, therefore this buffer condition was

tested for its compatibility in an UDP-Glo assay (Chan et al., 2012).

For testing the HEPES and Tris buffer, LgtC reaction mix was composed of 25 ng LgtC (0.83
ng/ul), 62.5 mM Lactose, 0.5 mM UDP-Gal in either Tris or HEPES buffer. The enzyme reaction
was left to run for 10 minutes at 25°C. Controls are reactions without lactose or UDP-Gal. After
adding UDR, the plate was covered with aluminium foil, shaken for 30 seconds and left to

stand for 1 hour at room temperature. Luminescence was read with a TECAN plate reader.

We also compared the LgtC activity at low lactose and LacCer concentrations (see manuscript
in preparation in Chapter 5). DTT and MnCl, concentrations were lowered to 0.5 mM, to

prevent the formation of precipitates on GUVs and SLBs. This was also done in lactose
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reactions to allow comparison with LacCer reactions. The table below was used to assemble

the reaction mixture for lactose activity (Table 8).

Composition of a LgtC reaction with low concentration lactose
Reagent Full reaction (pl) No lactose (pl) No UDP-Gal (ul)
Buffer 4x 25 25 25
LgtC 100ng/pl 10 10 10
Lactose 1 mM 10 0 10
Water 50 60 55
UDP-Gal 5mM 5 5 0
Final volume 100 100 100

Table 8: Composition of a typical LgtC reaction with lactose using the HEPES buffer. Buffer 4x
composition is: 80 mM HEPES, pH 7.5, 2 mM DTT, 2 mM MnCl,. Conditions: 1 ug LgtC, 0.1 mM

lactose and 0.25 mM UDP-Gal at 10-minute reaction time.

b) Lactosylceramide assays

LacCer is formed into micelles for enzymatic assays. The critical micelle concentration of
LacCer has been determined to be 150 nM (Ulrich-Bott and Wiegandt, 1984). This allowed for
determination of the lower limit of LacCer concentration needed for micelle formation. The
HEPES buffer tested previously was used as the basis for the conditions with LacCer assays.
Due to formation of crystals as observed in GUVs, the buffer composition was modified with

lower MnCl, and DTT.

C8 LacCer (Avanti) in Chloroform:Methanol (2:1) was added to a glass tube and dried under
nitrogen for 20 minutes. The lipid was resolubilised in the reaction buffer: 20 mM HEPES
buffer, pH 7.5, 0.5 mM MnCl;, 0.5 mM DTT. Tubes were closed with caps and sonicated in an
iced water bath for 10 minutes making sure the temperature did not exceed 10°C. LgtC was
added to the tubes. The enzyme reaction is initiated by adding UDP-Gal (0.25 mM) (Table 9).
Once the reaction was stopped, 25 ul of the reaction were transferred into a 96-well plate and

mixed with 25 pl UDR. The plate was covered with aluminium foil, shaken for 30 seconds and
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left to stand for 1 hour at room temperature. Luminescence was read with a TECAN plate

reader.
Composition of a LgtC reaction with LacCer acceptor
Reagent Full reaction (pl) No LacCer (ul) No UDP-Gal (ul)

LacCer 1ImM Varies 0 Varies
Reaction buffer 255 255 27
LgtC (100 ng/pl) 3 3 3
UDP-Gal (5mM) 1.5 1.5 0

Final volume 30 30 30

Table 9: Composition of a LgtC reaction with LacCer. Reaction buffer composition: 20 mM
HEPES, 0.5 mM DTT, 0.5 mM MnCl,, pH 7.5. Conditions: 300 ng LgtC, 0.25 mM UDP-Gal and a
10-minute reaction time. This reaction makes for 300 ng of LgtC but can be adjusted by
changing the concentration of the LgtC, the volume added must remain the same. The same
can be done for UDP-Gal if a different concentration is needed. Th reaction time can be

adjusted freely.

4. Thin layer chromatography

Thin layer chromatography (TLC) is a method of separation of compounds via their relative
affinity towards the stationary phase (silica plate) and mobile phase (solvent). Mixture to be
separated are spotted 1 cm on one side of the TLC plate. A small portion of the plate is
submerged in a solvent of choice and allowed to migrate up the TLC plate. During this
movement, compounds with higher affinity to the stationary phase move slower and
therefore will have a lower position on the plate. After the solvent has almost reached the top

of the plate, a staining reagent is applied to reveal the glycolipid product from the GT reaction.

GT reactions involving lipid acceptors were performed as previously described in UDP-Glo™
assays. On a Silica gel 60 F2s4 plate (Supelco), 5-10 pl of the reaction mixture were applied. The

samples were transferred into a sealed container equilibrated with the eluent:

e MGD1 products: chloroform/n-hexane/2-propanol/tetrahydrofuran/water
(25:50:40:0.5:1 by volume)
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e LgtC products: chloroform/methanol/water (65:35:5 by volume)
After the solvent had migrated up to 1 cm from the top of the TLC plate, the plate was removed
from the solvent and the solvent line was marked. Orcinol-sulfuric acid reagent was used for
visualization of glycolipid products, which coloured purple when a heat gun is applied. The
retention factor (Rf) value was calculated as the ratio between the distance travelled by the

sample versus the distance travelled by the solvent front.

1000ng 10ng

MGDG Rf: 0.76

Figure 42: Detection limit of orcinol-sulphuric acid staining for MGDG. The lowest MGDG
amount that can be visually detected is 100 ng. Rf value for MGDG was calculated to be 0.76.
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IV. Applications of glycosyltransferases on synthetic membrane

systems

1. Giant Unilamellar vesicles

a) Preparation of giant unilamellar vesicles (GUVs) - Principle
GUVs are useful as artificial cell models due to their size (>1 um), which enable observation of
membrane structure using light microscopy. GUVs are formed using the electroformation
method. While the mechanism of electroformation is not fully understood, the general
process involves the rehydration of a lipid film, swelling of the lipid film to form liposomes and
fusion of adjacent liposomes due to mechanical stress (Li et al., 2016).

Spacer
Lipid film

L'lp'l.d. - Assembly Electric
deposition I field

Electroformation cell
ITO slide

*Conductive side up

Figure 43: General process of electroformation.

The lipid solution is deposited on Indium-Tin-Oxide (ITO) covered slides and dried under
vacuum in order to form a lipid film. Two ITO slides are assembled with a spacer (sigillum wax)
between to form the electrofomation cell (lipid film on both slides of the cell). Sucrose or
buffer solution is added to the cell and sealed with the spacer. Normally, sucrose is used during
electroformation as the sucrose weight down the GUVs, making them sink in the chamber and
immobilize them, which is ideal for microscopy. However, the osmolarity of the sucrose must
match that of the buffer solution the GUVs will be subjected to. Otherwise, the difference in
osmolarity will cause the GUVs to burst. GUVs are formed when an electric field is applied to
the ITO slides. An alternating voltage (11 Hz, sine waveform, Vmax = 1.1 V) is applied for 2-3
hours. The slides are covered with aluminium foil throughout the whole electroformation to
protect fluorescently labelled vesicles. A ramp generator is used to achieve a stepwise increase
in voltage until Vmax is reached. This results in more homogenous results of electroformation

(Figure 43).
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For visualisation under confocal microscopy, observation chambers are built by attaching one
or two glass cylinders to a round glass coverslip using UV-curable glue. The inside of the
chamber is coated with B-casein for at least 30 minutes to prevent vesicle explosion upon
contact with the chamber. Chambers are washed with ultrapure water and placed in a metal

holder.

b) Tests with LgtC on GUVs

Lipid mixtures (total lipid concentration: 0.5 mg/ml) are prepared beforehand:

e Positive control: 64.7% DOPC, 30% Chol, 5% Gb3, 0.3% Atto-647 DOPE
e LacCer GUVs: 29,7% DOPC, 30% Chol, 40% LacCer, 0.3% Atto-647 DOPE

In the conductive side of two ITO slides, 15 pl of lipid were deposited. To ensure that all solvent
was evaporated, the slides were placed under vacuum for at least 1 hour. Afterwards, the
electroformation cell was assembled using sigillum wax as the spacer and tape to ensure it
does not fall apart. Sucrose solution (318 mOsm.I, ~300 mM) was added to the
electroformation cell until it was full, sigillum wax was used to seal the cell, making sure there
were no bubbles. Cable from the function generator was attached to each end of the ITO slide
and an electric field was applied for 2-3 hours. After electroformation, the GUVs were
transferred to an Eppendorf tube and covered with aluminium foil. GUVs can be stored at

room temperature for 2 days.

For LgtC enzyme reaction, 30 ul of LacCer GUVs are added to a final 60 ul enzyme reaction
mix. The final reaction mix consisted of: 20 mM HEPES, pH 7.4, 1 mM MnCl;, 1 mM DTT, 100
ng/ul LgtC, 0.5 mM UDP-Gal and 40 mol-% LacCer GUVs (Table 10). Enzyme reaction was left

to incubate for 1 hour. During this time, microscopy observation chambers were prepared.

To the observation chamber, 100 pl PBS (318 mOsm.I') were added. Alexa Fluor 488
(Invitrogen) labelled Shiga toxin B (StxB-488) is prepared according to manufacturer’s
protocol. StxB-488 were added to the chamber, mixed with the PBS, to a final concentration
of 500 nM. Once LgtC reaction was stopped, the treated GUVs are added, typically 5-10 ul, to
the chamber. Images were acquired by confocal fluorescence microscopy (Nikon Eclipse Ti-E

inverted microscope using a Nikon A1R confocal laser scanning system with laser lines: 405
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nm, 488 nm, 561 nm, 640 nm; 60x oil immersion objective, NA = 1.49; Nikon Instruments, Inc.)
and analysed using the corresponding NIS Elements software (NIS Elements Confocal 5.20,

Nikon Instruments, Inc.) and Image) (Fiji win64, Open source).

Composition of LgtC reaction with GUVs

Volume (ul)
LacCer GUVs 30
4X Buffer 15
MQ Water 7.2
LgtC (800ng/ul) 7.5
UDP-Gal (100mM) 0.3
Total volume 60

Table 10: Composition of LgtC reaction with GUVs. 4X Buffer composition: 80 mM HEPES, 4
mM DTT, 4 mM MnCl,, pH 7.5.

c) Tests with MGD1 on GUVs

Several lipid mixtures were prepared:

e MGDG+PG GUVs: 89.7 mol-% DOPC, 7.5 mol-% MGDG, 2.5 mol-% PG, 0.3 mol-% Atto-
647 DOPE

e MGDG+DOPC GUVs: 92.2 mol-% DOPC, 7.5 mol-% MGDG, 0.3 mol-% Atto-647 DOPE

e DAG+PG GUVs: 89.7 mol-% DOPC, 7.5 mol-% DAG, 2.5 mol-% PG, 0.3 mol-% Atto-647
DOPE

e PG+DOPC GUVs: 97.2 mol-% DOPC, 2.5 mol-% PG, 0.3 mol-% Atto-647 DOPE

e DOPC GUVs: 69.7 mol-% DOPC, 30 mol-% Chol, 0.3 mol-% Atto-647 DOPE

All GUVs composed of the lipid mixtures described above were prepared using the same

protocol previously described.
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Detection of MGDG on GUVs using fluorescent lectins

MGDG+PG GUVs were formed. Lectins: RPL-Gall, RPL-Gal4 and GSI-B4 were labelled with
Alexa Fluor 488. 100 ul PBS (adjusted for osmolarity) was added to observation chambers.
Fluorescently labelled lectins were added to the chambers at 200 nM. 5-10 pl of GUVs were

added to the chambers. Chambers were visualised under fluorescence microscopy.
Binding of fluorescently-labelled MGD1 to GUVs

Wild-type MGD1 was labelled with Alexa Fluor 488 following the manufacturer’s protocol.
MGDG+PG, MGDG+DOPC, DAG+PG, PG+DOPC and DOPC GUVs were formed. GUVs (~20 pl)
were added to chambers containing the MGD1-AF488 (200 nM) and fluorescence images were

obtained as described previously.

2. Tests of LgtC on supported lipid bilayer using quartz crystal microbalance

with dissipation (QCM-D)

a) QCM-D principle
QCM is an acoustic technology. It is a real-time, surface sensitive technique that detects mass
changes on the surface of a sensor. In the centre of this technology is the oscillating unit, i.e.
the sensor, which is a quartz crystal disk sandwiched between two electrodes. Piezoelectricity
is a key phenomenon in QCM that relates the electrical and mechanical state of a material.
Quartz is a piezoelectric material and its mechanical deformation gives rise to charge and vice
versa. At an alternating voltage the quartz disk is excited to resonance and this is related to
thickness (mass) of the disk, which can be quantified by the Sauerbrey equation. If the
thickness changes so will the resonance frequency (f), and we can detect small changes in

crystal mass by monitoring the changes in frequency (4f).

An additional parameter that can be measured is the energy loss in the system, also called
dissipation (D), hence the technique becomes QCM-D. Dissipation allows characterisation of
how soft or viscoelastic is the layer on the crystal. Dissipation can give information if the film
is rigid or not, and this is important whether quantification of mass using the Sauerbrey

equation is possible (only possible in thin and rigid films). In hydrated systems, such as
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membranes, the Sauerbrey equation cannot be used, but the D value is a valuable input in
viscoelastic modelling and quantification of mass, thickness and viscoelastic properties of the

layer.

Also important in QCM-D is the different harmonics, n, at which a QCM sensor can be excited
to resonate. QCM crystals are excited in odd harmonics (n = 1,3, 5...), with the lowest n=1
called the fundamental and the others as overtones of the fundamental. Multiple overtones
can give unique information about the system being studied and can contribute to viscoelastic

modelling.

In this work, QCM-D will be used to monitor LgtC action on a SLB formed on the sensor. StxB
will serve as a reporter for the detection of the reaction product, Gb3, on SLB. Throughout the

experiments Af and AD are monitored.

b) Tests with LgtC on supported lipid bilayer (SLB)
The lipid bilayer was formed by the adsorption of small unilamellar vesicles (SUVs), containing
LacCer, to the sensor until equilibrium (i.e. the whole sensor surface was covered). LgtC and
UDP-Gal were flowed to the system to initiate the GT reaction on the membrane. Afterwards,
the system was washed with buffer to remove LgtC and UDP-Gal. Then StxB was flowed into
the system and binding was monitored via the Af. Real-time glycosylation was also monitored

and LgtC characteristics on a membrane was analysed.

Lipid mixtures with different compositions of LacCer or Gb3 were prepared.

e DOPC

e 1% LacCer and 99% DOPC
e 5% LacCer and 95% DOPC
e 20% LacCer and 80% DOPC
e 5% Gb3 and 95% DOPC

e 20% Gb3 and 80% DOPC

e 40% Gb3 and 60% DOPC
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Silica-coated sensors (QSX303; Biolin Scientific, Vastra Frolunda, Sweden)) (Biolin Scientific)
and Q-Sense E4 system (Biolin Scientific), connected to a syringe pump (Legato; World
Precision Instruments, Stevenage, UK), were used for QCM-D measurements. QSoft Analyzer

software was used for data acquisition.

Small unilamellar vesicles (SUVs) containing DOPC and C8 LacCer are prepared. Lipids in
chloroform are mixed at desired molar ratios (described above) at a total amount of 5 umol,
and dried under a stream of nitrogen gas, followed by drying in a vacuum desiccator for 2 h.
The lipid mixtures were re-suspended in working buffer (10 mM HEPES, 150 mM NaCl, pH 7.4)
at 2 mg-ml, and homogenized by five cycles of freezing, thawing and vortexing. To obtain
SUVs, the lipid suspension was subjected to tip sonication in pulse mode (1 s on / 1 s off) for
15 min with refrigeration. The SUV suspension was then centrifuged at 12,100 x g for 10 min
to remove titanium debris (shed from the sonicator tip). SUVs were aliquoted into 600 ul

tubes, covered in nitrogen gas and stored at 4°C until use.

QCM-D sensors were pre-treated in UV/ozone (30 min), placed in the flow chamber, and
connected to the Q-Sense E4 apparatus. Following acquisition of a baseline in HBS buffer (10
mM HEPES, 150 mM NaCl, pH 7.4), SLBs were formed on the sensor surface by the flow of 50
ug/ml SUVs until frequency and dissipation were stable. SLBs were equilibrated first in HBS
buffer, and then in reaction buffer (RB; 20 mM HEPES, 0.5 mM MnCI2, 4.4 mM Tris, 1.1 mM
TCEP, pH 7.4), which was matched in content with the LgtC storage buffer to avoid solution
effects on the QCM-D response upon starting the enzyme reaction. Enzyme reaction was
initiated in RB containing 250 uM UDP-Gal and desired concentrations of LgtC (17.2 uM or 172
KUM). To stop the LgtC reaction, SLBs were washed, first with RB and then with HBS for further
analysis with StxB. A flow of 6.5 uM StxB in HBS was applied and StxB binding was observed.
Af was recorded at 10 minutes after applying StxB. Maintained throughout the experiment
was a flow rate of 20 ul/min. Measurements were recorded and the software’s Dfind and

QSoft Analyzer was used for data analysis.
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V. Molecular modelling and simulations

All molecular modelling and simulations in this PhD were performed by our collaborator, Olga

Makshakova.

a) Docking methods used to investigate nucleotide sugar specificity (Gal vs Glc):

The simulations were done using local search docking protocol to keep the precise position of
UPD moiety in the binding site, determined by X-ray. The orientation of the sugar was allowed
to sample in the process of docking. The protein was considered as rigid but only the residues
mutated were allowed to move. The calculations were performed in AutoDock4.2 using

Gasteiger charges on atoms.

b) Molecular Dynamics (MD) simulations:

The calculations were performed using Gromacs engine and force fields Martini2.2 for Coarse-
Grain simulations and Charmm36 for All-atom simulations. The protein was pre-oriented in
respect to the membrane via calculating the free energy of its transfer from non-polar medium
to water. Then the membrane with bound protein was placed into water surrounding and the
charge was equilibrated by counter ions. An additional amount of Na and Cl ions was put to
reach the ionic strength of 150 mM. The system was energy minimized and equilibrated in the
nvt ensemble. The production phase was calculated in the npt ensemble at the pressure of 1

bar and temperature of 300K. The length of the production phase was 3 ps.
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Chapter 3

Study of MGD1 sugar donor specificity

Galactose vs Glucose
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I. Objective

As discussed earlier, the GTs used in most applications have promiscuous substrate specificity. However,
not all GTs have such relaxed selectivity. Due to this, it is of importance to be able to understand how
specificity is conferred. MGD1 is one example of GT highly selective for its donor and acceptor
substrates. It catalyses the transfer of a galactose residue from UDP-Gal to its lipid acceptor
diacylglycerol (DAG). MGD1 has been extensively studied at CERMAV and many biochemical and
structural data are available for this GT which makes it an ideal model for understanding how sugar
donor specificity is conferred. The understanding of how galactose specificity is conferred in MGD1 and
which mutations are required to change this can be helpful in engineering other GTs with altered

specificities.

Figure 44: Structure of the ‘PQE’ region conferring sugar donor specificity in MGD1. The substrate, UDP-
Glc, was placed into the binding site of MGD1 (pdb code: 4X1T) by transferring the coordinates from the
complex of Medicago truncatula UGT71G1 (pdb code: 2C1Z) to MGD1, whose structural region shown

was superimposed by Ca-atoms.

In this chapter we aimed to change the specificity of MGD1 from UDP-Gal to UDP-Glc. The main
structural difference between these two monosaccharides is the orientation of the OH group at the C4,
and so this objective seemed attainable. From previous structural and modelling studies, the residues
P433,Q455, and E456, named the ‘PQE’ motif, are predicted to be the key residues that confer galactose
specificity in MGD1 (Figure 44). This is due to their role in interaction with the sugar moiety of the donor

(Rocha et al., 2016b). In the galactose moiety, the Q455 side chain forms a hydrogen bond with O3 and
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E456 side chain forms a hydrogen bond with 02. Looking at the crystal structure of MGD1 and from
modelling of the galactose moiety into the active site, it is clear that P433 causes a steric clash with the
04 of glucose but not in galactose (Figure 28). Previously, a P433A mutant was produced in the lab which
was designed to prevent this steric clash. This mutant lost the majority of activity for UDP-Gal (<5% of
residual activity) but the mutation did not confer activity for UDP-Glc (Rocha et al., 2016b). Results from
the P433A mutant suggest that perhaps additional mutations are required to confer glucosyltransferase

(GIcT) activity to this mutant.

In order to rationalise possible mutations to test, we analysed the signature residues responsible for
donor specificity in two families of GTs. Firstly, structural homologs of MGD1 in the GT1 family and which
demonstrate glucosyltransferase (GIcT) activity. Secondly, GT28 family of proteins, which are the most

related to MGD1 (>30% protein sequence similarity).

Il. MGD1 mutants based on GT1 family glucosyltransferases

1. Structure and sequence analysis of structural homologs in GT1

When MGD1 was first crystallised, structural homologs were found in the GT1 family, even though there
is very little sequence similarity (Rocha et al. 2016b). There are several fully characterised GIcT enzymes
in the GT1 family with available crystal structures. One strategy for planning mutants was to take

inspiration from sugar donor interactions in GT1.

In the GT1 family, there are three GT1 proteins (PDB codes: 2C1Z, 2ACW and 2PQ6), which are plant
flavonoid GlcT enzymes (Offen et al. 2006; Shao et al., 2005; Li et al., 2007). We compared the equivalent
‘PQE’ region in the crystal structures of the three GT1 proteins and MGD1. As structural homologs we
find remarkable similarity of the sugar donor binding region in the protein structures. The equivalent
‘PQE’ motif in the three GT1 proteins is ‘W-D/E-Q’. Of note there is the inversion of the ‘QE’ into ‘EQ’ or
‘DQ’. The exact reason for the inversion of residues is unknown as they still interact with the same

hydroxyl groups in the sugar (02 and 03).
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A) B)

‘PQE’ sequence comparison — MGD1l vs GT1
Glucosyltransferases

MGD1 GPGTIAEAMIRGLPIILNGYIAGQE

2C1z GWNSLWESVAGGVPLICRPFF-GD@

2PQ6 GﬂNSTTESICAGVPMLCWPFFA—B@

2ACW GWNSILESMWFGVPILTWPIYA-EQ

Figure 45: (A) sequence comparison of the ‘PQE’ motif (highlighted in green) of MGD1 and the equivalent
in three plant GT1 glucosyltransferases. Highlighted in blue is the highly conserved glycine in all four GTs.
(B) structural superimposition of the ‘PQE’ motif in the three GlcTs from GT1: VvGT1 from Vitis Vinifera
(PDB: 2C1Z, complex with UDP-2-Fluoro-Glic), UGT71G1 (2ACW, complex with UDP-GIc) and UGT85H2
(2PQ6, apo form) from Medicago Truncatula. The red arrow indicates the Trp side chain (considered as
the equivalent P433 in MGD1) facing away from the sugar in the GT1 proteins. Blue structure is
UGT71G1, orange is UGT85H2 and yellow is 2C1Z. Structural analysis by Olga Makshakova.

Looking to mutate P433, in order to remove the proline ring steric clash, we look at the GT1 equivalent.
In the GT1 structures, the P433 equivalent is a tryptophan residue. From the crystal structures of GT1
enzymes we observed that the side chain of tryptophan protrudes to the side of the helix, away from
the sugar donor, and therefore does not cause a steric clash with the 04 of glucose (Figure 45). This
might be the reason why UDP-GIc can be accommodated into the active site of the three GT1 enzymes.
However, molecular modelling showed that in MGD1 there is no room to accommodate the large
tryptophan side chain at this position, in contrast to GT1 enzymes (data not shown). Therefore, a P433W

mutation was not considered.

Furthermore, we looked at a broader library of GT1 sequences, of various known functions including
GlcTs and GalTs, in order to compare the equivalent ‘PQE’ motifs. We observed the most variation in
the P433 position, where it is Trp in plant GlcTs, but can be Ser, Thr, Met or Ala in mammalian species.

In GalTs, it is Cys, Trp, Leu or GlIn. This is followed by the inversion of the acidic and neutral residues
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(‘EQ’ or ‘DQ’) in all the GIcT proteins. In GalT a His residue replaces the GIn residue (Figure 46). However,

none of the examined sequences examined had a Pro at this position.

Plant and mammalian GT1s

Human UGTs

¥ 2

Z.mays |: L $.XoIR P F F G Do) BRI — UGT1Al
H.vulgare M IR P F F G D o] BR¥L ] UGT2A1

V.vinifera C W ICi3A@Eeio|:374 UGT2A3

GleT G.triflora  |C L s4cIR P F F G D o) [REVA Glc UGT2B4
P.frutescens |C IL IcC)3AIEerlol:366 UGT2B7
S.baicalensis |C L VTW|ZV)JAEQ|:382 GlcUA UGTB10

__ G.echinata |C v ITW)y :384 Other UGTB11

— V.mungo C F iR P FF GD):| Rk UGTB15
P.hybrida C L IC)3APAebH|:371 UGTB17

A.cordata G v iR P FF GD:{ REE! __ UGTB28

GalT R.norvegicus |G IF VGIZLigehlH|:383 GalT, Xyl ™ ugr3al
M.musculus |G IF AAcdP AF G D LI ERLE GlcNAc UGT3A2

L H.sapiens G IF VGI|gvigeiH|:383 Gal UGT8A1

PQE motif is W-D/E-Q.in GIcT GlcTis S/T/M/A/Q/L-DQ

Figure 46: Sequence alignment of glycosyltransferases from plant GT1 (Kubo et al., 2004) and human
UGT (Nair et al., 2015). Red arrows indicate the positions that are the equivalent of the PQE motif in
MGD1.

Another important observation is a highly conserved Gly residue positioned before the P433 or
equivalents. In all sequence analyses we have performed for GT1 family and MGD1 this remains
conserved (Figures 48). While the role of this Gly is unknown, its conservation highlights its importance.
However, in the context of altering sugar donor specificity this position was not relevant due to its

conservation in GTs with other sugar donor specificities.

There are too many variations in the P433 position, with most of the potential candidate residues being
unsuitable in MGD1 due to side chain clash with the sugar donor moiety. As a basis, to remove the
proline ring and prevent the O4 steric clash, we maintained a P433A mutation. This was also ideal as the
P433A mutant (thus named AQE) expressed and purified similarly to wild-type (WT) MGD1, highlighting
the stability and folding of this mutant. For further mutations we looked at the Q455 and E456 positions.
Based on the inversion of the neutral and acidic residues in the Q455 and E456 position as observed in
GT1 glucosyltransferases, we produced two mutants: a double mutation P433A+455E (AEE) and a triple
mutation P433A+Q455E+E456Q (AEQ).
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2. Expression of wild-type MGD1 and AEE and AEQ mutants in E. coli

The protocol for MGD1 expression had been previously established in the laboratory (Rocha et al.,
2013). A His-tagged version of the catalytic domain of MGD1 comprising residues 137 to 533 (named

His6-MGD1A137) can be produced as a soluble form in E. coli cells (Figure 47A).

AEE and AEQ mutants were expressed in the same conditions as the wild-type MGD1: induction at
ODe6oonm ~0.6, by addition of IPTG (0.25 mM) for 4h at 30°C. The gel shows overexpression of MGD1
mutants with the majority soluble in the supernatant (Figure 47B). This is comparable to the expression
of wild-type MGD1 and also indicates that the AEE and AEQ mutations does not perturb the folding of

the protein.

<« MGD1

Figure 47: Small scale expression trial of wild-type MGD1 and mutants AEE and AEQ. A) SDS-PAGE
analysis of wild-type MGD1 expression in E. coli (BL21(DE3)) with lanes showing molecular ladder (1),
total cell extract before (2) and after IPTG induction (3), insoluble fraction (4), membrane fraction (5)
and soluble fraction (6) from induced cells (from Rocha et al., 2013). B) SDS-PAGE gel showing small
scale expression of AEE and AEQ mutants. Samples taken are from total cell extract before (1) and after

IPTG induction (2), insoluble fraction (3), and soluble fraction (4) from induced cells.
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3. Purification of wild-type MGD1 and AEE and AEQ mutants

The protocol of purification of MGD1 had been previously established (Rocha et al., 2013). It comprises
of a two-step procedure: immobilized metal affinity chromatography (IMAC) using a HisTrap column and
size-exclusion chromatography (SEC). MGD1 being a monotopic membrane protein, it has a strong
tendency to precipitate during purification. The composition of buffers used in the purification scheme
was optimized to avoid protein aggregation (Rocha et al., 2013). The same buffer was used for cell lysate
and IMAC purification: 25 mM HEPES buffer at pH 7.5 (for optimal binding to the Ni%*-resin), 0.5 M NaCl,
1 Murea, 1 mM DTT, 10 mM imidazole. The buffer used for SEC is: 25 mM Bis Tris pH 6.5, 150 mM NaCl,

1 mM TCEP, 5% glycerol. This buffer was optimal for activity and storage of the protein

Figure 48 illustrates what is classically obtained with wild-type MGD1 using this procedure.
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Figure 48: IMAC (A) and SEC (B) purification of wild type MGD1 from a 4L culture. A) Included wells for
SDS-PAGE analysis: flow through (FT), elution fractions from 8%, 16% and 16-100% imidazole. B) Included

wells for SDS-PAGE analysis: elution fractions from the minor and major peaks in SEC.
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As shown in SDS-PAGE (Figure 48A), after a single step IMAC purification, the purity of protein was
already satisfactory (estimated above 90-95%). The major peak observed in Figure 48B, after SEC,
corresponded to a monomeric form of MGD1 (~45 kDa). The second step was necessary to remove a
small fraction of dimeric MGD1 (minor peak). The protein was then safely concentrated (up to 10
mg/mL) and stored at -20°C until use. Typically, using this purification procedure, 5-10 mg of pure and

homogenous protein from a 1L culture was produced.

The AEE and AQE mutants were purified using the same procedure. Similar to the purification of wild-
type MGD1, the mutants were detected in all elution fractions but, judging from band intensity, the
majority of protein eluted at 16-100% imidazole. However, it seems that AEE and AQE mutants were
more poorly retained in the IMAC column compared to the wild-type. Analysis of the eluted fractions
indicated that 16-100% imidazole fractions were deemed pure enough and did not require an additional

SEC purification. Therefore, fractions were pooled and buffer exchanged into the storage buffer.
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Figure 49: IMAC purification of AEE mutant from 1L culture and the corresponding SDS-PAGE analysis of
fractions from purification with focus on elution profile. Included wells: flow through (FT), elution

fractions from 8%, 16% and 16-100% imidazole.
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Figure 50: IMAC purification of AEQ mutant from 1L culture and the corresponding SDS-PAGE analysis of
fractions from purification with focus on elution profile. Included wells: total cell extract from before (1)

and after (2) IPTG induction, flow through (FT), elution fractions from 8%, 16% and 16-100% imidazole.

4. Enzyme assays of wild-type MGD1 and AEE and AEQ mutants

We used the highly sensitive Bioluminescent UDP-Glo™ GT assay from Promega, previously adapted in
the laboratory to monitor MGD1 activity (Nitenberg et al., 2020). This enzyme test was developed to
replace the classical radioactivity-based assay that was used previously (Rocha et al., 2013). The
principle of the assay was to convert UDP, the product of the GT reaction, to ATP to generate light
through a luciferase reaction. Briefly, the enzyme tests were done at 25°Cin 25 mM Bis-Tris, pH 6.5, 150
mM NaCl, 1 mM TCEP or DTT, 5% glycerol, 6 mM CHAPS, DAG (6.3 mol-%), PG (1.5 mol-%), 700 uM UDP-
Gal (or UDP-GIc), MGD1 or mutant, as described in the Materials and Methods. Control reactions were
done in the absence of acceptor. The amounts of enzyme and the reaction time vary. For WT MGD1,
typically the amount of MGD1 used was 0.14 ng/uL (5ng MGD1 per 36.5uL reaction), and a reaction time
of 10 minutes. Using these reaction conditions, the specific activity of MGD1 in the presence of UDP-Gal
and PG is estimated about 482 + 21 nmol/min/mg protein. The WT enzyme showed no GIcT activity in

these conditions.

Previously, the AQE mutant, where Pro433 has been replaced by Ala, was assayed which showed no
GIcT activity and also reduced GalT to less than 5% activity (Rocha et al., 2016). AQE is the basis of the
two other MGD1 mutants based on the GT1 family, AEE and AEQ. AQE mutant was again tested to
confirm previous results. AQE mutant showed about 4% GalT activity compared to the WT enzyme and

no GIcT activity (Table 11).
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Activity of GT1 based MGD1 mutants

Activity (% of WT with UDP-Gal)

WT 100

OOOOE

Table 11: Glycosyltransferase activity of MGD1 mutants AEE, AEQ and AQE in comparison to the Wild-
Type MGD1 (WT) using the UDP-Glo assay.

The AEE mutation further decreased GalT activity (less than 1% of WT). In the case of the AEQ mutant,
GalT activity was completely abolished. Unfortunately, no GIcT activity was detected for AEE and AEQ
mutants. This suggests that the mutations at positions 455 and 456 completely disrupted interactions
with the galactose moiety of UDP-Gal, while bringing no positive interactions for accommodating a

glucose instead.

lll. MGD1 mutants based on the GT28 family

1. Sequence analysis of potential glucosyltransferases in GT28

MGD1 belongs to the GT28 family, which comprises to date only 3D structures for MGD1 and MurG, the
latter being a GIcNACT involved in peptidoglycan biosynthesis (Ha et al., 2000). However, sequences of

bacterial glycolipid synthases are found in this family, and some of them have been described as GIcT.

RcMGlcD, from the photosynthetic bacterium Roseiflexus castenholzii, is described as a GT28 GlcT and
has 33% sequence similarity to MGD1, making it a good basis for designing a GIcT activity to MGD1
(Yuzawa et al, 2011). Interestingly, there is very high sequence similarity in the ‘PQE’ region, with one
key difference in RcMGIcD containing a ‘GQE’ motif instead (Table 12). Another interesting GT28 protein
for comparison is CaMGD1 from Caldilinea aerophila which has 55% sequence similarity to MGD1 and
is also activated by PA and PG (Nitenberg, 2018). CaMGD1 was described as possessing dual activity for

both UDP-Gal and UDP-Glc with perhaps a preference for UDP-Glc due to a higher intensity of



monoglucosyldiacylglycerol (MGIcDG) bands observed in TLC (private communication — K. Awai).
Sequence alignment shows a highly conserved protein sequence and that CaMGD1 also possesses the

‘PQE’ motif, thus questioning its dual activity (Table 12).

Sequence comparison of MGD1, RcMGlcD and CaMGD1
Protein Sequence
MGD1 430-KAGPGTIAE 451-YIAGQEAGN
RcMGIcD 284-KAGGLSVSE 305-SAPGQEAGN
CaMGD1 286-KAGPGTIAE 307-FIPGQEEGN

Table 12: Sequence comparison of MGD1, RcMGIcD and CaMGD1. Highlighted in blue is the ‘PQE’ motif
or its equivalent in ReMGIcD and CaMGD1.

While the capacity of RcMGIcD as a true GIcT has been demonstrated by TLC in a previous study, the
authors used a crude extract of E. coli cells expressing the recombinant protein (Yuzawa et al, 2011).
Similar to ReMGlcD studies, CaMGD1 also used E. coli crude extracts. The crude extract may contain
other GTs that could influence the measured activities. To ascertain the true extent of the GlcT and/or

GalT activity we expressed, purified and performed activity tests with RceMGlcD and CaMGD1.

2. Expression and purification of RceMGIcD and CaMGD1

The RcMGlIcD gene was inserted into a pET29b vector and transformed into E. coli BL21 (DE3) cells for
expression. Due to similar molecular weight and pl, RcMGlcD was expressed and purified using the same
protocol as wild-type MGD1 (Figure 51). Small scale expression trials showed that RceMGIcD was largely
insoluble (see appendix, Figure S4). However, a 1L expression of RcMGIlcD was expressed and purified to
see if we could obtain a small amount for activity test. Small bands on SDS-PAGE showed that RcMGlcD
was mostly insoluble as only a small quantity of non-pure sample was obtained from affinity
chromatography. Size exclusion chromatography was not attempted due to the low quantity of protein
produced. Western blot confirmed the presence of His-tagged RcMGlIcD in the sample. However, the
presence of a second lower band (Figure 51C) suggeststhat the protein may have undergone proteolysis

during expression, and this may explain the low yield. While we did not fully purify protein, the sample
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is much purer than previous studies which only used crude extract for activity tests (Yuzawa et al, 2011).

Due to time constraints no further attempts were made to optimise the expression and purification.
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Figure 51: Purification of RcMGIcD, SDS-PAGE and Western Blot analyses. A) IMAC purification. B) SDS-
PAGE analysis of IMAC fractions. Included wells for SDS-PAGE analysis: flow through (FT), elution
fractions from 8%, 16% and 16-100% imidazole. C) Western Blot of a pooled and concentrated sample

from 16-100% imidazole fractions using anti-His antibody.

The CaMGD1 gene was inserted into a pET29b vector and the protein was expressed and purified using
the same method as MGD1 (Figure 52). The protein was successfully produced in E. coli and behave as
MGD1. CaMGD1 has a molecular weight of 41 kDa which is close to wild-type MGD1 (44kDa), hence in
SEC, CaMGD1 elutes in a similar elution profile to MGD1. The third peak contained pure monomeric

form of CaMGD1 as it eluted at a similar volume to MGD1 (~17 ml). Purity was confirmed by SDS-PAGE
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analysis (Figure 52B). CaMGD1 was also present in the first and second peak. The second peak is in a
similar volume to that found for a dimeric form of MGD1 (Figure 48), which indicates the peak is a dimer
of CaMGD1. Finally, the first peak is estimated to be >700 kDa, and may indicate aggregation of CaMGD1
with smaller proteins (~25 kDa) as they elute together with CaMGD1 in SEC.
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Figure 52: Purification of CaMGD1 and SDS-PAGE analysis. A) IMAC purification. Included wells for SDS-
PAGE analysis: total cell extract before (1) and after (2) IPTG induction and initial flow through (FT) from
loading into the column. Elution fractions from 8%, 16% and 100% imidazole. B) SEC purification.

Fractions from three different peaks analysed on SDS-PAGE.
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3. Activity assays of RcMGlcD and CaMGD1

Activity tests were performed using the UDP-Glo assay as described in the Materials and Methods.
Results showed that RcMGIcD is a true GIcT protein but also possessed some residual GalT activity
(Figure 53A). It was not possible to obtain a reliable specific activity as the sample tested was not pure
enough. However, comparing bioluminescence readings of activity with UDP-Gal and UDP-Glc was
enough to confirm the preferred sugar donor of ReMGIcD is UDP-Glc. To further confirm the GIcT activity,
a 48-hour enzyme reaction was run on TLC to check for the formation of monoglucosyldiacylglycerol
(MGIcDG). A spot migrating higher than MGDG was observed (Figure 53C). This is consistent with
previous observations of migration of MGDG and MGIcDG on TLC (Yuzawa et al, 2011).
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Figure 53: Activity assays of RcMGlcD and CaMGD1. A) UDP-Glo assay comparing the activity of ReMGlcD
using UDP-Gal and UDP-GIc as the sugar donor. B) TLC analysis of a 48-hour reaction of wild-type MGD1
with UDP-Gal (left lane) and RcMGIcD with UDP-GIc (right lane). C) Activity assay comparing CaMGD1
and MGD1. CaMGD1 was tested using UDP-Gal and UDP-Glc and wild-type MGD1 with UDP-Gal.
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CaMGD1 was tested for GalT and GIcT activity, and this was compared with wild-type MGD1. The data
showed that CaMGD1 is a GalT with a rate slightly higher (~35%) to that of MGD1 (Figure 53B). Its specific
activity is 754 + 48 nmol/min/mg protein. Indeed, the GalT activity profile is close to that of MGD1, which
maybe explained by the very high sequence similarity. In contrast, the GIcT activity of CaMGD1 is
extremely low and only accounts for <2% of its GalT activity. Possibly, the role of P289 in steric blockade
of glucose is much less pronounced in CaMGD1 allowing some GIcT activity. It may be interesting in a
future project to mutate P289 of CaMGD1 to alanine or glycine and see if we can increase its GIcT activity

further.

In conclusion, we have investigated two different GT28 family proteins with putative GIcT activity,
RcMGIcD and CaMGD1. Of the two proteins, activity tests showed that CaMGD1 is predominantly a GalT
protein, while RcMGIcD is a GIcT protein. Rational design of MGD1 mutants with GIcT activity was thus
based on the ReMGlcD protein.

4. Rational design of MGD1 mutants based on RcMGIcD

Comparison of ‘PQE’ motifs in MGD1 and RcMGIcD showed that the ‘QE’ region is well conserved,
including most of the surrounding residues (Table 13). However, we noted the presence of a Pro in
position n-2 of the GIn residue. The environment of the ‘P’ residue of PQE motif is interesting to
consider: GPG in MGD1 and GGL in ReMGlcD. Considering that in MGD1, GPG is located at the end of an
a-helix pointing towards the sugar moiety of nucleotide sugar (Figure 54), any change in this region
should have an impact on the flexibility of this a-helix, and therefore on the binding to the nucleotide

sugar.
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Sequences of MGD1, RcMGIcD and MGD1 mutants

Protein Sequence
MGD1 430—KAGPITIAE 451-YIAGQEAGN
RcMGIcD 284—KAGGISVSE 305-SAPGQEAGN

MGD1 mutants based on RcMGlcD

GGG 430-KAGGITIAE 451-YIAGQEAGN
GGA 430—KAGGITIAE 451-YIAGQEAGN
GGL 430—KAGGITIAE 451-YIAGQEAGN
RcMGD1 430-KAGGISVSE 451-SAPGQEAGN

Table 13: Sequence comparison between MGD1, RcMGIcD and mutants. Highlighted in blue is the ‘PQE’
motif important for donor specificity. In green is the G434 position (or equivalent in RcMGIcD) and in

yellow are the other mutations introduced to the RceMGD1 mutant.

Figure 54: MGD1 structure with UDP-Gal modelled into the active site. Coloured in orange in the a-

helix are the positions of the 432-GPG sequence. Modelled by Olga Makshakova.

Based on these observations, we designed four different MGD1 mutants; P433G (named GGG),
P433G+G434A (GGA), P433G+G434L (GGL), and finally a mutant in which all residues of the ‘PQE’ motif
of MGD1 were replaced by their equivalent in RcMGlcD, a mutant that was named ReMGD1 (Table 13).
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The GGG mutant was designed based on the P433 residue being replaced by glycine, as seen in ReMGlcD
(Table 13). This mutation generated a triple glycine sequence in the GGG mutant, which could be

deleterious because it could provide too much flexibility in this region.

Mutants GGA and GGL were therefore designed to prevent a triple glycine sequence. A final mutant was
designed, based on a complete transformation of the ‘PQE’ motif in order to match the residues
observed in RcMGIcD (RcMGD1). Aside from the P433 and G434 positions of MGD1, there were six other
positions that differed compared to RcMGlcD. Due to time constraints in testing each individual position,
a mutant replacing all residues to that of RcMGIcD was made, called ReMGD1. In total, 8 amino acids

were changed in ReMGD1.

5. Expression and purification of MGD1 mutants based on RcMGIcD

a) GGG mutant

The expression of GGG was considerably lower than the wild-type enzyme as we only observed a weak
band after IPTG induction (Figure 55). To increase the purity of sample, the IMAC purification protocol
was modified. The initial wash step at 8% imidazole was replaced by two wash steps done at higher
imidazole concentrations, 20% and 40% Imidazole (100 mM and 200 mM). The goal was to remove more

non-specific binding proteins that would remain in the nickel column.

As a result, some GGG mutant was wasted as a sizeable fraction of GGG eluted during the wash step
(20%B), however, the fractions eluted from 40% and 100% imidazole (500mM) were deemed pure
enough and did not need an additional SEC purification step. Fractions from 100% imidazole were
pooled, concentrated and buffer exchanged into the storage buffer. This sample was in sufficient

guantity to continue with activity tests.

97



m'
[ 100%B
m.
2400 - 80
m.
§ ! - 60
E 1600- |
E - 40% B 5
g 1200~ a0 R
~ a0- 20% B
: - 20
0 0
0 0 2 2 «© % &  »
Volume (ml) »
20% B 100% B
kDa 1 2 FT 1 40% B
250
150

100
75

50

37

25

Figure 55: IMAC purification of GGG mutant and SDS-PAGE analysis. Included wells for SDS-PAGE
analysis: total cell extract before (1) and after (2) IPTG induction and initial flow through (FT). Elution

fractions from 20%, 40% and 100% imidazole were also analysed.
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b) GGA mutant

The expression level of the GGA mutant was extremely low (Figure 56). This is surprising as the GGG
mutant, which is hypothesized to be more unstable due to a triple glycine in the sequence, had a higher
yield. To compensate for the low yield, a 4L culture was used for the purification of GGA mutant. We
employed the same modified IMAC protocol used for the GGG mutant to increase purity but with an
additional wash step at 15% imidazole (75 mM). Faint bands were observed from the 20% and 40%
wash. As the yield was very low it was not ideal to do SEC purification. In the end, fractions from 40%
and 100% were deemed pure and were concentrated and buffer exchanged to storage buffer. Because
of the low yield, a western blot (using His-Tag antibody) was performed which confirmed the presence

of GGA in the sample.
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Figure 56: IMAC purification of GGA mutant from a 4L culture with SDS-PAGE and Western Blot analyses.
A) Chromatogram from IMAC purification. B) SDS-PAGE analysis from IMAC purification. C) Western blot
of the concentrated sample from 40%B and 100%B fractions.
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¢) GGL mutant

For the purification of the GGL mutant, we returned to the original protocol for MGD1 as this mutant
had much higher expression levels. Compared to GGG and GGA mutants, this indicated that mutant GGL

is definitely more stable and that its folding was not disturbed.

IMAC purification profile was comparable to that of the wild-type MGD1 (Figure 57). Elution yielded two
major fractions containing the GGL mutant, obtained at 16% and 100% imidazole. The 100% fractions
were pure samples, while 16% contained some low molecular weight protein contaminants. Fractions

from 16%B and 100%B were concentrated and purified by SEC.

Both samples, from 16%B and 100%B, yielded pure protein after SEC (Figure 58). Major peaks from both
fractions eluted at the same volume (~17 ml after injection to the SEC column) in SEC indicating that
both fractions contained GGL mutant in monomeric form. Fractions from the major peak of both

samples were pooled and concentrated. Overall, a total yield of 2 mg GGL was obtained from a 1L

culture.
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Figure 57: Histidine tag purification of GGL mutant from a 1L culture. Included wells for SDS-PAGE
analysis: flow through (FT) and elution fractions from 8%, 16% and 100% imidazole.
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Figure 58: SEC purification of the GGL mutant. A) Size exclusion purification of the concentrated samples,

16%B and 100%B, from IMAC purification. B) SDS-PAGE analysis of fractions from SEC purification.
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d) RceMGD1 mutant
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Figure 59: IMAC purification of ReMGD1 mutant with SDS-PAGE analysis. A) Chromatogram from IMAC
purification. B) SDS-PAGE analysis of IMAC purification. Included wells for SDS-PAGE analysis: flow
through (FT) and elution fractions from 8%, 16% and 100% imidazole.

RcMGD1 showed high expression levels comparable to the GGL mutant. Surprisingly, even though 8

residues were mutated, its folding was not perturbed.

The purification profile of RceMGD1 was similar to that of wild-type MGD1 and GGL mutant (Figure 59).
Distinct bands indicated relatively pure RceMGD1 sample in the 16% and 100% imidazole fractions, thus
size exclusion purification was not judged necessary. Fractions from 100% imidazole were concentrated,

buffer exchanged to storage buffer, and used for subsequent activity tests.
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6. Activity assays of MGD1 mutants based on RcMGIcD

a) GGG activity

Analysis of GGG mutant activity
Activity (% of WT with UDP-Gal)

100

2
o o E

1.13

Table 14: Activity of the GGG mutant with UDP-Gal and UDP-GIc (expressed as % of wild-type MGD1

activity).

Initially, the GGG mutant (P433G) was produced to mimic the PQE motif of RcMGlcD. Since the AQE
mutant (P433A) did not confer GIcT activity, one hypothesis was that the methyl side chain of alanine
was still sufficient to block glucose, therefore a P433G mutation was interesting to test this hypothesis.
The GGG mutant resulted in a more significant loss of activity compared to the AQE mutant (Table 14).
The loss of activity is likely a result of the P433G mutation introducing a flexible triple sequence of glycine
in the helix structure. The increased flexibility most likely disrupts the a-helix and thereby the active site

resulting in the loss of activity.

b) GGA activity

RcMGlIcD does not contain a triple glycine sequence in the PQE region. Instead in RcMGIcD there is a
bulky aliphatic residue (Leu) adjacent to the glycine (Table 13). While retaining the P433G mutation, a
second mutation in the adjacent G434 position was made, into alanine (GGA) or leucine (GGL), thereby

preventing a triple glycine sequence. The activities of GGA and GGL were then assayed.

In Figure 60, activity assays showed that GGA displayed some GalT activity, and this was also confirmed
by TLC (Figure 61B). Furthermore, the increase in RLU signal over time (10, 20 and 30-minutes) for UDP-
Glc is indicative of GIcT activity, albeit extremely low, but no MGIcDG was detected by TLC after a 12h
reaction (Figure 61B). Comparison of GalT and GIcT signal in a 10-minute reaction demonstrates that

GGA is primarily a GalT enzyme.
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GGA mutant - Gal vs Glc
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Figure 60: Activity test of the GGA mutant. UDP-Glo assay with GGA using UDP-Gal and UDP-GIc donor.
Conditions: 100 ng GGA, reaction times at 10, 20 and 30-minute were tested for GIcT activity. A 10-

minute reaction for UDP-Gal was used.

c) GGL activity

This mutant is by far the most interesting of this series. On the one hand by its behavior in purification,
close to that of the WT enzyme, and on the other hand, it was the first mutant that demonstrated a
higher activity with UDP-Glc than with UDP-Gal (Figure 61A). As shown in this figure, the GGL mutant
demonstrated both GalT and GIcT activities. The results show that the activity in the presence of UDP-
Glc is about 1.7 times higher than that with UDP-Gal, thus making GGL more selective for UDP-Glc. The
dual activity was further supported by TLC experiments, which demonstrated the formation of both

MGDG and MGIcDG (Figure 61B).
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GGL activity - Gal vs Glc
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Figure 61: Activity test of mutants GGA and GGL. A) UDP-Glo assay with GGL using UDP-Gal and UDP-
Glc donor. C) TLC of a 12 hour-reaction of GGA and GGL with Gal and Glc donors.

Although GGL was shown to be a bi-functional GT with GIcT and GalT activities, it must be stressed that
the specific activity was very low compared to the WT MGD1. The values for GGL GIcT and GalT specific
activities are 1.8 £ 0.2 nmol/min/mg and 1.2 + 0.1 nmol/min/mg, respectively. As a reminder, the specific

activity for MGD1 is about 482 nmol/min/mg.

d) RcMGD1 activity

RcMGD1 expressed very well highlighting that the mutation of 8 residues was compatible to the overall
folding of MGD1. Bioluminescence signal was very low and not detectable in a 10 to 30-minute enzyme
reaction. Therefore, a 24-hour reaction was attempted. In a 24-hour reaction, small GalT activity was
observed while there is no GIcT activity (Figure 62A). However, a 24-hour reaction ran on TLC did not
detect the presence of MGDG or MGlcDG (Figure 62B), indicating that the amount of product produced
was below the sensitivity of the orcinol staining (limit of MGDG detection is ~100 ng). Taking into

consideration the long reaction time used, the RcMGD1 mutant was considered inactive.
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Figure 62: RcMGD1 assay testing UDP-Gal and UDP-Glc activity in a 24-hour reaction.

7. Discussion

a) Investigating the effects of mutations in the GGL mutant

The most promising mutant to confer GIcT activity was the GGL mutant (Figure 61). To investigate the
mechanism by which GIcT activity was conferred, we looked into the effects of the P433G and G434L

mutations in the protein structure and its interaction with the sugar donor.

WT + UDP-Gal

Figure 63: Comparison of sugar donor binding of Wild-type MGD1 and GGL mutant. (Left) Wild-type
MGD1 with UDP-Gal in the active site. (Right) GGL mutant with UDP-Glc modelled into the active site.
The red arrow indicates the hydrogen bonding made by the glucose 04 and the MGD1 backbone (1.94
A). Modelled by Olga Makshakova.
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From molecular modelling of the GGL mutant, we observed that the removal of the Proline-433 ring
permitted glucose 04 to form a hydrogen bond, with a distance of 1.94 A, to the a-helix backbone (Figure
63). This interaction was also observed in the previously analysed GT1 family GlcTs (Figure 45) and
potentially in RcMGIcD. Therefore, the proline ring not only causes a steric clash, but also prevents

hydrogen bonding of glucose O4 to the active site.

This information brought into question the lack of GIcT activity in the AQE mutant (P433A). One

hypothesis is that the methyl group of alanine might still be close enough to block a glucose O4.

Provided the fold remains the same, it appears that the methyl side chain of A433 stays away from Glc,
while the H-bond between 04 and the NH of backbone can form (Figure 64). Importantly, no conflict
exists between the methyl group and surrounding protein residues. Maybe having Leu in the third
position (G-A-L instead of G-A-G) could stabilize the helix (its dynamics) and help establish a stable H-
bond.

Figure 64: Modelling of glucose 04 hydrogen bonding to an A433. Modelled by Olga Makshakova.

From modelling of GGL, we observed that the L434 side chain fits into a pocket in the N-domain where
it forms hydrophobic interactions with the surrounding residues: A157, T278, L321, P322 and V323
(Figure 65). These hydrophobic interactions likely restore the structure of the a-helix. The GGA mutant

would lack these hydrophobic interactions and the a-helix structure would therefore not be as stable.
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The integrity and stability of the a-helix is probably a key factor in protein folding, which could explain
the expression problems encountered for GGG and GGA mutants. Thus, restoration of the a-helix in the

GGL mutant also explains the similarity in expression and purification profile to the wild-type.

KAGPGTIA

Wt = e
KAGGGTIA

GGG B.A
- -
KAGGATIA

- .

1278 1321

Figure 65: Schematic representing the role of the 434 position in stabilisation of the protein.

Along with the G432 residue, which is highly conserved in both GT1 and GT28 GTs (Figure 46), we also
pointed to the importance of positions 433 and 434 in the donor specificity of MGD1. These three
consecutive residues appear to be key for donor specificity in the GT28 family. We compared the ‘GXX’
region of the GIcT and GalT proteins we analysed. The known GalT enzymes (MGD1 and CaMGD1) have
a ‘Gly-Pro-Gly’ sequence, where the proline plays the key role in discriminating for UDP-Gal, whilst the
GlcT enzymes (RcMGlcD, GGL and possibly GGA mutants) have a ‘Gly-Gly-Ala/Leu’ sequence. This implies
that a glycine in the second position and an aliphatic residue in the third position are required for GlcT

activity. It is interesting to note that MurG, a bacterial GIcNACT from family GT28, has a ‘Gly-Ala-Leu’
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sequence. Thus highlighting the importance of an aliphatic residue at the third position. The alanine in
the second position brings into question the importance of glycine, and suggests that alanine could also
be substituted in this position. A MGD1 mutant with the Gly-Ala-Leu (GAL) sequence could therefore be

interesting to test as well.

Sequences of MGD1, RcMGIcD and MGD1 mutants
Protein GalT activity
MGD1 430-KAGPGTIAE
CaMGD1 286-KAGPGTIAE
Glc activity
RcMGIcD 284-KAGGLSVSE
GGG 430-KAGGGTIAE
GGA 430-KAGGATIAE
GGL 430-KAGGLTIAE
MurG 260-RSGALTVSE
(a GIcNACT)

Table 15: Comparison of the signature ‘GXX’ motif of MGD1, MGD1 mutants and other GT28 proteins. In

yellow is the highly conserve first glycine. In blue is the second position. In green is the third position.

In conclusion of this study on the enzymes of the GT28 family, the presence of a ‘GPG’ motif seems to
be the signature of a GalT activity, whereas a ‘GGX’ motif (X being an aliphatic residue) would be the
signature of a GIcT activity. To confirm our hypothesis, a GGl sequence is present in a processive B-GlcT
(YpfP) from Bacillus subtilis (Jorasch et al., 1998). This may, therefore, represent predictive power for the

many uncharacterized protein sequences in this family.

b) Future prospects

At this stage, we have generated a MGD1 mutant with dual activity (GIcT and GalT). It would be
interesting to fully investigate the kinetic parameters (catalytic efficiencies, kcat and Km) of GGL mutant
for UDP-Gal and UDP-Glc. While the GGL mutant has met the aim of conferring GIcT activity, the specific
activity is still very low (Figure 60). When compared to the wild-type GalT activity, GIcT activity is

significantly lower. The aim of future work for this project will be to increase overall activity and
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specificity to UDP-Glc. One strategy that can be employed is to use molecular simulations in order to

predict possible mutations with enhanced binding to the UDP-GIc (Table 16).

UDP-Gal UDP-Gic
Binding energy Binding energy
(kcal/mol) (kcal/mol)
Wild-type MGD1 -4.53 -4.09
GGL -5.11 -5.72
Q455E -5.32 -4.77
Q455D -4.59 -5.17
GGL + Q455E -4.81 -5.04
GGL + Q455D -4.89 -6.65

Table 16: Molecular simulations of sugar donor binding to MGD1 WT and mutant. The simulations were
done using local search docking protocol, keeping the precise position of UDP moiety in the binding site,
determined by X-ray. The orientation of the sugar was allowed to sample in the process of docking. The
protein was considered as rigid but only the residues mutated were allowed to move. The calculations

were performed in AutoDock4.2 using Gasteiger charges on atoms. Modelled by Olga Makshakova.

In simulations, there is an increase in the binding energy of GGL for UDP-GIc (change from -4,09 to -5,72
kcal/mol) compared to wild-type MGD1, and this matches what is found in activity assays. Based on the
GGL mutant, the binding energy from the addition of a third mutation was calculated. Of particular
interest is a proposed ‘GGL + Q455D” mutant. It is predicted that the additional Q455D mutation will
decrease UDP-Gal binding and significantly increase UDP-Glc binding. We can therefore expect this
mutant to be more specific for glucose. The Q455D mutation is interesting as this is the residue observed
in GT1 GIcTs (Figure 46). Thus, it may still be useful to go back to take inspiration from the GT1 family. As
the simulations predict, perhaps a MGD1 mutant inspired by both GT1 and GT28 enzymes will result in

a more active GIcT enzyme.

In addition to the above suggestion, inspiration can also be taken from Akere et al (2020), who have used
molecular dynamics simulation and deep learning analysis to improve the substrate recognition for the
sugar donor of five UGT enzymes from Arabidopsis thaliana (Akere et al., 2020). Similar approaches were

also made in a recent study by Zhang et al (2022), which used molecular docking and simulations to
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identify regions (‘hot spots’) in the enzyme BsGT-1, that influence donor preferences. Although these
studies dealt with GT1 family enzymes, the approaches could also be applied to MGD1 for identification

of mutations that can further improve the UDP-GIc activity of the GGL mutant.
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Chapter 4

Investigating MGD1 reaction mechanism:

Role of PA vs PG
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l. Introduction

Understanding the catalytic mechanism of glycosyltransferases is essential for engineering GTs with
altered activities. The general mechanisms for GT activity have been solved (Figures 11 and 12).
However, some glycosyltransferases require an activator to be catalytically active, and thus their
mechanism of action is more complex. For example, EryClll, a GT involved in the biosynthesis of the
antibiotic erythromycin D, is active only after forming a complex with the protein EryCll (Moncrieffe et
al., 2012). In this study, the authors suggested that EryCll acts as a helper protein (or chaperone) that
stabilizes the GT EryClll, but it does not participate in catalysis. Other examples of this type, involving an

auxiliary protein, exist in nature (Qasba et al., 2008; Wang et al. 2010).

In synBlOcarb, we were interested in GTs that can decorate lipid membrane surfaces and MGD1 was
selected as a model enzyme. As previously mentioned, MGD1 is an example of a GT that needs an
activator for its activity. The anionic lipids phosphatidic acid (PA), phosphatidic glycerol (PG) and
sulfoquinovosyldiacylglycerol (SQDG) can fulfil this role of activator (Dubots et al., 2010; Nitenberg et
al., 2020). Recent studies identified a possible PG binding site (Rocha et al., 2016b; Nitenberg et al.,
2020). This led the authors to propose a novel reaction mechanism for MGD1 based on the existence
of a PG-His catalytic dyad (Figure 30). However, kinetics data and mutagenesis studies indicated that PA
and PG proceed through different mechanisms, thus suggesting distinct binding sites (Dubots et al.,
2010; Rocha et al.,, 2016b; Nitenberg et al.,, 2020). PG which represents ~8-10% of total lipids of
chloroplastic membranes is believed to be the ‘natural’ MGD1 activator in plant (Rocha et al., 2018).
SQDG can also activate MGD1 and recent data suggested that it binds at the same site as PG. In addition,
SQDG and PG are considered to be functionally redundant in plants (Yu et al., 2002). One question
remains, which anionic lipid will be the preferred activator for MGD1 in a physiological context? The role
of PA as an activator is less clear. It has been described as an allosteric activator of MGD1 but it is barely
detectable in chloroplast membranes, thus rather suggesting a regulatory role in plants (Bastien et al.,
2016, Rocha et al., 2018). It is clear that PA plays a central role in the metabolism of lipids of
photosynthetic membrane (Dubots et al., 2012). A PA-induced conformational change of MGD1 may

explain the observed allosteric activation.

In the context of the PhD study, we aimed to further investigate the reaction mechanism of MGD1 to
tentatively confirm the existence of a PG/His catalytic dyad. By identifying the critical residues in MGD1

activation by PG and PA, we were also looking for potential PA-specific binding sites on MGD1 structure.
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Il. Strategy for testing the hypothesis of a PG-His catalytic dyad

In this section we wish to consolidate the hypothesis of a PG-His catalytic dyad. It must be stressed that
an acid-base catalytic dyad (involving an Asp or Glu residue instead of PG) has been described in
structural GT homologs of GT1 family (Rocha et al., 2016b). We therefore explored the possibility of
introducing into MGD1 a mutation (in the form of Asp or Glu) that could replace the role of PG, thus
creating an Asp/Glu-His catalytic. If this mutant was active in the absence of PG or PA, we would

indirectly prove the presence of the PG-His dyad in wild-type MGD1.

A protein of particular interest in GT1 family is the MGDG synthase (MgdA) from the green sulfur
bacterium, Chlorobaculum tepidum. Although from a different GT family, it is similar to MGD1 in
structure. For example, it possesses a large loop ~50 aa that is proposed to also capture DAG asin MGD1.
Most notably, MgdA does not need a lipid activator to be catalytically active (Masuda et al., 2011). In
MgdA, the catalytic dyad consists of His93 and Asp179, by analogy to the 3D structures of GT1 family
proteins CalG1l and CalG4 from Micromonospora echinospora (Chang et al., 2011). In structure
predictions of MgdA, His93 and Asp179 are close enough, ~3.5 A, to form the Asp-His catalytic dyad
(Figure 66A). From structural comparison of MGD1 and MgdA, using the Phyre2 automatic fold
recognition server (Kelley et al., 2015), Val250 is considered as the equivalent residue of Asp179in MgdA
(Figure 66B). However, the distance between His155 and Val250 in the crystal structure of MGD1 is
~6.5A, which is too far to form an effective catalytic dyad. However, considering that MGD1 is a dynamic
protein and that movements between the N- and C- domains have been evidenced upon lipid membrane
binding (Nitenberg et al., 2020, Makshakova et al., 2020), these two residues may be able to make
interactions. We therefore decided to produce two MGD1 mutants: V250E and V250D.
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Figure 66: Comparison of the residues forming the catalytic dyad. A) Structure of MGD1 and MgdA,

displaying residues that would form a catalytic dyad and their distances. B) Alignment of MGD1 and

MgdA by Phyre2, in the red boxes are the equivalent residues forming the catalytic dyad.

Small scale expression trials with mutants V250D and V250E were performed and showed that the

mutants are poorly produced, and in the insoluble fraction (see appendix, Figure S8). To check for any

small quantity of soluble mutant, a 1L culture of each mutant, V250D and V250E, was prepared and

IMAC purification was attempted. However, no protein was found from elution fractions (data not

shown). The current hypothesis is that the polar and charged nature of Glu and Asp could destabilise

the folding of the MDG1. This is because V250 is located in a B sheet in the N-domain where V250 and

the surrounding residues are hydrophobic in nature. The V250 side chain forms hydrophobic

interactions integral to MGD1 folding. This strategy was a bit simplistic but worth trying. See discussion

at the end of chapter for a more thorough analysis.
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Ill. Search for potential PA and/or PG binding sites

As previously described, an amino acid position (Pro189) in MGD1 that plays a role in PG activation was
identified (Nitenberg et al., 2020). This was supported by the mutation of Pro189 into alanine, which
yielded a mutant enzyme inactive with PG but which retained significant activity with PA, thus
reinforcing the hypothesis of two distinct binding sites for PA and PG. The Pro189 is located in the LOOP

region that is involved in DAG recognition.

If our hypothesis of a PG-His catalytic dyad is correct, this also suggests that PA can replace PG in the
active site, at least in in vitro enzyme assays. Our current model is that PA, having a smaller polar head,
can bind to the active site in a different way while not interacting with Pro189 but still forming a
hydrogen bond with the catalytic base His155. There is also the possibility of a second regulatory binding
site which would explain the allosteric properties of PA (Dubots et al., 2010). In the context of my PhD

study, we will further explore potential binding sites in MGD1 for PA and/or PG.

1. Molecular dynamics (MD) simulations

For probing the PA and/or PG binding sites, we looked preferentially for positively charged amino acids

as they may form strong interactions with the negatively charged phosphate group.

Molecular docking of PG and DAG to MGD1 has been previously attempted by our collaborator Olga
Makshakova. Residues that interact preferably with PG or with PG and DAG are shown on Figure 67.
Those that interact with DAG mostly occurred in the LOOP region, whereas residues that interact with
PG are found in two regions, the LOOP region and the Na4 helix. The binding site in Na4 helix is mainly
formed by positively charged residues, Arg260, Arg263, Ser264, Gly266, Leu268, Lys269. This MD study
also revealed a potential role for a basic residue, Argl56, in establishing ionic interactions with the
negatively charged polar head of PG (Makshakova et al., 2020). In the case that PA binds to the same

site as PG, Argl56 could potentially interact with PA.
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Figure 67: MD simulations to identify potential PG and DAG binding sites in MGD1. LOOP region is in
green and its sequence is indicated below the figure. Residues that interact preferably with PG or DAG
are shown as sticks in red and yellow, respectively. Residues that interact with both PG and DAG are in

magenta (from Makshakova et al., 2020).

More recent computational study confirmed that the Na4 helix is important for PA binding (Figure 68).
Furthermore, the binding of PA was found more efficient than that of PG. Namely, the residence time
of PA next to the residues Arg260, Arg263, Ser264 and Lys265 was about microseconds whilst that of
PG counted for dozens of nanoseconds. The other site capable to tightly bind PA is organized by residues
Argl95, Lys202, His203 and Lys208, which are located in the LOOP region. This was observed in MD
simulations at the Coarse-Grained (CG) level of representation, which speed up the lipid mixing and
enhance the sampling, as well as at the All-Atom (AA) level representation, which take into account the
hydrogen bonds explicitly. The reader can refer to the publication from Makshakova et al. (2020) for
details on CG and AA representations. The calculations were performed with a lipid composition that

mimics the inner envelope membrane (IEM), namely MGDG/DGDG/PG/DAG/PA in the proportion
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50/30/10/5/5, and with a simplified phospholipid/DAG composition, PG/PA/DAG in the proportion
60/15/25. The calculations were performed using Gromacs engine and force fields Martini2.2 for CG
simulations and Charmm36 for AA simulations. We considered these results as a strong basis for the

prediction of PA binding site to perform the site-directed mutagenesis experiments.

Figure 68: The snapshot of Coarse-Grained (CG) MD trajectory illustrated the two PA molecules (in blue)
tightly bound to MGD1 by (left) Arg260, Arg263, Ser264 and Lys265 and (right) Arg195, Lys202, His203
and Lys208, residues are shown in green. The membrane composed of MGDG/DGDG/PG/DAG/PA
(50/30/10/5/5) is shown in cyan (polar heads) and magenta (hydrophobic core); protein is given in pink
(backbone beads) and yellow (side chain beads), the catalytic His155 and Arg156 are shown as van der
Waals beads. Results by Olga Makshakova.

2. Sequence analysis

Another strategy for identifying residues that bind PA is to perform sequence analysis with MGD1
homologs. We turned to the two proteins of the GT28 family, which were studied in chapter 3, RcMGIcD
from Roseiflexus castenholzii, and CaMGD1 from Caldilinea aerophila. Both proteins share close
sequence and structural similarity to MGD1, and even contains a flexible LOOP region which is believed
to capture DAG, just like in MGD1 (Rocha et al., 2016). These two proteins were produced (see Chapter
3) and were both confirmed to be activated by PA and PG (Figure 69). Another interesting protein, is
MgdA from Chlorobaculum tepidum. Unlike MGD1, ReMGlcD and CaMGD1, MgdA does not require an

activator.
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Figure 69: Activity assay of CaMGD1 and RcMGIcD in the presence of PA or PG. UDP-Glo™ assay was
used and followed the protocol for MGD1. Unless stated otherwise, conditions are as described for a
standard MGD1 assay in the Methods and Material. A) Assay with CaMGD1. Conditions: 10 ng enzyme
per reaction and 20-minute reaction time. B) Assay with RcMGIcD. Conditions: 100 ng enzyme per

reaction and 10-minute reaction time.

We performed sequence alignment of MGD1, RcMGIcD, CaMGD and MgdA, and looked more
particularly at the basic amino acids at or near the proposed binding sites for PA: active site, LOOP region
and the Na4 helix. Furthermore, we focus on positive residues identified by molecular modelling and
simulations (Part 1ll.1). Ideally, sequence alignment of MGD1, RcMGlcD and CaMGD1 should reveal
highly conserved basic residues that can direct us to possible PA binding sites. The absence of a basic

residue at these positions in MgdA would be an additional clue.

Sequence alignment showed more conserved positive residues between MGD1 and CaMGD than with
RcMGlcD (Figure 70). This correlates to the higher sequence similarity of CaMGD1 to MGD1 (CaMGD1
vs RcMGIcD / 55% vs 33%). MGD1 residues Argl95, Lys208, His251, His256 and His289, have an
equivalent in CaMGD but not in RcMGlcD. MGD1 residue His203 has an equivalent in ReMGlcD but not
in CaMGD. Of particular interest are MGD1 residues Argl56 and Lys265, which have an equivalent in
both CaMGD1 and RcMGlcD.
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Figure 69: Sequence alignment of MGD1, CaMGD1, RcMGIcD and MgdA in the three regions considered.

In magenta is the catalytic residue His155. In blue is the vital residue in PG activation, Pro189. In red

boxes are positive amino acids identified by computational work.

From the basic residues identified in computer simulations and sequence analysis, we decided to

produce the following MGD1 mutants:

R156A and H251A for their proximity to the catalytic base His155

- R195A located in the LOOP region

- R260A and K265A located in the Na4 helix

- H256A, H289A and the double mutant H256A-H289A. These two His residues are interesting

because they are in close contact and interact in the MGD1 structure (see inset in Figure 71)

For each mutant generated, enzyme activity was assayed with PG and PA. A decrease in activity in both

PA and PG may indicate similar binding sites. On the contrary, if one activity, PA or PG, is affected more,

it can indicate an exclusive lipid-binding site.
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Figure 71: MGD1 structure highlighting the targeted residues for mutation (Blue). In magenta is the
catalytic residue H155. This is MGD1 with the LOOP region and UDP-Gal modelled into the structure by
Olga Makshakova.

IV. Production and activity of MGD1 mutants

1. Expression and purification of MGD1 mutants

All MGD1 mutants were expressed using the protocol established for wild-type MGD1 (Rocha et al.,
2013). See appendix for small scale expression trials and all chromatograms from purification of MGD1
mutants produced for Chapter 4. R260A, K265A, and H289A had similar expression and purification
profiles to Wild-type MGD1 (Table 17), indicating that these mutations do not perturb the folding of
MGD1. The MGD1 mutants with lower expression levels and yields are R156A and H256A. Arg156 and
His256 appear to have a more critical role in folding. Their mutation to alanine led to perturbation in
folding and a higher proportion of the mutant was found in the insoluble fraction in expression trials.
The mutants with the lowest expression level and yield are H251A and H256A+H289A. In the case of
H251A, the folding was perturbed in a way that its binding to the IMAC column was much weaker and
more protein eluted out in the 16%B (80mM Imidazole) wash step. The Arg195 residue, which is located
in the flexible LOOP region seems to be vital for folding since its mutation into alanine resulted in an
insoluble protein in expression trials, and attempted IMAC purification yielded no protein (see

appendix).
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Protein Expression level
Wild-type MGD1 +++++

R156A +++

R195A -

H251A +

H256A +++

R260A +++++

K265A ++++

H289A ++++

H256A+H289A ++

Table 17: Expression levels of MGD1 mutants. Rating is based on the protein yield obtained from a 1L
culture after IMAC purification and measurement of peak absorbance at 280 nm from 100%B elution

step.

2. Activity tests of MGD1 mutants

We used the UDP-Glo™ GT assay to monitor activity of MGD1 using the PA or PG activator. The enzyme
tests were done at 25°Cin 25 mM Bis-Tris, pH 6.5, 150 mM NaCl, 1 mM TCEP or DTT, 5% glycerol, 6 mM
CHAPS, DAG (6.3 mol-%), PG or PA (1.5 mol-%), 700 uM UDP-Gal, MGD1 or mutant (5-15ng), as described
in Materials and Methods. Comparison of mutant activity was made with the wild-type MGD1 under the

same conditions.

When looking at the activities of the mutants, two factors must be taken into consideration. First, the
role of the residue mutated on interaction with the activator. Second, the effect of mutation on protein
folding. MGD1 is a dynamic protein. Changes in protein structure can have a severe effect on the
dynamic movement of MGD1 and thus on the activity of the protein. Therefore, a perceived loss of
activity may be caused by perturbation to the folding of MGD1 and does not necessarily mean that the
residue plays a crucial role in activator binding. Additionally, as folding perturbations affect the whole

protein, it would likely affect both PG and PA activity simultaneously.

In the light of activity assays, the mutants can be split into different categories: mutants affecting PG
activity, mutants affecting PA activity, mutants affecting both PG/PA activity and mutants that do not
affect activity (Table 18). We note that none of the mutations tested produced completely inactive

enzymes.
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Enzyme activity of PG/PA mutants
Activity (% Wild-type MGD1)

PG PA Evaluation
R156A 98 72 Not significant

H251A 4 33 Significant

H256A 31 98 Significant

P189A* 0 50 Significant
K265A 88 68 Not significant

H256A+H289A 10 14 Significant
R260A 100 97 Not significant
H289A 96 100 Not significant

Table 18: Enzyme activity of MGD1 mutants in the presence of PA or PG. *Results from Nitenberg et al.,
2020.

We deemed that only mutations that reduced activity by >50% was significant and would likely play an
important role in the catalytic mechanism. Of the 7 mutants assayed 4 of them were considered to have
no significant effect on PA or PG activity: R156A, R260A, K265A and H289A. Based on computational
work, Arg156 had been proposed to interact with the charged polar head of PG (Makshakova et al.,
2020). Our result does not support this assumption. Also very surprising are the R260A and K265A
mutants, as simulations predicted strong binding of PA to these residues, their mutation was expected
to have a large effect on PA activity. This does not seem to be the case as neither PA activity nor PG

activity were significantly affected.

Mutations H251A and H256A had significant effect on catalytic activity. These two residues are located
close to the active site, with His256 being in the terminal of the Na4 helix and His251 in close proximity
to the catalytic residue His155 (as close as ~4.4 A in some modelled structures). The mutation H251A
significantly decreased activity for PG (~4% of WT) but the mutant retained some PA activity (33%) (Table
18). His251 was identified as one of the residues involved in the concerted fluctuations upon MGD1
membrane binding (Makshakova et al., 2020). Thus, the mutation could have affected the mechanical
dynamics of MGD1 leading to the decreased activity observed for both PG and PA. Since a large % of PA
activity remained, His251 plays a more critical role in PG mechanism. However, it must be taken into
consideration that H251A showed low expression levels, indicating that the mutation also had a
significant effect on the structure of MGD1 (Table 17). Itis unknown to what extent activity was affected
due to perturbation of folding or disruption in molecular dynamics specific to catalysis. Although the
role of H251 in PA activation remains unclear, its proximity to the catalytic base H155 and a reduced PA

activity for H251A are clues in favour of PA binding in the active site.

123



Results in Table 18 showed that the activity of mutant H256A is not affected in PA tests. However, its
activity in PG tests is reduced to ~31% of WT activity (Table 18). As activity with PA was not affected,
one can assume that the mutation did not perturb protein folding. These results suggest that His256
exclusively plays a role in PG catalytic mechanism. His256 is located in the Na4 helix and is some distance
away from the active site. Complementing the simulations from Makshakova et al. (2020), rather than
binding directly to PG, His256 seems to be part of the downstream residues that pave the way for PG to
the active site. This also supports the hypothesis that PG can bind both in the catalytic site and in the
No4 helix.

Double mutant H256A+H289A is more complicated to interpret. Since the mutation H289A has no effect
on activity, the double mutant is expected to behave similarly as H256A. Instead, a significant decrease
in PG and PA activity is observed for H256A+H289A (~10-15% remaining) (Table 18). As expression levels
for this mutant were very low, the overall decrease in activity is likely caused by perturbation of the

protein structure.

V. Future work

We were unable to consolidate experimental proof for the PG-His catalytic dyad, due to the high
instability that MGD1 V250D/E mutation confers. As observed in MGD1, Val250, is located at the
terminus of a B strand and is involved in hydrophobic interactions essential for folding, and it is also
further away from the catalytic His155. A proposed mutant could aim to introduce an Asp or Glu residue
further into the loop and closer to the His155. Identified by computation simulation are some residues
that can make contact with His155 and possibly form a catalytic dyad, the most interesting residues for

mutation are His251, Thr278 and S158.

It is still inconclusive where PA binds to activate MGD1. However, there are many more residues
identified from the computational work that need to be assayed, particularly in the Na4 helix region
there is Arg263 and Lys269, that are interesting targets. Another suggestion is a combination of multiple
mutations. The combined interaction of the activator to multiple residues in the Na4 helix may
propagate the necessary conformational changes in MGD1 for allosteric regulation. The other promising

PA binding site is in the LOOP region and residues: Lys202, His203 and Lys208 remain to be assayed.
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Finally, the allosteric character of PA activation should also be assayed with mutants. This is because,
while general activity with PA might not be affected, the dynamics that allows for allosteric regulation
may be disrupted. The first study that discovered the allosteric effect by Dubots et al. (2010) assayed
the MGD1 in mixed micelles containing PG and PA, 0.5 mol-% and 0.08 mol-% respectively. It would be

interesting to see to what extent the allosteric effect is disrupted in MGD1 mutants, compared to wild-

type MGD1.
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Chapter 5

Application of glycosyltransferases on synthetic

membrane systems
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l. Introduction

As mentioned in chapter 1, GTs can be attractive tools for synthetic glycobiology. Advances have been
made in the glycoengineering of complex glycosylation pathways to produce therapeutic glycosylated
proteins (Van Landuyt et al., 2019; Hamilton et al., 2006; Harrison et al., 2006; Kallolimath et al., 2016;
Dicker and Strasser, 2015, Margolin et al. 2020; Gupta and Shukla, 2018, Kightlinger et al., 2020). GTs
are widely used in glycorandomization to generate a library of small glycosylated compounds with

altered biological/therapeutic properties (Griffith et al., 2005; Goel et al., 2021).

GTs are also of interest for modifying the glycocalyx on live cells (Hong et al., 2020; Hong et al., 2019;
Jiang et al., 2018). However, GTs used to decorate synthetic membranes such as giant unilamellar
vesicles (GUVs) and supported lipid bilayers (SLBs) are sparse in literature. Two examples are reported
in the literature. One study concerns the use of a B4-galactosyltransferase to decorate GUVs. The
authors demonstrated that the formation of glycolipid microdomains enhances the reaction rate of the
enzyme (Noble et al., 2012). This is reminiscent of the ‘cluster glycoside effect’, a term used to describe
the higher affinity observed during interactions between multivalent glycans and some lectins (Mller
et al., 2016; Dimick et al., 1999; Lundquist & Toone, 2002). This study showed that soluble GTs can
decorate GUVs, and these membrane models are valuable tools for studying the behaviour of GTs in

membrane environments such as lipid microdomains.

The second example concerns the use of a GT (GumH, a bacterial a3-mannosyltransferase) acting on a
SLB (Alves et al., 2011). Glycosylation was monitored using a Quartz Crystal Microbalance with
Dissipation (QCM-D). This study used an immobilized alkanethiol self-assembled monolayer (SAM) and
a lipid monolayer, with the lipid outer leaflet exposed to the enzyme. Therefore, it is not a true lipid
bilayer where both leaflets are lipids. These are the few examples of a recombinant GT decorating a lipid
surface. Thus, we are still in the infancy regarding the application of GTs to glycosylate artificial

membrane surfaces and what information can be derived with different models.

In the context of synBlOcarb, we were interested in applying GTs to decorate synthetic membrane
systems. In this chapter, we investigated LgtC and MGD1, two very different galactosyltransferases in
terms of fold, reaction mechanism and types of acceptors utilized. LgtC is a soluble GT-A fold protein
that was used to glycosylate the lactosyl-ceramide (LacCer) acceptor substrate. On the other spectrum
is the monotopic MGD1, a GT-B fold protein that transfers the first sugar into the lipid, DAG. We

explored the applications of LgtC and MGD1 to decorate synthetic membrane models.
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LgtC, from Neisseria meningitidis, is an a4-galactosyltransferase that participates in the biosynthesis of
lipo-oligosaccharides (LOS) of the bacterial cell envelope. It catalyses the transfer of a galactose
molecule in an a-1,4 position to the minimal glycan acceptor, lactose. LgtCis a well-studied enzyme with
the crystal structure solved and kinetic parameters for lactose determined (Persson et al., 2001; Lairson
et al., 2006). The interest of LgtC in the project lies in its ability to form the Gb3 antigen that is the
receptor of the Shiga toxin B subunit (StxB). LgtC has been shown to glycosylate the glycolipid acceptor
LacCer, which has been solubilized in solution with methyl-cyclodextrin (Adlercreutz et al., 2010).
However, it has never been experimentally proven that LgtC can glycosylate LacCer included in a

synthetic membrane, such as GUV and SLB.

Inthe PhD project, we explored the capability of LgtC to glycosylate micelles, GUVs, and SLBs containing

LacCer.

All current activity assays with MGD1 were performed in mixed micelles. Thus, there was interest in
expanding MGD1 applications to other membrane systems. Preliminary data on the MGD1 application

on GUVs was also presented in this chapter.

Finally, LgtC and MGD1 were tested for their potential in chemoenzymatic applications. The capacity of

LgtC and MGD1 to use UDP-Gal containing an azido functional group was assayed.

Il. Expression and Purification of LgtC

The LgtC construct consist of 286 amino acids (1-286 aa) and was truncated of 25 amino acids in the C-
terminus. This truncation is known to increase solubility and yields from purification, in addition the full-
length protein was sensitive to proteolysis (Wakarchuk et al., 1998; Persson et al, 2001; Chan et al.,
2012). Recombinant LgtC contained a N-terminal His-Tag with a cleavage site for TEV protease.
Purification was comprised of a two-step procedure: immobilized metal affinity chromatography (IMAC)
using a HisTrap column followed by size-exclusion chromatography (SEC). LgtC purification protocol was
based on previous studies (Persson et al., 2001; Chan et al., 2012). IMAC purification used the same
buffer for cell lysate and IMAC purification: 20 mM Tris, 1 mM DTT, 500 mM NaCl, 10 - 500 mM
Imidazole, pH 7.5. Fractions containing LgtC were collected and further purified by SEC: 20 mM Tris, 5
mM TCEP, pH 8.5. The buffer used for SEC was optimized for protein stability and long-term storage of

the protein at -20°C. Due to steric blockage from LgtC, TEV protease was not able to cleave the His-Tag
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(data not shown). The His-tag is located in the reverse-side from the active site and is predicted to not

interfere with activity or binding to the membrane, thus the TEV cleavage was not necessary

IMAC purification showed that the binding of LgtC to the nickel column was weak due to the elution of
LgtC at the wash steps (10 mM and 25 mM imidazole), indicated by large bands on SDS-PAGE (Figure
72A). However, a large portion remained bound, and fractions from 75 mM to 500 mM imidazole were
deemed pure. These fractions were collected and further purified by SEC (Figure 72B). There were two
minor peaks. The first minor peak seemed to be an oligomer of LgtC, and the second peak was a mixed
oligomer consisting of LgtC and a contaminating protein between 50-75kDa. LgtC eluted as the major
peak in SEC. The elution volume of the major peak was consistent with a monomeric form of LgtC. LgtC
was very stable, and tests of stability showed that in 3 defrost cycles, 75% of LgtC was still soluble (see

appendix, Figure S17).
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Figure 72: A) IMAC purification of LgtC. SDS-PAGE analysis wells: total cell extract before (1) and after
(2) IPTG induction, elution fractions from 10 mM, 25 mM (5%B), 75 mM (15%B) and 75-500 mM (15-
100%B). B) SEC purification. SDS-PAGE analysis wells: 15t and 2" minor peaks and the major peak from

SEC. Yield from 1L culture was ~4 mg.
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lll. Establishing experimental conditions for LgtC activity assays

The UDP-Glo™ assay from Promega was used to monitor LgtC activity. Buffer conditions that are
compatible with the assay kit and show optimal enzyme activity were investigated. LgtC activity was first
measured with the lactose acceptor. On the basis of data in the literature, two buffer conditions were
tested: HEPES buffer at pH 7.5 and Tris buffer at pH 8.5. HEPES buffer was used previously for kinetic
studies with LgtC (Persson et al., 2001). However, LgtC was reported to be very stable in solution with
the more basic Tris buffer condition (Chan et al., 2012). Therefore, the Tris buffer was also tested for its
compatibility in a UDP-Glo™ assay. In the Tris buffer condition, the conversion of manganese ions into
permanganate at basic pH deprived the enzyme of manganese ions and thus lowered activity. As shown
in Figure 73, the HEPES buffer was proven best for enzyme tests since it resulted in significantly higher
enzyme activity at 4,668 + 182 nmol.min"t.mg?, this an 18-fold increase compared to the Tris buffer (254
+ 42 nmol.min"t.mg™). Additionally, this experimental condition allows for the comparison of kinetics

data with previous studies.

LgtC assay testing different buffer conditions
6000

4000

2000

Specific activity (nmol/min/mg)

I . 1
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Figure 73: LgtC assay testing two buffer conditions for optimal enzyme activity. HEPES buffer: 20 mM
HEPES, 5 mM DTT, 5 mM MnCl,, pH 7.5. Tris buffer: 20 mM Tris, 5 mM DTT, 5 mM MnCl, pH 8.5. Reaction
conditions: 0.83 ng/ul LgtC (24 nM), 62.5 mM Lactose, 0.5 mM UDP-Gal, 10-minute reaction time.
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IV. Precipitation problems encountered in activity tests on GUVs

Initial trials of LgtC activity were performed on GUVs consisting of 29.7 mol-% DOPC, 30 mol-%
Cholesterol, 40 mol-% LacCer and 0.3 mol-% Atto-647 DOPE, were formed. The LgtC reaction mixture
was: 40 mol-% LacCer-containing GUVs, 20 mM HEPES, pH 7.5, 5 mM DTT, 5 mM MnCl;, 100 ng/ul LgtC
and 0.5 mM UDP-Gal. This reaction mix was incubated for 1 hour. After enzyme reaction, GUVs were

incubated with 500 nM StxB-AF488 and visualised by confocal microscopy.

However, initial attempts at introducing LgtC to 40 mol-% LacCer GUVs resulted in the formation of
precipitates, which look like crystals visible in confocal microscopy (Figure 74). The precipitates seem to
be formed from aggregates of lipids and proteins. Specifically, clusters of StxB were observed in the
same areas as the precipitant. We found that reducing the MnCl; and DTT concentrations from 5 mM
to 1 mM stopped the formation of crystals. Precipitation was presumably caused by high concentrations
of MnCl>. The Mn?* ions can form a complex with phospholipids and proteins, and this formed interfacial
precipitates (Fullington and Hendrickson, 1966). For LgtC activity on GUVs, the buffer condition was
changed to 20 mM HEPES, 1 mM MnCl;, and 1 mM DTT at pH 7.5. This change in buffer conditions
prevented the formation of precipitates and LgtC activity was observed on GUVs (manuscript in

preparation).

Merge 50 nM StxB Gb3 (Atto 647 DOPE) D

Figure 74: Crystal formation upon addition of LgtC to LacCer-containing GUVs. Visualised fluorescence
from StxB-Alexa fluor 488 (green) and A647-DOPE (red). Also visualised under confocal microscopy
(TD). Finally, a merged image displays fluorescence image and from TD.
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V. Enzymatic glycosylation on synthetic membrane systems (manuscript in
preparation)

Enzymatic glycosylation on synthetic membrane systems
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Abstract: Enzymatic glycosylation of lipids embedded in synthetic membrane systems has the potential
to elucidate crucial information on glycosylation events occurring on the surface of membranes, yet
hitherto has been sparsely explored. Here, we demonstrate that the soluble glycosyltransferase LgtC can
glycosylate lactosylceramide to produce globotriaosylceramide (Gb3) on three distinct model membrane
systems: micelles, supported lipid bilayers (SLBs) and giant unilamellar vesicles (GUVs). The formation
of Gb3 in micelles was confirmed by thin layer chromatography. Binding of fluorescently-labelled B-
subunit of Shiga toxin (StxB) to GUVs, observed by confocal microscopy, demonstrated glycosylation of
a lipid bilayer membrane system. Quartz crystal microbalance with dissipation monitoring (QCM-D)
demonstrated the transient binding of LgtC to the membrane during catalysis and showed the feasibility
to monitor real-time glycosylation at the limits of sensitivity. LgtC showed decreasing catalytic
efficiencies as we move from the soluble lactose to LacCer-containing micelles and then SLBs. The
decreasing catalytic efficiency correlate to what would be expected in terms of substrate presentation.
This work demonstrates the feasibility to utilize glycosyltransferases for the glycosylation of multiple
types of membrane systems, with broader applications in identifying enzymatic behavior in physiological
conditions.

Glycosyltransferases (GTs) are responsible for the synthesis of membrane-bound glycoconjugates that
form the glycocalyx, such as glycolipids and glycoproteins. These glycocalyx components play essential
roles in many cellular events such as cell adhesion and signaling [1]. Synthetic membrane systems such
as giant unilamellar vesicles (GUVs) and supported lipid bilayers (SLBs) have been utilized to study the
underlying mechanisms underpinning adhesion and signaling processes occurring at or across the lipid
membrane. For example, in conjunction with fluorescently labelled lipids and/or proteins, lipid-lipid or
protein-lipids interactions on GUVs can be observed using confocal microscopy [2, 3, 14].

As tools in synthetic glycobiology, GTs have applications in decorating the surface of membranes. One

study with lipid vesicles highlighted that the enzymatic activity of P(1,4)-galactosyltransferase was
enhanced by an order of magnitude when the lipid substrate was presented in membrane microdomains
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[4]. This example illustrates the capability of membrane model systems to characterize GT functions, and
also highlights the sensitivity of GT activity to details of the membrane microenvironment. Another
application utilized hybrid bilayers, consisting of a self-assembled alkanethiol monolayer and a lipid
monolayer, in conjunction with QCM-D for real time monitoring of lipid mannosylation by o-1,3-
mannosyltransferase (GumH) [5]. Micelles are classically used for membrane GTs acting on lipid
substrates [6]. Being not planar, micelles can present the target lipidic substrate on a surface which could
mimic substrate presentation on natural membranes. Overall, the utilization of GTs on synthetic
membrane systems has potential for the characterization of glycosylation events that otherwise could not
be perceived using classical in-vitro assays

In this report we utilized LgtC, a bacterial glycosyltransferase from Neisseria meningitidis involved in
the synthesis of lipooligosaccharide. LgtC catalyzes the transfer of a galactose molecule from UDP-
galactose to lactose-containing acceptors forming an al,4 linkage. LgtC is also able to use glycolipid
acceptors such as lactosylceramide (LacCer) to form globotriaosylceramide (Gb3, Galal,4Galp1,4Glcp-
Cer) [7]. LgtC has research value for its ability to synthesize Gb3, the product of which is the ligand of
several lectins, e.g. the bacterial lectin Shiga-toxin B (StxB) from Shigella dysenteriae [15]. It also has
application in synthetic chemistry owing to its acceptor substrate promiscuity [8]. LgtC is a well-studied
enzyme, and was first produced as a soluble protein with a C-terminal truncation of 25 amino acids, which
was used to determine its crystal structure [7]. The truncation was performed to increase solubility and
production yields, while maintaining its activity [18]. Interestingly, the truncated region is proposed to
play a role in membrane binding but this has not been demonstrated. Kinetic parameters for its minimal
glycan acceptor, lactose, and many other acceptors have been determined [7, 8]. However, catalytic
activity of LgtC using LacCer, the glycolipid acceptor, on membrane surfaces has not been investigated.
This makes LgtC an ideal GT for the project, to demonstrate that soluble LgtC can be used to decorate a
membrane surface and to understand the enzyme behavior in a membrane environment. In this work, we
explore the capacity of LgtC to glycosylate LacCer in micelles, GUVs and SLBs. Specific binding of
StxB to Gb3 was exploited for identification of the enzymatic product, and fluorescent-labelled StxB
(StxB-AF488) was used for visualization of GUVs under confocal microscopy [9].
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Figure 1. Schematic representation of on-membrane glycosylation of LacCer by LgtC in a lipid bilayer. LgtC binds
to UDP-Gal and then to LacCer in the lipid bilayer to initiate glycosylation turning LacCer to Gb3 by transferring
a galactose molecule. LgtC then leaves the membrane along with the UDP product. Subsequently, StxB is
introduced, which can be fluorescently labelled, and acts as a reporter molecule by specifically binding to Gb3.
Sugars are represented as blue (glucose) and yellow (galactose) circles.
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Results and Discussion

LgtC activity on LacCer in micelles is less efficient than soluble acceptors. Recombinant LgtC with
the 25 amino acid C-terminal truncation was produced and purified from E. coli (BL21) and enzymatic
activity was first confirmed using lactose as the minimal acceptor (Figure 2A). A previous study validated
the activity of LgtC with its glycolipid acceptor LacCer. However, LacCer was solubilised with methyl-
B-cyclodextrin rather than presented in a lipid membrane environment [10]. In a first step to probe the
impact of the membrane environment, we used a LacCer variant with a short C8 acyl chain, which is more
soluble than naturally occurring LacCer, to form micelles. The resulting product is a C8 form of Gb3.
Enzyme activity was performed with the UDP-Glo™Glycosyltransferase assay from Promega, which
detects the UDP product formed from catalysis. As shown in Figure 2A, LgtC showed higher specific
activity (2.6-fold) for the soluble acceptor lactose (307+5 nmole/min/mg protein) compared to LacCer
(117£19 nmole/min/mg protein).

Thin layer chromatography analysis was performed as a confirmation of Gb3 formation during catalysis
(Figure 2B). A TLC plate running on an eluent consisting of chloroform:methanol:water (65:35:5), can
separate LacCer and Gb3. On TLC, the micelle enzyme reaction showed the presence of spots, for both
LacCer substrate and Gb3 product indicating only partial conversion of LacCer to Gb3 after 12 h of
enzyme reaction. This partial conversion suggests that, when present at a high enough concentration, the
Gb3 product formed inhibits the enzyme by blocking its access to surrounding LacCer molecules in the
micelles. Nevertheless, confirmation of activity for LacCer-containing micelles demonstrated the ability
of soluble LgtC to glycosylate LacCer, without the aid of additives, and in a supramolecular lipid
assembly. The next step of progression thus was tests of LgtC activity in synthetic lipid bilayer membrane
systems.
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Figure 2: LgtC activity on LacCer micelles and soluble lactose. A) Enzymatic assay comparing the specific
activity with lactose or LacCer micelles. Conditions: 100 pM Lactose or LacCer, 0.25 mM UDP-Gal, 10 ng/ul
LgtC. B) TLC shows the formation of Gb3, enzyme reaction was run for 12 h to maximise the amount of Gbh3. As a
commercial C8-Gb3 is not available, only C8-LacCer was used as a negative control. C8-LacCer migrated with a
Rf value of 0.61 and C8-Gh3 formed with a Rf value of 0.49.
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LgtC converts LacCer to Gb3 in GUVs. GUVs is a biomimetic model of cells composed of various
membrane constituents, such as lipids and proteins. GUVs can be used to rebuild cellular processes for
their study in a controlled environment. In the case of GTs, GUVs allow for qualitative evaluation of
glycosylation reactions through confocal microscopy. GUVs were formed from a lipid solution containing
LacCer (40 mol-%), DOPC (29.7 mol-%), cholesterol (30 mol-%) and Atto647N-DOPE (0.3 mol-%)
using the electroformation procedure [16]. The GUVs formed were stable and varied in sizes ranging
from 10 um to 50 pum (Figure 3, red channel). The enzyme reaction consisted of 1 h incubation of the
LacCer-containing GUVs with LgtC (100 ng/ul) and UDP-Gal (0.5 mM) at room temperature.
Subsequently, GUVs were treated with 500 nM StxB-AF488 and visualized by confocal microscopy. The
fluorescently labelled StxB (Figure 3, green channel) here reported the formation of Gb3. Indeed, StxB
binding was observed on GUVs treated with LgtC, but not on untreated ones, demonstrating specificity
of StxB binding and successful on-membrane conversion of LacCer into Gb3.

Merge StxB-AF488 DOPE (A647)

Figure 3: LgtC activity on LacCer in GUVs with StxB-AF488 binding to Gb3. Confocal micrographs of
LacCer-containing GUVs (visualised via Atto647N-DOPE tracer lipids; red channel) after enzyme reaction with
LgtC and UDP-Gal, show StxB binding (visualized via Alexa488 label; green channel), demonstrating conversion
of LacCer to Gb3. A) Negative control, with a focus on a single untreated 40 mol-% LacCer GUV. B) Zoomed out
to multiple treated 40 mol-% GUVs. Reaction conditions: 20 mM HEPES, pH 7.4, 1 mM MnCl,, 1 mM DTT, 100
ng/ul LgtC, 0.5 mM UDP-Gal and 40% LacCer GUVSs, incubation time 1 h. Visualised by 500 nM StxB-AF488.
Scale bar: 10 um.

Attempts were made at quantifying activity on GUVs by using the UDP-Glo assay. However,
electroformation produced vesicles of varying size and quite likely also an uneven distribution of LacCer
acceptors between vesicles, mirrored in uneven Gb3 production as seen from the varying levels of StxB
staining of GUVs (Figure 3), thus impeding reliable quantification.
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Monitoring enzymatic LacCer glycosylation in SLBs by QCM-D. To quantify LgtC activity in a lipid
bilayer membrane system, we used SLBs instead. As illustrated in Figure 4A, small unilamellar vesicles
(SUVs) were formed from a lipid solution composed of 5 mol-% LacCer and 95 mol-% DOPC, and SLBs
were formed by the method of vesicle spreading on silica surfaces [17]. This method allows for robust
control of membrane composition. QCM-D was used to monitor successful SLB formation and the
subsequent enzyme reaction and reporting steps (Figure 4B-C). The enzyme reaction was initiated by
exposure of the SLBs to a solution containing LgtC (600 ng/ul), UDP-Gal (0.25 mM) and MnCl; (0.5mM)
under constant flow rate (20 pl/min). Afterwards, SLBs were washed with buffer and StxB binding was
used as a reporter for Gb3 produced.

While the enzymatic reaction itself produced only a very small QCM-D response (vide infra), subsequent
StxB binding clearly reported the presence of Gb3 after co-incubation of LacCer-containing SLBs with
LgtC and UDP-Gal, indicating successful LacCer-to-Gb3 conversion in SLBs. At equilibrium, StxB
bound to the enzyme-catalyzed LacCer surface with a frequency shift Af= 5.8 Hz, and a dissipation shift
AD = 0.05 x 10, while there was no binding on surfaces in the absence of either LacCer, UDP-Gal or
LgtC, demonstrating specificity of StxB binding to Gb3. Upon rinsing by buffer, the majority of bound
StxB was removed from the surface, aligning with the weak interactions (Kd = 4mM) between StxB and
Gb3 [13]. The pronounced yet reversible binding of StxB at uM concentrations is here likely due to
multivalent recognition of several Gb3 molecules by the StxB pentamer harboring a total of 15 Gb3
binding sites.
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Figure 4: LgtC converts LacCer to Gb3 in supported lipid bilayers. A) Schematic of the main steps of the assay:
(1) supported lipid bilayer formation, (2) enzymatic conversion of LacCer into Gb3, (3) StxB binding reports on
Gb3 content in the SLBs. B) Representative QCM-D data of the assay. A decrease in the frequency shift (Af, blue
line) indicates mass binding to the surface (including hydrodynamically coupled solvent). The dissipation shift (4D,
red line) provides a measure for the softness of the surface-confined film. Conditions: HBS — HEPES buffered
saline (10 mM HEPES, 150 mM NaCl, pH 7.4); RB — reference buffer (20 mM HEPES, 0.5 mM MnCl,, 4.4 mM
Tris, 1.1 mM TCEP, pH 7.4) ; SUV — 50 ug/mL; StxB — 6.5 uM. The start and the duration of incubation steps are
indicated by the arrows above the graph. C) Zoom onto StxB binding step for the experiment shown in B, and
controls of experiments that were lacking in panel B, either with LacCer, LgtC or UDP-Gal (lines with circles,
triangles or diamonds respectively, as indicated), but otherwise identical.

138



To shed more light on the reaction mechanism at the lipid membrane, the enzyme reaction was also
performed under different conditions (Figure 5). Frequency shifts during the enzyme reaction remained
minor even when the LacCer content in the SLB was increased 4-fold (to 20 mol-%) or LgtC
concentration was increased 10-fold (to 17.2 uM). This indicates very little enzyme is bound to the surface
at any time and a short-lived interaction (transient binding) between LgtC and LacCer is sufficient for an
enzyme reaction.

Minor but significant decreases in the frequency (on the order of 1 Hz) were detectable during the enzyme
reaction, demonstrating that QCM-D is sensitive to the enzymatic addition of a monosaccharide to
LacCer. Indeed, the magnitude of the shifts (between -0.5 Hz and -2 Hz, depending in conditions; Figure
5) were comparable to Af =~ -3 Hz predicted for a film thickness increase by 0.5 nm (i.e., equivalent to the
size of a monosaccharide), and the slightly smaller values observed are attributed to incomplete coverage
of the surface with Gb3.
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Figure 5: Direct monitoring of the enzyme reaction by QCM-D. LgtC on LacCer containing SLBs at different
reaction conditions. Conditions tested: 5 mol-% and 20 mol-% for LacCer, 1.72 uM and 17.2 uM for LgtC, reaction
time - 1 h. Control: 5 mol-% Gb3, run with buffer for 1 hour.

From the kinetics of the frequency response for 172 mM LgtC and 20 mol-% LacCer (Figure 5, line with
circles), one can estimate that the reaction is completed within less than 1 h. Further analysis of StxB
binding as a function of the reaction time corroborates this estimate and indicates half-maximal binding
within approximately 20 min. From these numbers, a catalytic efficiency of ~24 M-1s can be estimated
for C8-LacCer in a lipid bilayer membrane context (see supporting information). Compared to the
published data for lactose (4000 M-1s™), this is substantially less efficient [8]. This value for LacCer must
be taken only as a rough order of magnitude estimation due to two approximations, (i) the frequency shift
is proportional to StxB surface density and (ii) the StxB surface density is proportional to Gb3 surface
density. However, along with estimates of catalytic efficiency on micelles (735 M.s?), which lies
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between SLB and lactose, this would suggest reduced access to the substrate in the context of membranes
(see supplementary data).

Future prospects. LgtC has a C-terminal region which is proposed to play a role in membrane
interactions and activity as it is rich in basic residues suggesting interactions with phospholipids. It also
contains several non-polar and aromatic residues that can form hydrophobic and electrostatic interactions
with the membrane [7]. Therefore, while the truncated region may not have much effect on activity using
soluble substrates such as lactose, it may play an important role on lipid membranes. For example, binding
to the membrane, bringing the LgtC in close contact to the LacCer acceptor and presenting the lactosyl
moiety in a more favorable orientation. In light of the low catalytic efficiency of LgtC in membranes
(SLBs) and micelles, the C-terminal region may be vital for a good working activity of the enzyme in
physiological conditions.

As previously demonstrated, glycosyltransferase activity can be magnified in the presence of lipid micro-
domains formed from the lipid acceptor [4]. Evidence of LacCer lipid rafts is observed in immune cells,
inflammation or apoptosis [11,12]. However, in regards to work on GUVs and SLBs, there is no evidence
for the formation of micro-domains. This is due to the lack of sphingomyelin and low cholesterol in the
SLBs and GUVs, which are essential in microdomain formation. As a future avenue of research, it may
be of interest to investigate the catalytic activity of LgtC in the presence of LacCer micro-domains.
Another avenue of research is the behavior of full-length LgtC in the presence of LacCer micro-domains,
investigating the effects of the C-terminal region on activity and whether this can be applied to other GTs.
Overall, increasing our understanding on the behavior of GTs in different membrane environment has
value for engineering GTs. For example, a highly efficient GT in membranes will have applications in
construction of glycocalyx components on vesicles.

Conclusion. We have demonstrated that soluble LgtC can be used to glycosylate LacCer in different
membrane models, namely, micelles, GUVs and SLBs, to produce Gb3 in these models. Glycosylation
was feasible but slowed down by an order of magnitude in micelles and two orders on lipid bilayer
membranes, suggesting a reduced substrate access on lipid bilayers. This low efficiency should be
considered and compensated for when glycosylating lipid membranes. Future work should aim to increase
the efficiency of LgtC and other soluble GTs to make them more viable as synthetic glycobiology tools.
As a tool for research purposes, the application of LgtC as an alternative method for producing Gb3 may
be a cost effective option due to the relative difference in commercial value. On a wider scale this has
implications on alternative methods for the synthesis of membrane systems, especially in scenarios where
the glycolipid of interest is not commercially available. Moving a step forward, enzymatic modification
of cells to create Gb3 is also a promising application that should be explored.
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Supporting Information

Experimental Procedures

Reagents

C8 lactosyl(p)-ceramide (LacCer), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
cholesterol and ganglioside GM3 from bovine milk were obtained from Avanti Polar Lipids
(AL, USA). Atto 647N 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) was
purchased from Sigma-Aldrich (Darmstadt, Germany). Ceramide trihexosides (Gb3) was
obtained from Matreya (PA, USA). Shiga Toxin B-subunit (StxB) was kindly provided by
enGenes Biotech (Vienna, Austria). UDP-Glo assay kit and ultra-pure UDP-Gal were bought
from Promega (France). UDP-Gal for QCM-D analysis was purchased from Carbosynth
(Compton, UK). HisTrap FF column was purchased from Cytiva (MA, USA). Superdex 200
Increase 10/300 GL was purchased from GE Healthcare (MA, USA). All other chemical
reagents were of analytical or liquid chromatography grade.

LgtC Production

The gene of LgtC from Neisseria meningitidis was designed with 25 amino acids truncated at
the C-terminus [1, 7]. Codons were optimised for E. coli expression and the mutations C128S,
C174S [1] and T273A were introduced which were reported to improve expression levels of
the protein without compromising the enzyme activity [2]. The gene was inserted into the pET-
TEV vector using the restriction sites Ndel and Xhol, forming the LgtC-TEV construct. LgtC-
TEV vector was transformed into the expression strain E. coli BL21 (DE3). Cell culture was
grown in LB media to an optical density (ODeoo) of 0.7-0.8 before induction with 0.5 mM
Isopropyl B-D-1-thiogalactopyranoside (IPTG). Protein expression occurred overnight at 16°C,
with shaking at 180 rpm, before cells were harvested.

Cell pellets were disrupted using Cell Disruptor CSL (Constant Systems, Ltd) at 1.9 kbar and
the cell lysate centrifuged at 24,000 x g, 4°C, for 30 min. Supernatant was collected and clarified
through a 0.22 um filter and purified by 6-Histidine tag affinity chromatography using a nickel
column. LgtC was further purified with size exclusion chromatography using a Superdex™ 200
Increase 10/300 GL and stored in 20mM Tris, 5mM TCEP, pH 8.5 at -20C [2].

Enzyme activity assays
Measurement of activity - UDP-Glo assay

The UDP-Glo assay kit quantifies the amount of UDP product formed from a
glycosyltransferase reaction. A white 96-well microplate (Ref. 655074, Greiner Bio-One)
containing the nucleotide detection reagent was used to stop the glycosyltransferase reaction
and initiate luminescence. Luminescence was read using the Spark microplate reader (TECAN).
Enzymatic rate was determined using a UDP standard curve of known concentrations against
luminescence, and activity obtained was expressed, depending on the data analysis, as relative
light units (RLU), the specific enzyme activity (nmole/min/mg protein) or as a reaction rate
(UM/min).
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Lactose and lactosylceramide micelle activity

Lactose and C8 LacCer in micelle form were tested as acceptors for LgtC. Required amount of
LacCer was dried in a glass tube under nitrogen and 30 pl buffer containing 20 mM HEPES, 1
mM MnClz, 1 mM DTT, pH 7.5 was added. To form micelles, the LacCer solution was
sonicated at 35 kHz in an iced water bath sonicator (Bioblock Scientific) for 10 minutes, with
temperature maintained below 20°C. LgtC was added to the reaction and the addition of UDP-
Gal initiated the enzyme reaction. The enzymatic reaction contained 20 mM HEPES, 1 mM
MnClz, 1 mM DTT, 250 uM UDP-galactose, varying lactosylceramide/lactose concentrations
and 10 ng/uL (0.29 uM) LgtC at pH 7.5. The enzyme reaction was left to proceed for 10 minutes
before the catalysis was stopped and the activity measured.

Thin layer chromatography

Thin layer chromatography (TLC) was used to detect the formation of Gb3 by chemical staining
[3]. An enzyme reaction (10 ul) as described previously was spotted on a TLC Silica gel 60
F2s4 (Supelco) and ran using a chloroform:methanol:water (65:35:5) eluent. A sulphuric acid-
Orcinol reagent was used to stain the Gb3.

Giant unilamellar vesicles (GUVSs)

The GUVs were formed by a classical electroformation protocol as previously described [4]. In
brief, solutions of lipid at a concentration of 0.5 mg/mL, composed of DOPC, cholesterol, Atto
647N DOPE and the desired glycosphingolipid, LacCer C8 or Gb3, at a molar ratio of
29.7:30:0.3:40 mol-% or 64.7:30:0.3:5 mol-%, respectively. Solutions were prepared in
chloroform and spread on indium tin oxide (ITO) covered glass slides. To remove residual
solvent, the slides were incubated under vacuum for at least one hour. A chamber was
assembled with two slides, filled with 318 mOsm.L"* sucrose solution as formation buffer and
an AC electrical field with a voltage of 1 V mm-1 was applied (to the chamber) for 2.5 h at
room temperature. LgtC reaction on 40 mol-% LacCer GUVs was initiated in: 20 mM HEPES,
pH 7.4,1 mM MnCl2, 1 mM DTT, 100 ng/ul LgtC, 0.5 mM UDP-Gal and incubated for 1 hour.
GUVs were observed in hand-built chambers using 318 mOsm L-1 PBS as imaging buffer.
Images were acquired by confocal fluorescence microscopy (Nikon Eclipse Ti-E inverted
microscope using a Nikon A1R confocal laser scanning system with laser lines: 405 nm, 488
nm, 561 nm, 640 nm; 60x oil immersion objective, NA = 1.49; Nikon Instruments, Inc.) and
analysed using the corresponding NIS Elements software (NIS Elements Confocal 5.20, Nikon
Instruments, Inc.) and ImageJ (Fiji win64, Open source).

Quartz crystal microbalance with dissipation (QCM-D)

QCM-D measurements on silica-coated sensors (QSX303; Biolin Scientific, Vastra Frolunda,
Sweden) were performed with a Q-Sense E4 system (Biolin Scientific) equipped with 4
independent flow modules, connected to a syringe pump (Legato; World Precision Instruments,
Stevenage, UK) to deliver a fluid flow of 20 pL-min™. The working temperature was set to
24 °C. Changes in resonance frequency (Afi) and dissipation (AD;i) were acquired from six
overtones (i=3,5,7,9, 11 and 13, corresponding to resonance frequencies of fi= 5, 15, 25, 35,
45, 55 and 65 MHz). Results from overtone i = 3 are presented unless stated otherwise, and
frequency shifts are presented normalised by the overtone number (Af = Afi/i). All other
overtones provided qualitatively similar data.
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Small unilamellar vesicles (SUVs) containing DOPC and C8 LacCer were prepared as
previously described, with modifications. Briefly, lipids in chloroform were mixed at desired
molar ratios (100:0, 95:5 and 80:20) at a total amount of 5 pumol, and dried under a stream of
nitrogen gas followed by drying in a vacuum desiccator for 2 h. The lipid mixtures were re-
suspended in working buffer at 2 mg-mL1, and homogenised by five cycles of freezing, thawing
and vortexing. To obtain SUVs, the lipid suspension was subjected to tip sonication in pulse
mode (1 son/ 1s off) for 15 min with refrigeration. The SUV suspension was then centrifuged
at 12,100 x g for 10 min to remove titanium debris (shed from the sonicator tip), and stored at
4°C under nitrogen gas until use.

QCM-D sensors were pre-treated in UV/ozone (30 min), placed in the flow chamber, and
connected to the Q-Sense E4 apparatus. Following acquisition of a baseline in HBS buffer (10
mM HEPES, 150 mM NaCl, pH 7.4), SLBs were formed on the sensor surface by the flow of
50 ug/ml liposomes until frequency and dissipation were stable. SLBs were equilibrated first in
HBS buffer, and then in reaction buffer (RB; 20 mM HEPES, 0.5 mM MnClz, 4.4 mM Tris, 1.1
mM TCEP, pH 7.4), which was matched in content with the LgtC storage to avoid solution
effects on the QCM-D response upon starting the enzyme reaction. Enzyme reaction was
initiated in RB containing 250 UM UDP-Gal and desired concentrations of LgtC (1.72 uM or
17.2 uM). SLBs were washed, first with RB to stop the enzyme reaction, and then with HBS
for further analysis. A flow of 6.5 uM StxB in HBS was applied and StxB binding was observed.

Supporting Results and Discussion

Varying concentration of UDP-Gal

Comparing different concentrations of UDP-Gal
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Figure S1: Comparing enzyme activity at different UDP-Galactose concentrations. Conditions: 10
ng/ulL (0.29 uM) LgtC and 0.1mM LacCer was maintained.

As previously described, the Ki, of LgtC for UDP-Gal was 18 uM [1]. However, this Km was
measured using lactose as the acceptor, which may change with LacCer as the acceptor. The
activity of LgtC at differing UDP-Gal concentrations was measured in order to ascertain future
reactions with LacCer were under saturating UDP-Gal concentrations. Signal from 20 uM is
approximately a third compared to the other two concentrations. This suggests that UDP-Gal
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Km may be slightly higher when using a LacCer acceptor. Figure S1 demonstrates that from 250
uM to 500 uM there is no change in the activity, indicating that reactions at this range are at
saturating conditions of UDP-Gal. For efficient usage of UDP-Gal, a concentration of 250 uM
was used in further experiments.

Varying concentrations of LacCer in micelles

LgtC activity: Varying [LacCer]
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Figure S2: LgtC at varying LacCer micelle concentrations. Conditions: 10 ng/uL LgtC and 250 uM
UDP-Gal. R? = 0.95. Data was analysed with GraphPad Prism.

A critical micelle concentration (CMC) of 150 nM for mixed LacCer (mixture of variable length
acyl chain species) was identified [5]. While the CMC of C8 LacCer would vary from the
reported value for mixed LacCer, this information nevertheless allows for estimation of a lower
bound for the formation of LacCer micelles. At ~200 uM LacCer, precipitation was observed.
This is in line with the maximum solubility concentration observed with other short chain
ceramides at 100 uM [7]. However, this limited the LacCer range at which LgtC activity could
be measured. As a result, saturating concentrations of LacCer for the LgtC reaction was not
reached and a full Michaelis-Menten curve could not be achieved. Nevertheless, the data shows
a linear rate at the measured LacCer concentrations. This implies that values measured are in
the linear rate phase and therefore at [S] << K'm, the analytical region for the analysis of enzyme
substrates. In this condition, the Michaelis-Menten equation simplifies to:

_ Vmax[S]  Kcat[E][S]

Vo & Km Km
[Eq. 1]
The best fit results in a straight line equation of Y = 0.01279X. Where:
Kcat[E]
——=10.01279
Km
[Eq. 2]
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Solving for catalytic efficiency results in:

Kcat 0.01279
Km — [E]

[Eq. 3]
Upon input of total enzyme concentration (0.29 uM), a catalytic efficiency of 735 M1.s? is

obtained. This is an order of magnitude lower than that published for lactose (4000 M~.s%),
meaning that LgtC is less efficient for LacCer micelles.

Approximating catalytic activity on supported lipid bilayers with QCM-D
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Figure S3. Parameters determining the reaction rate. A) Representative QCM-D data of the enzyme
reaction under different conditions (lines with symbols as indicated), and subsequent reporting of Gb3
by StxB binding. The net frequency changes after the enzyme reaction step were minor, ranging from -
0.3 Hz (5mol-% LacCer with 1.72uM LgtC) to -0.8 Hz (5mol-% LacCer with 17.2uM LgtC) to -1.0 Hz
(20mol-% LacCer with 17.2uM LgtC), and the net dissipation shifts were negligible. The frequency
shifts at equilibrium of StxB binding were -1.5 Hz, -5.8 Hz and -18.8 Hz, respectively. B) Plot of -4f for
equilibrium StxB binding (at 6.5 uM StxB; a measure of the Gb3 content in the SLB) vs. enzyme reaction
time. Conditions: 5 mol-% LacCer, 17.2 uM LgtC and 0.25 mM UDP-Gal. The reaction is complete
within approximately 60 minutes, leading to -4 = 6.5 = 0.5 Hz (n = 3). The slope of the orange line
(0.17 Hz/min) is a measure of the reaction rate.

Figure S3A shows that LacCer turnover increases with enzyme and LacCer concentration. This
indicates that the reaction is only limited by LacCer concentration as it has been proven that we
are already working under saturating UDP-Gal concentration (Figure S1). From varying the
enzyme reaction time, we observed a total conversion of LacCer, in the outer leaflet, within
1hour (Figure S3B). A simple model suggests a catalytic efficiency of approximately 24 M s
1 and that the reaction (under the conditions probed) is limited by the affinity between LacCer
and LgtC (but not by the affinity between UDP-Gal and LgtC). The model is clarified below:

The below derivation takes into account the particulars of enzymatic reactions at surfaces via
the Langmuir isotherm. We consider the enzymatic reaction:
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E+S2ES—->P

[Eq. 4]

In our case, the enzyme E is free to diffuse in the solution phase (and thus expressed in molar
concentration), but the substrate S, the enzyme-substrate complex ES and the product P are
confined to the surface (and thus expressed in molar surface density).

By definition, the enzyme converts the bound substrate (ES) into a product through first order
rate constant (also called turnover number) k4
d[P]
? =v= kcat[ES]

[Eqg. 5]

Assuming instantaneous chemical equilibrium at the surface, due very low interaction with the
LacCer SLB (Figure 4), the surface density of ES is given by the Langmuir isotherm

[E]

[ES] = [Sltot Ko+ [E]

[Eq. 6]

where K is the equilibrium dissociation constant of ES, and [S], the total surface density of
available substrate. In the limit of small enzyme concentrations ([E] < K4) we can approximate
K4 + [E] = Ky4. Eqg. 5 and 6 then combine to:

k
v = [El[STor

[Eq. 7]

In our essay (constant flow), the enzyme concentration in solution is maintained constant and
equal to the enzyme concentration injected in the system

kCat
Kq

vV = [Eol[Sltot

[Eq. 8]

Near the start of the reaction, the total substrate concentration [S].,: is close to the initial
substrate concentration [S,], and thus the initial reaction velocity is

kca
v = S [EollSo]

[Eq. 9]

By measuring v, for known total enzyme and substrate concentrations, we can thus readily
calculate the catalytic efficiency

[Eq. 10]
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In our experiment with LgtC and LacCer, Ky is estimated to be in the mM range (literature
indicates Ky; = 40 mM for IgtC and lactose, and the Kj is likely to be similar or higher for
LacCer). The enzyme concentration is [E,] = 17.2 uM. The assumption of low enzyme
concentration thus is clearly fulfilled and Eqg. 7 is validated.

From Figure S3B, we find half-maximal frequency shift in StxB binding after about 20 min of
enzyme reaction. If we make the crude approximations that (i) the frequency shift is
proportional to StxB surface density and (ii) the StxB surface density is proportlonal to product

(Gb3) surface density, then this amounts to v, = /20 min and St o 1 -
Kg 17 2 uM X 2400s

24M~1s71,

Assumptions (i) and (ii) above are rather crude, and the catalytic eff|C|ency ~ 24 M~ 171

thus should be considered a rough ‘order-of-magnitude’ estimate.

In the above analysis, we have neglected that LgtC has two substrates. The above model can be
extended if needed to include the effect of UDP-Gal on the reaction rate. However, in the assay
conditions described above, the concentration of UDP-Gal (250uM) is >10-fold the Ki, of LgtC
for UDP-Gal (18uM). and we can therefore assume that LgtC is essentially saturated with UDP-
Gal throughout the reaction process. This was evidenced experimentally, where the enzymatic
rate didn’t really change when the concentration of UDP-Gal increased from 250uM to 500uM
(Figure S1). In summary, the above analysis provides an order-of-magnitude estimate of the

catalytic efficiency of LgtC (% ~ 24 M~ 1s7h),
d

Comparison of catalytic efficiency of different acceptors

Comparing the catalytic efficiency from lactose, and LacCer-containing micelles and SLBs, we
see a pattern: Lactose > LacCer-Micelle > LacCer-SLB. It correlates well with what would be
expected in terms of substrate access. Therefore, a possible reason for the drop in catalytic
efficiency is the constraint in substrate presentation as we transition from a free soluble
substrate, to a surface presenting substrate. As micelles have much more freedom of movement
in solution, it is logical that they will have a higher catalytic efficiency compared to SLBs,
where the LacCer is constrained to the planar membrane. As a final perspective, this drop in
activity at membrane interface brings into question the role of the truncated C-terminal of LgtC,
which could play a role in membrane association and activity.
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VI. LgtC activity on SLB with no flow rate — preliminary tests

1. Introduction

After LgtC reactions on SLBs were performed, we realised that a large amount of LgtC and
UDP-Gal substrate were wasted. Briefly, we investigated the possibility to make the LgtC

reaction on SLBs more cost effective.

Enzymatic activity monitored using QCM-D was typically run under a constant flow rate. This
was ideal as the solution was being refreshed, meaning that substrate concentration remained
constant. The advantage of this is that UDP-Gal is not depleted and free UDP in solution is
washed away, therefore, reaction rate are kept at an optimal level. However, this approach
results in large amounts of wasted LgtC and UDP-Gal. While the costs of nucleotide sugars
have steadily decreased, they remain expensive, especially for certain donors such as GDP-
fucose. In addition, the constant flow may ‘push away’ the enzyme from the membrane, thus
slowing catalysis. Thus, we also investigated whether the flow rate affected the enzymatic

activity.

In this section, we performed LgtC catalysis on LacCer-SLBs under zero flow rate (still chamber)
and compared this to a reaction under constant flow rate. For the two methods, we monitored
the frequency shift (Af) by QCM-D and compared the Af from StxB binding. We aimed to
identify whether the flow rate affects catalysis and whether it is more cost-effective to

perform a still chamber reaction.

2. Still chamber LgtC reaction

The still chamber experiments followed the same method as described in the manuscript with
minor changes described briefly below. SLBs containing 5 mol-% or 20 mol-% LacCer were
formed. For each LacCer concentration two enzyme concentrations were tested 60 ng/ul and
600 ng/ul. This results in a total of 4 enzyme reactions (Figure 75). Once SLBs are formed, HBS
and RB buffers are used to equilibrate the SLBs. To start the still chamber reaction, the
reaction solution was introduced into the SLB chambers at a flow rate of 20 pl/min for 10

minutes. The reaction solution contained: 20 mM HEPES, pH 7.4, 0.5 mM MnCI2, 0.25 mM
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UDP-Gal and 60 or 600 ng/ul LgtC. This was to ensure that all the chambers contained the

same starting amount of substrates before flow rate was stopped. After 10 minutes, the flow

rate was stopped and the enzyme reaction was allowed to continue a further 50 minutes. This

was a total reaction time of 1 hour (10 minutes on flow rate and 50 minutes without flow).

Afterwards, enzyme reaction was stopped by washing away LgtC and UDP-Gal with RB and

HBS buffer. After the enzyme reaction, Gb3 production was monitored by introducing SxtB

(6.5 uM / 50 pg/ml) to the chamber at 20 pl/min and the change in frequency (Af) from StxB

binding to the SLBs was recorded 10 minutes after StxB first was flowed into the chamber.

Flow rate stopped StxB
PP 50 pg/ml
HBS SLB HBS RB ' Enzyme reaction RB HBS l HBS
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Figure 75: Overview of the entire ‘Still chamber’ reaction experiment.

150

(5-0T) @V

&~ D_1 5% LacCer 60ngiul
~&— F_1 5% LacCer 60ngiul
@ D_2 5% LacCer 600ngiul
~@- F_2 5% LacCer 600ngiul
@ D_320% LacCer 60ngiul
- F_320% LacCer 60ngiul
@ D_4 20% LacCer 600ngul
~&- F_4 20% LacCer 600ngiul



3. Comparison of StxB binding — Flow rate vs Still Chamber

There is not much difference in the Af from StxB binding when running a ‘Still chamber’ or a
‘Flow rate’ (Table 19). This indicated that a similar amount of Gb3 was synthesized in both
methods. Therefore, a still chamber is a more cost-effective method. The large concentration
of UDP-Gal can explain the similarity between the two methods. Reactions were run at 0.25
mM UDP-Gal, more than 10-fold the Km value for UDP-Gal (18 uM) (Persson et al., 2001).
Likely not enough UDP-Gal was depleted throughout the 1-hour reaction to affect the rate of

reaction.

As similar Af were obtained from both methods, it also means that the flow rate did not affect
the rate of reaction of LgtC. The flow of solution within the reaction chamber is far away from

the surface of the SLB, thus any force applied to the SLB from the flow is minimal.

A constant flow rate allows us to maintain concentrations of substrates and proteins constant
in a reaction. This is ideal for real-time monitoring of catalysis. However, if the measurement
of the end product is the only goal, i.e. StxB binding to Gb3, then a ‘Still chamber’ is a better

option.

Comparison of StxB binding between a Still chamber or Flow rate reaction
Frequency shift - Af (Hz)
Still chamber Flow rate
5% LacCer (60ng/ul) -1.06 -1.54
5% LacCer (600ng/ul) -6.36 -5.77
20% LacCer (60ng/ul) -12.21 -14.57
20% LacCer (600ng/ul) -20.31 -18.77

Table 19: Comparison between ‘Still chamber’ and’ Flow rate’ reaction by StxB binding. Af
values taken at the 10-minute time point after flowing StxB (6.5uM / 50 ug/ml) to the chamber
at 20 ul/min.
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VII. MGD1 activity on GUVs — Preliminary results

1. Introduction

There are still many more questions to be answered in regards to the behaviour of MDG1 on

membranes that can be investigated.

In this section we took the opportunity to demonstrate that MGD1 can have activity on GUVs.
All activity tests involving MGD1 that have been performed to date were with mixed micelle
composed of DAG and PG/PA. While micelles are ideal for use in activity assays, there are
several differences compared to liposomes such as GUVs, LUVs or SUVs. For example,
structural presentation of the lipids, the dynamic movement of lipids on the membrane and
even the curvature. The binding of MGD1 towards Langmuir monolayers consisting of
photosynthetic membrane components such as: PG, PA, DAG, MGDG, DGDG and
combinations of them have been previously described (Sarkis et al., 2014; Rocha et al., 2016;

Nitenberg et al., 2020).

In this work we aimed to demonstrate MGD1 activity on the surface of GUVs. To achieve this
goal, we explored the possibility to detect the product reaction MGDG formed in GUVS, using
a fluorescently labelled lectin, which can then be visualised on confocal microscopy. Also, we
explored the application of fluorescently labelled MGD1 (MGD1-AF488) by testing its binding

to GUVs made of different lipid compositions.

This work was performed as part of the secondment in the BIOSS laboratory (University of
Freiburg, Germany), with guidance from fellow synBlOcarb colleague Lina Siukstaite and

Professor Winfried Romer.

2. Detection of MGDG using various lectins

We synthesized GUVs using the electroformation procedure described in chapter 2. The GUVs
contained the lipids MGDG 7.5 mol-%, PG 2.5 mol-%, DOPC 89.7 mol-% and Atto-647 DOPE
0.3 mol-%. This composition was chosen as it was optimal for formation of abundant and
stable GUVs. MGDG at 30 mol-% and PG 10 mol-% were also tested but resulted in very small

and unstable GUVs (see appendix). MGDG was included as it is the product from MGD1
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reaction. DAG was not present for these preliminary assays but PG was included as it is
required for MGD1 reaction. Fluorescently labelled DOPE (Atto-647 DOPE) was included in

small amounts to visualise the GUVs without lectin binding.

DOPCis a bilayer forming lipid that facilitates the formation of stable GUVs. Additionally, DOPC
is a neutral lipid that MGD1 does not bind (Dubots et al., 2010).

We tested different lectins for their ability to bind to MGDG and thus act as a reporter for
MGD1 activity (Figure 76). The galactose moiety in MGDG is a B-Gal. Therefore, the three
lectins chosen for this experiment were specific for terminal B-Gal. RPL-Gall (Pseudomonas
aeruginosa), RPL-Gal4 (Photorhabdus asymbiotica) and GS-IB4 isolectin (Griffonia
simplicifolia). GUVs were incubated with 200 nM of each fluorescently-labelled lectin and
instantly visualised. Under fluorescence microscopy, none of the lectins could bind to MGDG-
containing GUVs. Perhaps as the galactose is the first sugar in the lipid, it is too close to the

surface of the membrane. In this case, the membrane itself can block binding via steric

hindrance.

RPL-Gall GS-1B4

Merge RPL-Gall MGDG+PG (A647) Merge GSI-B4 MGDG+PG (A647)

RPL-Gal4

Merge RPL-Gal4  MGDG+PG (A647)

Figure 76: Detection assay of MGDG on the surface of GUVs using fluorescent lectins. Lectins
tested are: RPL-Gall, RPL-Gal4 and GS-1B4 isolectin fluorescently labelled with Alexa Fluor 488
(AF488). GUV composition: DOPC (89.7%), MGDG (7.5%), PG (2.5%), Atto 647 DOPE (0.3%). All
GUVs are incubated in 200 nM of lectin. 10 um scale bar.
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We could not find a lectin to bind MGDG in the short time frame of the secondment and thus
could not proceed with activity tests of MGD1 on GUVs. With more time, other solutions could
have been considered. Thin layer chromatography can be used as an indicator of MGDG
production in GUVs. However, the GUVs would have to be formed without sucrose due to
potential co-migration of sucrose with the lipids on TLC plate. MGD1 enzyme reaction can be
initiated in GUVs as described for LgtC and then run on TLC, similarly to what is performed in

this Chapter.

A UDP-Glo™ assay could also be performed by substituting micelles with GUVs. While it may
be possible to detect a signal from UDP formation, the obtained signal would probably not be
reproducible. This is due to the large range of size of the GUVs synthesized (Figure 76b) and
also the inner leaflet of the membrane is inaccessible for MGD1. Thus there is no control on
the amount of DAG that is accessible for enzyme reaction and the signal would vary from assay
to assay. Therefore, kinetic parameters cannot be obtained from GUVs, using the UDP-Glo™
assay. However, the assay can still be used as an indicator of MGD1 activity in GUVs from

simple detection of UDP.

3. Fluorescently labelled MGD1 binding to GUVs

In order to mimic conditions required for MGD1 activity, DAG+PG GUVs were formed, which
contained: DAG 7.5 mol-%, PG 2.5 mol-%, DOPC 89.7 mol-% and Atto-647 DOPE 0.3 mol-%.
Fluorescently labelled MGD1 (MGD1-AF488) was incubated with GUVs at 200 nM and, under
fluorescence microscopy, was shown to bind strongly to GUVs containing DAG and PG (Figure

77).
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A) Merge MGD1-AF488  DAG+PG (A647)

B) Merge MGD1-AF488 DAG+PG (A647)

o

Figure 77: DAG+PG GUVs incubated with fluorescently labelled (AF488) MGD1. A) Focus on a
single GUV. B) Zoomed out view on multiple GUVs. GUV composition: DOPC (89.7%), DAG
(7.5%), PG (2.5%), Atto-647 DOPE (0.3%). GUVs were incubated in 200nM fluorescently
labelled MGD1. 10 um scale bar.

Furthermore, we investigated the binding preference of MGD1-AF488 for the individual lipids.,
We formed different compositions of GUVs that only contained one of the essential MGD1
lipids and DOPC. The GUVs formed were: PG+DOPC, MGDG+DOPC or DOPC (Figure 77). DOPC
GUVs were previously formed in the lab and contained cholesterol, which can facilitate GUV
formation and increase the average size of GUVs (Karal et al., 2022). Cholesterol was not
included in the other GUVs in order to maximise the amount of DOPC to facilitate the
formation of bilayers. This was necessary as DAG and MGDG are hexagonal Il phase and

discouraged the formation of bilayers.

Very weak fluorescence intensity correlates to weak binding. We observed weak binding to
PG+DOPC and MGDG+DOPC GUVs (Figure 78A-B). There is no binding to DOPC GUVs (Figure
77C). Results from this indicated that the strong binding of MGD1-AF488 to the DAG+PG GUVs
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was solely due to the presence of DAG. This was further proven when DAG GUVs consisting
of: 92.2 mol-% DOPC, 7.5 mol-% DAG, 0.3 mol-% Atto-647 DOPE, showed similar binding to
DAG+PG GUVs.

A) Merge MGD1 PG (A647)

B) Merge MGD1 MGDG (A647)

Q) Merge MGD1 DOPC (A647)

Figure 78: Assay of MGD1-AF488 binding to PG, MGDG and DOPC GUVs. A) PG GUVs. Lipid
composition: DOPC (97.2%), PG (2.5%), Atto-647 DOPE (0.3%). B) DOPC (92.2%), MGDG (7.5%),
Atto-647 DOPE (0.3%). C) DOPC (69.7%), Chol (30%), Atto-647 DOPE (0.3%). GUVs were
incubated in 200 nM Fluorescently labelled MGD1. 10um scale bar.

Based on previous binding studies of MGD1 to Langmuir monolayers, we expected MGD1-
AF488 to also bind MGDG and PG similarly to DAG (Sarkis et al., 2014; Nitenberg et al., 2020).

However, this was not the case in our GUV experiments as we saw very weak binding to some
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MGDG and PG GUVs, but not to others. Certainly, the two experiments are hardly comparable
due to the different methods used for GUVs and Langmuir monolayers. However, it hints at a
lower binding for MGDG and PG. Indeed, it has been shown that the rate of bind to pure DAG
monolayer is 10 fold more rapid than for MGDG or PG (Rocha et al., 2016b). From qualitative
analysis of fluorescence intensity, MGD1-AF488 seems to have favourable binding to DAG but
not to MGDG. It was not comparable for PG as we tested 2.5 mol-% PG GUVs, thus 7.5 mol-%
PG GUVs should also be tested to compare binding with MGDG and DAG.

In the scenario where MGD1-AF488 binding to PG was weak or compromised, fluorescence
labelling could be the cause. Several lysine residues have been identified as potential PG
interacting residues in molecular simulations (Makshakova et al., 2020). Fluorescent labelling
occurs by NHS/amine conjugation via lysine residues. It is possible that the fluorescence
labelling has conjugated to lysine residues involved in PG binding (Figure 79). For example, it
could prevent crucial interactions between lysine and PG, potentially K269 and K270 from the
Na4 helix. DAG binding remains strong because other residues (not lysine) that interact with
DAG were not affected, such as T151, W182, D184, H185, W188, P189, F190, R195, S222 and
F230 (Makshakova et al., 2020).

Figure 79: MGD1 structure highlighting all lysine residues (cyan).

Surprisingly, in this experiment was the very low binding for MGDG GUVs. The chloroplast
inner envelope membrane (IEM) is composed of around 50 mol-% MGDG, 30 mol-% DGDG

and the rest (<10%) consists of PG, PC, SQDG, Pl and DAG. Langmuir monolayer studies find
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strong interaction towards MGDG monolayers (Sarkis et al., 2014; Rocha et al., 2016), and this
is not evident in GUVs. A potential reason for this is MGDG at 7.5 mol-% is not high enough in
GUVs. MGD1 binding may improve with increased MGDG. Thus, 50 mol-% MGDG GUV should
be tested. However, this was difficult to test as the quality and size of GUVs deteriorated as
we increased the MGDG mol-% content (see appendix, Figure S18). This is due to increased
hexagonal Il (HIl) (MGDG) to lamellar (La) (DOPC) lipid ratio, and this not ideal conditions for

the formation of GUVs.

4. Adapting MGD1 activity on GUVs to UDP-Glo™ assay

There was an interest to adapt the MGD1 test using the UDP-Glo™ assay to use GUVs instead
of mixed micelles. In glycosylation of GUVs by GTs, the enzyme activity is initiated by adding
enzyme and sugar donor to pre-formed GUVs, this is demonstrated in the work presented on
LgtC (see manuscript in preparation). In MGD1 activity assays, micelles were formed by
sonication of a solution containing the lipids and MGD1, and subsequently enzyme reaction

was initiated by the addition of UDP-Gal.

As the first step in adapting the MGD1 assay to the use of GUVs, we modified the traditional
method of the MGD1 assay (Figure 80). The new method formed the micelles without the
presence of MGD1. Then enzyme reaction was initiated by adding MGD1 and then UDP-Gal.
Activity characteristics of MGD1 with different concentrations of PG and PA were analysed

using the modified method.
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+Lipids +UDP-Gal

Modified method

o Micelle formation Inftiate enzyme
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Figure 80: Modification to the traditional activity assay. MGD1 is added after formation of
micelles. The enzyme reaction is initiated by the addition of UDP-Gal. Otherwise; all steps are

the same as the traditional method.

a) Altered characteristics for PG and PA activators with the different methods

We performed the traditional and modified MGD1 assay and compared their activity. PG or
PA activators at 1.5 mol-% was used, which is the standard concentration established by Rocha
et al. (2013). From comparison, it was observed that MGD1 activity with PG is much higher
than with PA in the modified method (Figure 81B). This is reversed in the traditional method,

where PA activator displays higher activity (~2 fold more) (Figure 81A) (Rocha et al., 2013).
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Figure 81: Comparison of MGD1 activity using the traditional (A) and modified method (B).

MGD1 reaction is as described in Chapter 2. Variable MGD1 reaction conditions: 5 ng (0.14
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ng/ul) MGD1, 10-minute reaction time. Activity was tested using PG and PA activator at 1.5

mol-%.

b) No synergistic effect in the modified protocol

In the presence of both PG and PA, there is an observed synergistic effect on MGD1 activity
rate (Dubots et al., 2010). Following the discovery of this change in PG and PA characteristics,
we wanted to know if the modified method altered the synergistic effect. We performed the
assay with micelles containing PG and PA, at 0.15 or 1.5 mol-% (Figure 82). Activity assays
showed an increased rate going from 0.15% PG/PA to 1.5% PG/PA. This is consistent with
findings from Dubots et al. (2010). The key observation in this experiment indicates that, in
the presence of equal amounts of PG and PA, there is no additive effect. Also, in the presence
of both activators, MGD1 seems to favour PA activation.

Adding MGD1 after micelle formation:
Effects on different activator concentration
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Figure 82: Activity of wild-type MGD1 using different PG/PA concentrations (mol-%). Assay
used the modified protocol. Activity represented as bioluminescence (RLU). Conditions: 15-

minute reaction, 0.14 ng/ul MGD1 (5 ng/reaction tube), 50 uM UDP-Gal.
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In the paper by Dubots et al. (2010) a sigmoidal curve (initial rate vs [UDP-Gal]) was observed
at 0.15 mol-% PA, which is characteristic of allosteric regulation. This changed at 1.5 mol-%
PA, where rate curve becomes hyperbolic. From that study, it was expected that a synergistic
effect would be present at 0.15 mol-% but not in 1.5 mol-%, however, this was not the case in
our results. It is unknown exactly why there is no additive effect. A possible reason is that PA
only displays this additive effect in very low concentrations compared to PG. Indeed, previous
work displayed synergistic effect at a 0.08 mol-% / 0.5 mol-% (PA/PG) ratio (Dubots et al.,
2010).

Structural differences to the micelles, dictated by the method used, could be a factor that
could explain the differences observed in MGD1 activity. When calculating the components of
the micelle, only DAG, PG/PA and CHAPS are considered. However, as MGD1 binds strongly to
the lipid components of the micelle, MGD1 should also be considered in the final structure of

the micelle.

Adding MGD1 during micelle formation could lead to differently structured micelles compared
to the modified method. For example, MGD1 becomes more buried in the structure of the
micelle and the more hydrophobic regions (such as the LOOP region) can be more involved in
the micelle core. The modified method would have MGD1 that is less incorporated in the
micelle structure. In the end, the change in protocol could result in MGD1 binding micelles

differently and this can influence its activity greatly.

c) Future work

This work has revealed a different behaviour for MGD1 resulting from one change in the
protocol. It is worth investigating the change in activity profile because the way MGD1 binds
to the micelles might be different in the two methods. It was interesting to note that MGD1
seems to favour PA activity when both PG and PA are present in the same quantity, this had
never been tested. It would be interesting to assay a range of PA mol-%, while maintaining a
constant PG mol-%. This should be tested with both protocols and could reveal whether PA
only acts as an allosteric activator at very low quantities compared to PG. Another change

caused by the protocol is that MGD1 is not subjected to sonication. While unlikely, it is possible
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that sonication disturbs the folding slightly. The effect of sonication on MGD1 should also be

tested.

VIII. Testing the capacity of MGD1 and LgtC to transfer an azido-galactose

The use of functionalized sugar donors such as azido sugars can give additional opportunities
through click chemistry, further expanding the variety of uses of GTs in synthetic glycobiology.
For this study, we assayed the ability of LgtC and MGD1 to use UDP-6-azido-galactose (UDP-

GalAz) as a sugar donor.

Activity tests showed that LgtC could not use the UDP-GalAz as a sugar donor (Figure 83A).
While the mode of action of LgtC, a retaining GT, is not yet fully understood, the crystal
structure of LgtC with UDP-2-deoxy-2-fluoro-galactose (UPF) shows a more closed and tightly
bound conformation around the UPF. Thus, there is likely no space for the azido group in the
active site (Figure 83C). In contrast, we observed that MGD1 could use the modified nucleotide
sugar but with lower efficiency (¥16%) (Figure 83A). Furthermore, looking at the X-ray
structure of MGD1, we observed that the active site region for the sugar donor is more open

to the solvent and contains pockets where the azido group may be able to fit (Figure 83B).
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A. MGD1 and LgtC activity assay: UDP-Gal vs UDP-GalAz

Bioluminescence (RLU x 103)

UDP-Gal UDP-GalAz
LgtC 1219 +58 2+1
MGD1 407 + 23 64+3

Figure 83: Activity assay testing the capacity of MGD1 and LgtC to use UDP-GalAz. A) Assay
comparing MGD1 and LgtC activity with UDP-Gal and UDP-GalAz. Activity expressed as RLU.
LgtC reaction: 62.5 mM Lactose, 0.5 mM UDP-Gal, 0.4 ng/ul LgtC, 10-minute reaction. MGD1
reaction: 6.3 mol-% DAG, 1.5 mol-% PG and 0.7 mM UDP-Gal, 0.14 ng/ul MGD1, 30-minute
reaction time. B) MGD1 structure with UDP-Gal modelled in the active site and a close up into
an open pocket where the azide group can be accommodated Model provided by Olga
Makshakova. C) LgtC structure in complex with donor analogue, UDP-2-deoxy-2-fluoro-

galactose (PDB: 1GA8).

In order to expand the variety of uses for LgtC, it must be mutated to accept UDP-GalAz. We
predict that the Q187 side chain may be responsible for blocking the azido group from looking
at the crystal structure. Therefore, a mutation of Q187 to alanine may be able to open space

in the active site for an azide group and allow the transferase reaction to occur.
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General Conclusions and Perspectives

In the field of synthetic glycobiology, glycosyltransferases (GTs) have emerged as powerful
tools for building or editing glycan components. Indeed, the most widely used application of
GTs are the development of therapeutic drugs. However, there is a need to explore the
application of GTs to decorate membrane models. Synthetic membranes such as giant
unilamellar vesicles (GUVs) and supported lipid bilayers (SLBs) have arisen as excellent models
to uncover the cellular events that occur from the interaction of carbohydrate binding
proteins to components of the glycocalyx. In this context, GTs are attractive tools to build or
modify components of the glycocalyx. They also offer the possibility to add functionalised
sugars to serve for biorthogonal chemistry. Within the scope of the synBlOcarb consortium,
there is an interest to explore the potential of GTs as synthetic biology tools and their
application to decorate membrane surfaces. Thus, the work presented in this thesis consists

of two main parts:

1. Engineering of a model glycosyltransferase

2. Application of GTs to glycosylate synthetic membrane systems

Part 1

The first part aimed to investigate the catalytic mechanism of the model protein, MGD1 from
Arabidopsis thaliana, a GT working on the inner chloroplast membrane. In the context of
decorating membrane surfaces, it was of interest to investigate the mechanism by which a GT

can add the first sugar on a lipid. This part of the project focused on two aspects of MGD1:

e Sugar donor specificity — altering from UDP-Gal to UDP-Glc

e Mechanism of activation of MGD1 by anionic lipids

The first objective aimed to change the sugar donor specificity of MGD1 from UDP-Gal to UDP-
Glc. This was performed by mutational studies. For the project we used a structure- and
sequence-guided approach for designing MGD1 mutants with GIcT activity. Initial MGD1
mutants were based on structural and sequence analysis of GT1 homologs of MGD1. Three
mutants were produced based on the GT1 family (AQE, AEE and AEQ), however, they did not

confer GIcT activity. There was a library of other mutants to try, however, the project based
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on GT1 proteins was halted as we found a more promising strategy based on GT28 enzymes.
In the GT28 family, ReMGlcD and CaMGD1, were promising candidates for our design of MGD1
mutants. RcMGIcD and CaMGD1, were produced and characterized in order to ascertain their
true donor specificities. Assays proved that RcMGIcD is a GIcT, and CaMGD1 a GalT. As a result,
MGD1 mutants based on ReMGlcD sequence were produced. In the end, a two-point mutation
was required to confer some GIcT activity to MGD1. The most promising mutant was the GGL
mutant which demonstrated the highest GIcT activity. Investigating the effect of the two
mutations by molecular modelling, we found that the Pro433 ring was not only causing a steric
clash but was also preventing an important hydrogen bonding between the glucose 04 and
the protein backbone. An additional aliphatic residue in an adjacent position was also found
to be important for GIcT activity by forming side chain hydrophobic interactions, which has
the effect of stabilizing an a-helix. We performed sequence analysis of characterized GT28
proteins and hypothesized that the GalT activity is conferred by a ‘GPG’ motif, while GIcT
activity is a ‘GGX’ motif with an aliphatic residue in the third position. This finding can be used

for the prediction of activities of uncharacterized GT28 proteins.

The aim of the project was to alter the donor specificity of MGD1 from UDP-Gal to UDP-Glc.
This goal was partially met by the GGL mutant, however, much work can still be done to
improve the activity and selectivity of the GGL mutant. Possible strategies include using
molecular simulations to guide further mutants by predicting binding interactions of UDP-Glc.
This will help identify “hot spots”, which can then be explored through alanine scanning
and/or saturation mutagenesis. For expansion of synthetic biology tools, the work done, while
only focused on galactose and glucose specificity, can still be used as guides in engineering

other GTs with altered specificity.

Outside the scope of synthetic glycobiology, the GGL mutant and the information discovered
regarding specificity can be utilized to study plant biology and photosynthetic membrane
synthesis. Chloroplast membranes are primarily made of galactolipids (MGDG) synthesised by
MGD1 and this lipid composition is preserved throughout evolution from bacteria to plants. It
would be interesting to introduce a MGD1 mutant such as GGL into a plant and observe the

effect on photosynthetic membrane development.

A second objective of the PhD project was to investigate another aspect of the MGD1 catalytic

mechanism, the activation of MGD1 by phosphatidylglycerol (PG) and phosphatidic acid (PA).
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While an activation mechanism for PG has been proposed for MGD1, involving a PG/His
catalytic dyad, the binding site and allosteric activation by PA was still not understood. In this
work, we attempted to gain more information on the binding site of the allosteric activator
PA. We have probed multiple residues that target three regions of the protein as possible
binding sites for PA and/or PG. The first region is the catalytic site, located in the cleft between
the N- and C- domains of MGD1, and is the region where PG is expected to bind to form the
PG/His catalytic dyad. The second site is the Na4 helix, located in the N-domain of MGD1, of
which there was strong prediction from computational work. The third site probed for PA
binding was the LOOP region. The residues targeted for mutations were primarily basic amino
acids (Histidine, Lysine, or Arginine) likely to form strong interactions with the negatively
charged phosphate group of PA. Residues chosen were guided by computational work
performed by Olga Makshakova and by sequence comparison to GT28 proteins CaMGD,
RcMGIcD and GT1 homolog MgdA. We produced MGD1 mutants R156A, R195A, H251A,
H256A, R260A, K265A, H289A, and H256A+H289A. However, the majority of these mutants
did not have significant effect on activity with either PA or PG. The mutants H251A and H256A
showed significantly decreased activity, however, this was mostly linked to PG activity and not
PA activity. While H251A demonstrated significant loss of PA activity, 30% PA activity
remained, thus indicating it is not a key residue of PA binding site. Thus, the binding site for
PA remains unsolved. More mutants targeting the Na4 helix, LOOP region, and catalytic site

have to be assayed to gain more information.

Part 2

In parallel to the engineering work performed on MGD1, we also explored the application of

glycosyltransferases to glycosylate synthetic membrane systems.

Recombinant LgtC was produced, and activity was assayed in micelles and synthetic
membranes (GUVs and SLBs) that contained the LacCer acceptor. LgtC activity was
demonstrated in GUVs by StxB binding. This showed for the first time that LgtC can glycosylate
a membrane-bound LacCer. StxB binding on treated SLBs further evidenced this. Also
discovered by QCM-D was the transient binding of LgtC to the membrane, which only occurs

during catalysis. Finally, catalytic efficiency was estimated in micelles (735 M.s!) and SLBs
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(24 M1.s?). The low efficiency compared to lactose seems to be correlated with reduced
access to the acceptor on membranes. In light of the weak membrane binding and low
catalytic efficiency, there is now a question of whether the full-length LgtC will behave
similarly. The recombinant LgtC used in this project was truncated by 25 amino acids in the C-
terminus, to improve solubility and yield. However, the truncated region is predicted to

associate with the membrane. Therefore, it will be interesting to test the membrane binding

and catalytic efficiency of a full-length LgtC.

Figure 84: Lipid bilayer with LgtC bound to LacCer. Shown are LgtC (Blue), its C-terminus (Red)
and LacCer (Yellow). Bilayer composed of 5 mol-% LacCer and 95 mol-% DOPC. Modelling work
by Olga Makshakova.

On the other hand, we undertook preliminary studies for wild-type MGD1 working on lipid
membranes. Established in this work are ideal lipid compositions for the formation of GUVs
containing the lipids MGDG, PG, and DAG. For reporting of MGDG formation, three lectins
specific for BGal were tested but could not bind MGDG. Also demonstrated in this work is a
fluorescently-labelled MGD1 (MGD1-AF488), which showed strong binding to DAG but not to
the other lipids MGDG and PG. The selective binding of MGD1-AF488 means it has a potential
application to be further explored. Also undertaken was the initial work to adapt a UDP-Glo™
assay that uses GUVs. This involved the modification of the classical MGD1 activity assay. The
addition of MGD1 after the formation of micelles resulted in a change in the activity profile of
MGD1 with its activators (PG and PA). The reason for this change is unknown and has opened
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guestions about the way MGD1 binds to various membranes. Due to a lack of time, we could
not complete the experiments with the MGD1 on a GUV model, but the work has laid the

foundations for future experiments to continue the research.

Finally, we evaluated the application of LgtC and MGD1 as tools in chemoenzymatic synthesis
by testing their capacity to use UDP-GalAz. Activity assays showed that LgtC could not use
UDP-GalAz. However, MGD1 can use UDP-GalAz with 16% efficiency. In addition, previous
studies have shown that LgtC has high substrate promiscuity for the acceptor. Therefore,
augmenting the sugar donor promiscuity further expands the potential of LgtC as a synthetic

glycobiology tool.
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Appendix

MGD1 mutant primer designs

P433G (GGG)
5" —GC ATC ATA ACA AAG GCT GGT GGA GGC ACT ATA GCT GAAGC -3’

5" —GC TTC AGC TAT AGT GCC TCC ACCAGC CTTTGT TAT GATGC -3’
Translation: ITKAGGGTIAE

P433G + G434A (GGA)

5’ — CT GC ATC ATA ACA AAG GCT GGT GGT GCG ACT ATA GCT GAAGC -3’
5’— GC TTC AGC TAT AGT CGC ACC ACCAGC CTT TGT TAT GAT GCAG - 3’
Translation: ITKAGGATIAE

P433G + G434L (GGL)

5’ — C ATA ACA AAG GCT GGT GGA CTG ACT ATA GCT GAA GCT ATGATAAG -3’
5’ — CT TAT CAT AGC TTC AGC TAT AGT CAG TCCACCAGCCTT TGT TAT G- 3’
Translation: ITKAGGLTIAEAMI

P433A + Q455E (AEE)

5’—CGG TAC ATT CCCTGC CTC TTC ACC AGC GAT GTACCC-3’

5’ — GGG TAC ATC GCT GGT GAA GAG GCA GGG AAT GTACCG -3’
Translation: GYIAGEEAGNVP

P433A + Q455E + E456Q (AEQ)

5’— CGG TACATT CCCTGC CTG TTC ACC AGC GAT GTACCC-3
5’ — GGG TAC ATC GCT GGT GAA CAG GCA GGG AATGTACCG -3’
Translation: GYIAGEQAGNVP

R156A

5’ — GAT ACT GGT GGT GGT CAC GCG GCT TCT GCG GAAGCC -3’
5’ —GGC TTC CGC AGA AGC CGC GTG ACCACCACCAGTATC-3
Translation: DTGGGHAASAEA

R195A

5’ — C CAG AAA ATT ATA GCT CGC GGG AAG CTG GTT GAA CGG- 3’
5’ — C CAG AAA ATT ATA GCT CGC GGG AAG CTG GTT GAA CGG- 3’
Translation: PENQLPASYNFL

H251A

5’ — GAT ATC ATA ATC AGT GTT GCG CCG TTG ATG CAA CATGTCCCAC-3’
5" — G TGG GAC ATG TTG CAT CAA CGG CGC AAC ACT GAT TAT GATATC -3’
Translation: DIIISVAPLMQHVP

H256A

5’ — GTT CAT CCG TTG ATG CAA GCG GTCCCACTTCGTGTCC-3’
5’ — G GAC ACG AAG TGG GAC CGC TTG CAT CAA CGG ATG AAC-73’
Translation: VHPLMQAVPLRV

R260A

5" — G ATG CAA CAT GTC CCA CTT GCG GTC CTA AGATCA AAAGGCTTG -3’
5" —CAA GCCTTT TGA TCT TAG GAC CGC AAG TGG GACATGTTGCATC-73’
Translation: MQHVPLAVLRSKGL

K265A

5" —CCA CTT CGT GTC CTA AGA TCA GCA GGCTTG CTT AAG AAAATC GTG -3’
5" —CAC GAT TTT CTT AAG CAA GCC TGC TGA TCT TAG GAC ACG AAGTGG -3’
Translation: PLRVLRSAGLLKKIV

H289A

5’ —GC CAT CCTACATGG TTT GCT AAG CTT GTG ACAAGATGT TATTG -3’
5’ — CA ATA ACA TCT TGT CAC AAG CTT AGC AAA CCATGT AGGATG GC -3’
Translation: HPTWFAKLVTRCY

V250D
5’ — CCA GAT ATC ATA ATC AGT GAT CAT CCG TTG ATG CAA CAT GTC -3’
5’ — GAC ATG TTG CAT CAA CGG ATG ATC ACT GAT TAT GAT ATCTGG — 3’

188




Translation: PDIIISDHPLMQHV

V250E

5’ — CCA GAT ATC ATA ATC AGT GAA CAT CCG TTG ATG CAACATGTCC-3’
5’ — G GAC ATG TTG CAT CAA CGG ATG TTC ACT GAT TAT GAT ATC TGG - 3’
Translation: PDIIISEHPLMQHV

S1: Primer designs for MGD1 mutants. In red are the mutated codons and the corresponding

amino acid after mutation.

Chapter 3: Study of MGD1 sugar donor specificity: Galactose vs
Glucose

Expression Trials for Mutants GGG, GGA, GGL, AEE, AEQ and RcMGIcD

AEE AEQ GGG

kDa

250
150

100
75
50

MGD1
37

25

Figure S2: Small scale expression trial for the MGD1 mutants AEE, AEQ and GGG. SDS-PAGE
gel (A) and Western blot (B). Samples taken are total cell extract before (-) and after (+) IPTG

induction, soluble (S) and insoluble (I) fractions from induced cells.
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Figure S3: Small scale expression trial for the MGD1 mutants GGA. SDS-PAGE gel (A) and
Western blot (B). Samples taken are total cell extract before (-) and after (+) IPTG induction,

soluble (S) and insoluble (1) fractions from induced cells.
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Figure S4: Small scale expression trial for the wild-type (WT), GGL and RcMGIlcD mutants. SDS-
PAGE gel (A) and Western blot (B). Samples taken are total cell extract before (-) and after (+)

IPTG induction, soluble (S) and insoluble (1) fractions from induced cells.
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Chapter 4: Investigating MGD1 reaction mechanism: Role of PA vs PG

1. Expression trials
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Figure S5: Small scale expression trial for the MGD1 mutant R156A. SDS-PAGE gel (A) and
Western blot (B). Samples taken are total cell extract before (-) and after (+) IPTG induction,

soluble (S) and insoluble (1) fractions from induced cells.
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Figure S6: Small scale expression trial for the MGD1 mutants R195A, H256A and H289A. SDS-
PAGE gel (A) and Western blot (B). Samples taken are total cell extract before (-) and after (+)

IPTG induction, soluble (S) and insoluble (1) fractions from induced cells.
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Figure S7: Small scale expression trial for the MGD1 mutants H251A, R260A, K265A and
H256A+H289A. SDS Page 10%, loading OD=100. Wells: (L) Ladder Precision Plus Protein
standards (Biorad), (-) Total fraction before induction, (+) Total fraction after induction, (I)
Insoluble fraction (pellet after 19 000g, 30min), (S) Soluble fraction (supernatant after 19 000g,
30min).
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Figure S8: Small scale expression trials of MGD1 mutants V250D and V250E. SDS-PAGE wells
are: total cell fraction before (1) and after (2) IPTG induction, soluble fraction (3) and

insoluble fraction.
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Figure S9: IMAC (A) and SEC (B) purification of R156A mutant from a 1L culture. A) Wells from
SDP-PAGE analysis: Total cell extract before (1) and after (2) IPTG induction, flow through (FT),
elution fractions from 2%, 8%, 16% and 100% imidazole concentration. B) SDS-PAGE analysis

from the minor and major peaks.
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Figure $10: IMAC purification of R195A. Wells from SDP-PAGE analysis: Total cell extract
before (1) and after (2) IPTG induction, flow through (FT), elution fractions from 8%, 16% and

100% imidazole concentration.
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Figure S11: IMAC purification of H251. Wells from SDP-PAGE analysis: Elution fractions from

8%, 16% and 100% imidazole concentration.
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Figure S12: IMAC purification of H256A. Wells from SDP-PAGE analysis: Flow through (FT),

elution fractions from 8%, 16% and 100% imidazole concentration.
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Figure S13: IMAC (A) and SEC (B) purification of R260A mutant from a 1L culture. A) Wells from
SDP-PAGE analysis: Flow through (FT), elution fractions from 16% and 100% imidazole

concentration. B) SDS-PAGE analysis from the minor and major peaks.
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Figure S14: IMAC (A) and SEC (B) purification of K265A mutant from a 1L culture. A) Wells
from SDP-PAGE analysis: Flow through (FT), elution fractions from 8%, 16% and 100%

imidazole concentration. B) SDS-PAGE analysis from the minor and major peaks.
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Figure S15: IMAC (A) and SEC (B) purification of H289A mutant from a 1L culture. A) Wells from
SDP-PAGE analysis: Total cell extract before (1) and after (2) IPTG induction, flow through (FT),
elution fractions from 8%, 16% and 100% imidazole concentration. B) SDS-PAGE analysis from

the minor and major peaks.
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Figure S16: IMAC (A) and SEC (B) purification of H256A+H289A mutant from a 1L culture. A)
Wells from SDP-PAGE analysis: Flow through (FT), elution fractions from 8%, 16% and 100%

imidazole concentration. B) SDS-PAGE analysis from the minor and major peaks.
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Chapter 5: Application

of glycosyltransferases

membranes
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Figure S17: Assay on the stability of LgtC after several defrosting cycles. Buffer conditions: 20

mM Tris, 5mM TCEP, pH 8.5. The initial protein concentration was 2.058 mg/ml. Protein is

defrosted on ice and centrifuged at 15000 x g for 10 minutes at 4°C. Protein concentration is

then measured on a NanoDropTM ND-2000 spectrophotometer, using the parameters 61225

M1 ecm™? and 34.85 kDa. Between each defrost cycle the protein sample was stored at -20°C

for 2 days.

Figure S18: Poor quality GUVs from 30 mol-% MGDG under confocal microscopy. Lipid

composition: 49.7 mol-% DOPC, 10 mol-% Cholesterol, 30 mol-% MGDG, 10 mol-% PG, 0.3 mol-

% Atto647 DOPE. GUVs formed according to the Material and Methods.
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SUMMARY

Glycosyltransferases (GTs) are enzymes able to glycosylate a wide range of molecules. For this reason,
GTs are extensively used in therapeutic drug development. In this PhD project, we explored the
application of GTs as tools for synthetic glycobiology, with a focus on the glycosylation of synthetic
membranes. This project is split into two main parts. The first part studies the donor specificity and
catalytic mechanism of a model GT which works on a lipid membrane, MGD1 from Arabidopsis
thaliana. MGD1 is a galactosyltransferase that transfers a galactose from UDP-Gal to diacylglycerol
(DAG), and needs anionic lipids such as phosphatidylglycerol (PG) or phosphatidic acid (PA) for activity.
We used a structure and sequence-guided approach to engineer a MGD1 mutant altering its donor
specificity to UDP-Glc. We performed mutational studies with the aim to consolidate the previously
proposed PG-His catalytic dyad and probe the binding site for the allosteric activator PA. The second
part explored the application of LgtC, a bacterial galactosyltransferase, to synthesize the Gb3 antigen
on synthetic membrane systems. The capability of LgtC to generate Gb3 on giant unilamellar vesicles
(GUVs) was demonstrated by confocal microscopy using fluorescently-labelled Shiga toxin B subunit
(StxB), a lectin specific for Gb3. Quartz crystal microbalance with dissipation (QCM-D) allowed
guantitative evaluation of Gb3 formed on supported lipid bilayer (SLB). The potential of LgtC and MGD1
to transfer a functionalised galactose (Gal-N3) to their respective acceptors was also evaluated. The
knowledge gained from this research has value in the engineering of GTs as tools in synthetic
glycobiology applications.

RESUME

Les glycosyltransférases (GT) sont des enzymes capables de glycosyler un large éventail de molécules.
Pour cette raison, elles sont largement utilisées dans le développement de molécules thérapeutiques.
Dans ce projet de these, nous avons exploré le potentiel des GTs comme outils pour la glycobiologie
synthétique, en nous concentrant sur leur capacité a glycosyler des membranes synthétiques. Ce
projet est divisé en deux parties. La premiere partie porte sur I'étude de la spécificité vis-a-vis du
nucléotide sucre donneur et du mécanisme catalytique d'une GT modele qui fonctionne sur une
membrane lipidique, la MGD1 d'Arabidopsis thaliana. MGD1 est une galactosyltransférase qui
transfére un galactose de I'UDP-Gal au diacylglycérol (DAG), et qui a besoin de lipides anioniques tels
gue le phosphatidylglycérol (PG) ou I'acide phosphatidique (PA) pour son activité. Nous avons utilisé
une approche basée sur I'analyse de séquences et de structures de GT pour obtenir un mutant MGD1
pouvant utiliser I'UDP-glucose. Par des études de mutagenése dirigée, nous avons cherché a consolider
I’hypothése d’une dyade catalytique PG-His chez MGD1 et a identifier le ou les sites de liaison de
I’enzyme au PA. Dans la deuxieme partie du projet, nous avons testé la capacité de la LgtC, une
galactosyltransférase bactérienne, a synthétiser I'antigene Gb3 sur des systemes membranaires
synthétiques. La capacité de la LgtC a générer du Gb3 sur des vésicules unilamellaires géantes (GUVSs)
a été démontrée par microscopie confocale en utilisant une lectine spécifique du Gb3, la sous-unité B
de la Shiga-toxine (StxB) marquée par fluorescence. L’utilisation de la microbalance a cristal de quartz
avec mesure de dissipation (QCM-D) a permis une évaluation quantitative du Gb3 formé sur une
bicouche lipidique supportée (SLB). Le potentiel de LgtC et MGD1 a transférer un galactose
fonctionnalisé (Gal-N3) a leurs accepteurs respectifs a également été évalué. Les connaissances
acquises dans le cadre de cette recherche ont des retombées pour des applications potentielles des
GTs en glycobiologie synthétique.



