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Chemical biology spans the interdisciplinary field between chemistry and
biology, and aims to study and manipulate biological processes at the molecular
level through the application of chemistry, often with the use of small or tailor-
made molecules. Two leading edge areas of research within chemical biology are
represented in this thesis: the elucidation of glycobiology at the molecular-level
and the use of small molecules to probe receptor ligand interactions.

Glycans as biomolecules

Glycans are a class of biomolecules that are important for many different fields,
such as cell biology, medicine and biotechnology. The significance of glycans
in nature is illustrated by their great abundance on the one hand, for example
the glycan cellulose being the most abundant organic biomolecule on earth, and
on the other hand by its ability to alter processes through small changes in its
structure, for instance only the presence or absence of a single monosaccharide
determines the difference between blood group A, B and O,

Glycans are also present on the cell surface, often as conjugates with other
biomolecules, like glycoproteins and glycolipids. The layer of glycans on the
cell surface is referred to as the glycocalyx. The size of the glycocalyx varies per
cell type, but can be up to several micrometers thick for a human endothelial
glycocalyx layer?, for instance. Given that cells are covered by glycans, it is easy
to imagine that these biomolecules are key players in biology’. Indeed, glycans
are important for interactions between cells and the immune system®’. Recent
examples that demonstrate the importance of glycans are the glycosylated spike
protein on the coronavirus SARS-CoV-2 that shields it from antibody binding
and the discovery of glycosylated RNA®*’.

The architecture of glycans spans tremendous possibilities. Since glycans can be
composed of a multitude of monosaccharides, which can be coupled to each
other through multiple linkage types, and can be part of a larger conjugate, like
glycoproteins or glycolipids, there is a vast number of different glycan structures
(Figure 1). To make matters even more complex, the biochemical synthesis of
these glycans is not templated, unlike the central dogma from DNA to proteins,
and this makes it hard to predict their structure or make modifications to them,
for instance'’. In the past decades, several ‘tools’ from vatious fields have been
developed to enable the study of glycans and in this thesis we will focus on tools
from chemical biology.
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Figure |.Structure and glycan symbol of the monosaccharide N-acetylneuraminic acid (Neu5Ac) or sialic acid.This
glycan is the focus of several research chapters in this thesis. The numbers indicate the different carbon atoms and

the corresponding hydroxyl groups can form different glycosidic linkages, which illustrates the diverse possibilities
of glycan structures.

Bacterial glycans

Not only eukaryotic cells are covered by glycans, but also prokaryotic cells.
In case of bacteria, the cell surface is highly variant and several glycans are
attached to the outer membrane as part of glycoconjugates, for instance:
glycoproteins, lipopolysaccharides (LPS), lipooligosaccharides (LOS), and
capsular polysaccharides (CPS) (Figure 2). LPS can be further subdivided in lipid
A, a core region and an O-antigen region'"™". These glycoconjugates improve
bacterial survival through several ways, for instance via avoiding recognition by

the immune system, providing motility or cell wall integtity to the bacteria'>'*.

Also for bacterial glycosylation there are many unanswered questions. This field
deals with unique challenges like the large monosaccharide diversity compared to
eukaryotes'. Another challenge is that it was thought that protein glycosylation
was restricted to eukaryotes', but since the discovery of bactetial protein
glycosylation, the interactions of these glycoproteins and their biochemical
assembly has become an quickly expanding field of study'™. Another issue that
has constrained research is that there is a strong focus on pathogenic bacteria
because of their clinical relevance and by focusing on the glycosylation of these
pathogens, the commensal bacteria are often not the first candidates to study'"'.
Taken together the inherent challenges of glycoscience and the challenges
unique to bacterial glycosylation, there is a clear need for custom made tools to
meet these challenges.

LPS/  CPS Glycoprotein Teichoic acid CPS Glycoprotein
Los

™ ™ Figure 2. Schematic glycoconjugates attached to the cell surface of
(Gram-negative ) (Gram-positive ) Gram-negative and Gram-positive bacteria. Abbreviations not in text;
IM = inner membrane; PG = peptidoglycan; OM = outer membrane.
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Glycoengineering

One possible approach in glycoscience is to make use of glycoengineering
(Figure 3). This chemical biology method can be applied to all glycans, both
eukaryotic and prokaryotic. Glycoengineering is a term that describes the
modification of glycans that occurs due to introduced external factors, for
example the introduction of a bio-orthogonal group. In general, glycoengineering
is the controlled editing of cell surface glycans and this method can erase or
elongate the glycans, introduce unnatural groups or monosaccharides, inhibit or
supplement the biosynthesis (Figure 3)**. More specifically, a set of tools was
developed for glycoengineering and a selection that relates to bacterial glycans
was surveyed as part of a literature review about bacterial glycan mimicry in
Chapter 2. One such tool is selective exoenzymatic labeling (SEEL) which can
modify cell surface glycans trough the introduction of a reporter group, such as
a biotin or fluorophore. We have applied the SEEL technique to a bacterium,
to our knowledge, for the first time, and report on this in Chapter 3. As an
additional approach to glycoengineer bacterial glycans, we explored the power
of bacterial sialyltransferases to modify their own glycans with unnatural sugars
containing a reporter group in Chapter 4.

G
Q)

Cell

Figure 3. Schematic picture of glycoengineering tools to remove, introduce or alter glycans on the cell surface.

A completely different world: plants and hormones

From the world of bacterial glycans we are now jumping into an altogether
different world: plant hormones. Probably the most well-known hormone is
auxin, or indole-3-acetic acid (IAA)(Figure 4), and this molecule acts in different
biological processes such as plant growth, and plant’s sensation to light. Another
auxin is 2,4-D (2,4-dichlorophenoxyacetic acid)(Figure 4), which is referred to
as a ‘synthetic’ auxin because it can act in different ways than the ‘natural’ auxin
IAA*%.2,4-D is very efficient at inducing a special kind of plant growth, namely
somatic embryogenesis (SE). SE is a unique developmental process in which

10
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differentiated somatic cells can acquire totipotency and are ‘reprogrammed’ to
form new ‘somatic’ embryos®™. This process can take place 7 vitro and is also
applied in plant biotechnology, but the process occurs in nature as well for the
plant named ‘Mother of thousands’ (Kalanchoe daigremontiana)®. 2,4-D is a small
molecule, but even minor changes to the molecule can have a big impact on
its biological function, as we will see for the set of 2,4-D analogues tested in
a chemical biology approach to study somatic embryogenesis and microspore
embryogenesis in Chapter 5 and in the general discussion of Chapter 6.

(o} OTOH
OH o
N Cl
N
H
Cl
indole-3-acetic acid 2,4-dichlorophenoxyacetic acid
(IAA) (2,4-D)

Figure 4. Structure of the auxins IAA and 2,4-D

Aims and outline of this thesis

This thesis had two main aims: glycoengineering the sialic acid on the bacterial
cell surface and establishing a structure-activity relationship (SAR) for the
molecule 2,4-D in somatic embryogenesis of _Arabidopsis thaliana. Although
seemingly a world apart, as mentioned, both aims are within the field of chemical
biology. The glycoengineering approach in this thesis aims to expand the current
chemical biology techniques available to study bacterial glycans and the SAR
approach aims to advance our understanding of the biological process somatic
embryogenesis with the use of synthetic small molecules.

In Chapter 2 we describe a selection of bacteria that are known to display glycan
mimicry. These bacteria contain glycans in their glycocalyx that resemble human
glycans. This form of mimicry can have many immunological effects and we
speculate that one major outstanding question is why this phenomenon occurs.
We finalize this chapter with an overview of chemical biology techniques we
think will advance our understanding of glycan mimicry.

A chemical biology technique we have applied to bacteria is selective
exoenzymatic labeling (SEEL). A lot remains unknown about bacterial glycans
and we hypothesized that the SEEL technique, which has been previously used
to engineer mammalian cells, would be an additional tool to glycoengineer
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bacteria and further increase our understanding of bacterial glycans in the
future. In Chapter 3 we describe our efforts in applying this technique to
Neisseria gonorrhoeae with modified nucleotide sugars of N-acetylneuraminic acid
(Neu5Ac), and characterizing the different parameters, like the substrate scope
and amount of labeling, and discuss the possible application of this technique.

Whilst performing the research for SEEL, we discovered that certain bacteria are
capable of scavenging unnatural nucleotide sugars and transferring these onto
their own glycocalyx. In Chapter 4 we explore this further by glycoengineering
the sialic acid on several bacteria including Nontypeable Haemophilus influenzae,
Neisseria gonorrhoeae, and Campylobacter jejuni, and screen a selection of bacteria for
their capacity to incorporate modified Neu5Ac.

In Chapter 5 we switch to the world of plants and investigate the structure-
activity relationship of the synthetic hormone 2,4-D in somatic embryogenesis
of Arabidopsis Thaliana. We had designed and synthesized a small library of 2,4-
D analogs with modifications on the aromatic ring and the carboxylic acid chain
of the molecule. In collaboration with Leiden University the compounds from
this library were tested for root growth inhibition, auxin response and induction
of somatic embryogenesis.

Finally, Chapter 6 describes briefly the chemical biology setting of the two
approaches in this thesis and continues with a discussion of those approaches,
including additional unpublished results, like the activity of 2,4-D in microspore
embryogenesis.
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Chapter 2

Sweet impersonators: molecular mimicry of host
glycans by bacteria

All bacteria display surface-exposed glycans that can play an important role in
their interaction with the host and in select cases mimic the glycans found on host
cells, an event called molecular or glycan mimicry. In this review, we highlight the
key bacteria that display human glycan mimicry and provide an overview of the
involved glycan structures. We also discuss the general trends and outstanding
questions associated with human glycan mimicry by bacteria. Finally, we provide
an overview of several techniques that have emerged from the discipline of
chemical glycobiology, which can aid in the study of the composition, variability,
interaction and functional role of these mimicking glycans.

Hanna de Jong, Marc M. S. M. Wasten, Tom Wennefes

Adapted from Glycobiology, 2022, DOI: 10.1093/glycob/cwab104
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Introduction

Bacterial glycans play an important role in host-microbe interactions'. Glycans
at the bacterial cell surface are often the first molecules to interact with the
environment and can mimic glycan structures of the host. The existence of
identical molecular structures on the host and a microbe is referred to as
molecular or glycan mimicry®. Bacteria may exploit glycan mimics to hijack host
biology to establish infection, but the glycan mimicry may also inadvertently
induce abnormal immune responses causing serious auto-immune pathology.
Bacterial surface glycans that have been found to display glycan mimicry with
host glycan structures include capsular polysaccharides (CPS), and glycolipids,
like lipopolysaccharide (LPS) and lipooligosaccharides (LOS). These bacterial
surface glycans mimic certain classes of eukaryotic glycans for which an overview
is presented in Figure 1. The bacteria that will be discussed in this review are
grouped per class of eukaryotic glycans they are mimicking. A detailed overview
of the bacterial glycan structures that display glycan mimicry are depicted in
Table S1.

The concept of bacterial glycan mimicry and its effects on host immunity
has been subject of a few excellent reviews™". Here we will focus on an updated
discussion of research into the glycan structures and interacting proteins
involved in bacterial host glycan mimicry and its impact on host biology. We have
selected 11 bacterial species that display glycan mimicry. First, we will discuss the
bacterial glycan structures involved (using a graphical notation according to the
current symbol nomenclature®, Table S1), their interaction with host receptors
(see Figure 2 for an overview) and their role in bacterial pathogenesis. In a
second part of the review, we will highlight the potential of recent advances in
the field of chemical glycobiology and make a case for their use in future study
of bacterial glycan mimicry. Of note, microbe-host mimicry is not limited to
glycans and also not all bacterial glycans on microbes that interact with their
host are involved in mimicry. However, discussion of other forms of molecular
mimicty (e.g.,, protein mimicry)®, microbial glycan interactions’, and the nature
of unique microbial glycans™ is beyond the scope of the current review.
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Human
glycoproteins

Glycosphingo-
lipids

Blood group
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Poly sialic acid

@ N-Acetyl-Neuraminicacid O Galactose [ N-Acetyl-Galactosamine @ Mannose
A Fucose @ Glucose B N-Acetyl-Glucosamine 4 Glucuronic acid

Figure |. Bacterial glycans can mimic the glycans of the (human) host. Here the targets of glycan mimicry are
grouped for several human glycan types. Bacterial glycans that resemble these and are thus molecular mimics, can
be found in Sl table S1I.

Bacterial pathogens that display glycan mimicry
Glycosphingolipids
Campylobacter jejuni

One of the most well studied forms of glycan mimicry involves the bacterial
surface glycans of the food-borne pathogen Campylobacter jejuni. Infection by C.
Jguni is a common cause of human gastroenteritis and in rare cases can lead to
Guillain-Barré syndrome (GBS). In case of GBS, the immune system produces
antibodies against the infecting microbe’s glycans that cross-react with similar

1. GBS can cause acute flaccid paralysis and

glycan structures on the host’s nerves
is classified in different subtypes based on further clinical features''. Although
infections from many different bacteria and viruses could potentially result in
GBS", C. jejuni is the most frequent preceding infection, especially for the GBS
subtypes, acute motor axonal neuropathy (AMAN) and Miller Fisher syndrome
(MES)'"12. C. jejuni infections atre frequent, but only an estimated 1 per 1000
infections results in GBS, which suggestadditional factors play a role in developing
GBS'"™". For C. jejuni it is well documented that some forms of LLOS mimic the

gangliosides found on nerves'’. Cross-reactive antibodies against different LOS
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epitopes and gangliosides can be found in patient sera'®. In addition, the link
between the glycan mimicry of gangliosides and the development of GBS was
demonstrated in rabbits". The animals were administered GM1-like LOS from
a clinical isolate, upon which they developed GBS'™. Campylobacter coli and Brucella
melitensis might also have GM1-like structures, because they reacted with an anti-
ganglioside antibody'?, but it remains unknown whether they can cause GBS'.
Although the evidence for a link between glycan mimicry and onset of GBS is
strong, it also does not appear to be a prerequisite. For instance, Godschalk et
al. used capillary electrophoresis MS to determine the LOS of C. jejuni strains
from patients with Enteritis, GBS and MFS". Although a correlation was found
between C. jguni strains that had mimicking LOS and the diseases GBS and
MFS, there were also C. jejuni strains that lacked this type of LOS and did give
rise to disease'’. This suggests that other still unknown factors might play a role
in developing GBS.

Variants of C. jeuni 1LOS can bind to several host receptors and although
less well studied, also to host glycans (Figure 2)'®. The Siglec 7 receptor, which
occurs on monocyte-derived macrophages, Natural Killer and dendritic cells,
is bound by strains associated with GBS and MFS through disialylated LOS
and not monosialylated LOS". LOS that contains a terminal GalNAc can
bind to the Macrophage Galactose-type lectin (MGL, CLEC10A, CD301) on
immature dendritic cells®’. LOS structures mimicking Gdla, GM1b and GM3
gangliosides show binding to both mutine* and human® sialoadhesin (Sn,
Siglec-1, CD169) that is dependent on terminal «2,3-linked N-acetylneuraminic
acid («2,3-NeubAc). The binding of LOS to Sn leads to increased uptake by
the macrophages and increased IL-6 production but does not facilitate bacterial
survival as lysosomal degradation still occurs. The exact role of Sn binding
remains unclear, but Sn-mediated LOS ingestion by antigen presenting cells
might facilitate the production of auto-antibodies®.

The key role of the sialic acid family, mainly in the form of NeuSAc,
in glycan mimicry by C. jgjuni LOS has also been confirmed by genetic studies.
For example, mutations of either heptosyltransferase, which leads to truncated
LOS*, or Neu5Ac synthetase® both abolish L.OS sialylation and mimicry. The
sialyltransferase Cstll is responsible for the sialyation of LOS and can create
either «2,3- or both «2,3- and «2,8-linkages, depending on only a single point
mutation'™. In vitro studies of C. jejuniwith sialylated LOS show it is more invasive
yet less adherent”. Additionally, sialylated L.OS facilitates translocation across
Caco-2 cells, yet intracellular survival depends on the number of translocated
bacteria and not on LOS structure®. Most studies on LOS sialylation ate i vitro,
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so the exact 7/ vivo role remains to be further elucidated. However, a patient
study from Finland indicated that LOS sialylation might only have a limited
contribution to iz vivo invasiveness™. Only 23% of the C. jguni isolates had the
genetic potential to sialylate the LOS?.

Besides the genetic potential for mimicry by C. jguni, the exact LOS
composition in a culture is also dependent on growth conditions. For example,
the model strain C. jgjuni 11168 produces LOS with 90% of glycan structures
mimicking GM1 if grown at 37 °C, which drops to 50% if grown at 42 °C*.
Day e¢f al. suggest that the heterogeneity of LOS could contribute to population
fitness and hypothesized that the different LOS structures form multiple targets
for auto-antibodies™

Moraxella catarrhalis

Moraxella catarrbalis is a nonmotile Gram-negative pathogenic bacterium with
an affinity for the human upper respiratory system. The LOS of serotype A,
B and C was shown to have a common Gal-Gal-Glc motive, which can also be
found on human glycolipids® . The interactions of the LOS with host biology
remain to be studied. The glycan mimicry by this bacterium might aid in host
colonization and invasion™.

Host Siglec Host Siglec 11
glycans 1and5 ASPG- Siglec 7 glycans DC-SIGN and 16 Siglec 9

Surfactant
Siglec 9 DC-SIGN MGL Siglec 1 Galectin-3 protein D Factor H
C

=

e e

E]E A A

le/‘“/m
]
5

cd
@ N-Acetyl-Neuraminic acid 0 Galactose 3 N-Acetyl-Galactosamine A Fucose @ Glucose B N-Acetyl-Glucosamine 4 Glucuronic acid

ll

|

Figure 2. Interactions between the terminal surface glycan structures of mimicking bacteria and the host’s glycan
binding proteins or glycans.The bacteria are indicated by the following letters: (a) N. meningitidis, (b) Group B
streptococcus, (c) N. gonorrhoeae, (d) C. jejuni, (e) H. pylori, (f) E. coli, (g) Group A streptococcus.
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Blood group antigens

Helicobacter pylori

Helicobacter pylori is a Gram-negative, microaerophilic, helically shaped bacterium.
It is a gastric pathogen that persists for a lifetime in most human’s stomach*
and can lead to a variety of diseases, such as gastric and duodenal ulcers, chronic
gastritis and mucosa-associated lymphoid tissue®. This persistent colonization
is associated with glycan mimicry by the O-antigen of H. pyloris LPS of Lewis
blood group antigens. A study that investigated the LPS composition of
eight Helicobacter strains with reactivity towards antibodies directed against Lewis
antigens found only H. pylori and H. mustelae displayed glycan mimicry, of which
the latter is a pathogen that can be found in ferrets”. In an effort to understand
the role of glycan mimicry in auto-immunity, Appelmelk ¢# a/*® studied seven H.
Ppylori strains for mimicry with antibodies against Lewis antigens and found cross
reactivity between LPS and gastric tissue.

The glycan structure of H. pylori LPS is important for invasiveness®,
colonization” and antigenicity*, details on the biosynthesis of LPS with Lewis
antigens have been previously described**. Helicobacter pylori with truncated LPS,
which lacks the O-antigen, colonized less compared with wildtype*. Comparison
of the glycan composition of two H. pylori strains with different virulence
found they differed in the monosaccharides rhamnose and mannose, yet the
significance of this for invasiveness remains unclear”. In relation to antigenicity,
one study compared a weakly and highly antigenic form of LPS and the two
LPS structutes only differed in one GlcNAc residue*, highlighting that a minor
change in glycan structure can have direct impact on immunogenicity. He/zcobacter.
pylori might persist in the host by balancing the population of T-helper-1 and -2-
cells through phase variation and expression of Lewis antigens™. This balance
might be achieved via Lewis x and Lewis y that bind to DC-SIGN (Figure 2),
which causes a down-regulation in T-helpet-1-cells***. Besides their binding to
DC-SIGN, Lewis antigens bind to several other receptors (Figure 2). Lewis x
binds to Galectin-3 and is thought to contribute to adhesion®. Helicobacter pylori
O-antigens with a lower degree of fucosylation preferentially bind to surfactant
protein D and this is dependent on the phase-variable expression of the bacterial
fucosyltransferase**>*. For a more detailed discussion about the function of
glycan mimicry for H. pylorz, the reader is referred to a perspective by Bergman

et al.’°.
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Polysialic acid

Escherichia coli

Escherichia coli is a Gram-negative, facultative anaerobic, bacterium that is
commonly found in the lower intestine. Its O-antigen and capsule can display
glycan mimicry. The O-antigen is composed of 10-25 repeating units of two to
seven monosaccharides®. Serotypes O86, 090, O127 and O128, are presumed
to be glycan mimicking due to their resemblance to blood group antigens®. For
more details we refer to a comprehensive overview of O-antigens of E. co/i*®. The
capsule of E. co/i K1 and K92 consists of polysialic acid, which is either «2,8- or
both «2,8- and u2,9-linked, respectively*, and mimics the polysialic acid found on
neural cell adhesion molecules*’. Contrary to vertebrates, whete polysialylation
is found on the non-reducing termini of sialylated N- and O-linked glycans of
certain glycoproteins, bacterial polysialic acid structures are covalently linked to
an oligo-KDO that is anchored to the plasma membrane®. The capsule of E. co/i
K1 was shown to bind both inhibitory Siglec 11 and activating Siglec 16 (Figure
2), which give opposite signals to the immune system®. In addition to Siglec
binding, the polysialic acid capsule possibly also recruits factor H, as described
for Neisseria meningitidis (Figure 2)*.

Neisseria meningitidis serogroup B

Neisseria meningitidis is a Gram-negative bacterium that can cause meningitis
and sepsis. Its serogroup B strain has a polysialic acid capsule that mimics the
polysialic acid that can be found on neural cell adhesion molecules, similar to E.
coli*’. N. meningitidis serogroup C also has a polysialic acid capsule, but is «2,9-
linked instead of «2,8-linked like the capsule of serogroup B. Although this
serogroup C, and the serogroups W-135 and Y contain Neu5Ac, these have not
been described as involved in glycan mimicry. For a more detailed discussion
about the glycan structures of Neisseria, the reader is referred to two excellent
reviews™". A possible function of the glycan mimicry by N. meningitidis serogroup
B’s polysialic acid capsule could be immune evasion through the possible
recruitment of factor H (Figure 2), which suppresses the complement system,
conferring serum-resistance’’. If there is less sialylation of the capsule, there is
more C3 deposition on the bacterial cell surface’’. The binding of C3 on the
cell surface is the first step in the complement pathway to form the membrane-
attack complex that eventually can lead to cell death™. The deposited C3 can be
removed by factor H, which is usually responsible for recognizing ‘self’, and it
has been hypothesized that Neu5Ac could attract factor H’'.
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Human glycoproteins

Neisseria meningitidis

The LOS of N. meningitidis contains a terminal structure, lacto-N-neotetraose,
that is also found on human glycoproteins and glycosphingolipids™.
Sialyltransferases from IN. meningitidis sialylate its LOS, often with an «2,3-linkage,
except for immunotype L1 in which its 2,6-linked Neu5Ac>*. This sialylated
LOS has been shown to bind to Siglecs Sn or 5 (Figure 2)*°. 3-Sialyllactosamine
or 3-siallylactose that is coupled to polyacrylamide probes has been shown to
bind even more Siglecs. The fact that meningococcal LOS only binds two but
has identical terminal structures, shows the underlying LOS glycan structure
probably also play a role in this. Of note is that Siglecs Sn or 5 do have a relaxed
ligand specificity and can bind sialylated galactose connected through either an
®2,3- a2,6- or a2,8- linkage™. It has been hypothesized that binding of LOS to
Siglecs could lead to release of inhibitory signals or to uptake of the bacteria with
a trojan horse like effect”. Truncated meningococcal LOS that instead contains
a terminal GlcNAc (IgtB mutant) has been found to bind DC-SIGN, another
important lectin for the immune system®. Howevet, because the lgtB mutant is
not phase variable it probably does not have an 7 vivo contribution to infection”’.
Interestingly, a glycan array study identified 31 interactions between LOS of
immunotype L3 and L8 and host glycans, including the high-affinity binding to
the Thomsen-Friedenteich antigen®®. The downstream effects of these glycan-
glycan interactions on meningococcal infection remain to be investigated. In
general, the glycan mimicry by meningococcal LOS is thought to be a form of
immune evasion*">. LOS sialylation could for instance prevent the binding of
antibodies of the classical pathway, or inhibit patts of the complement pathway™.
The mimicking LOS has many interactions with the host cells that might aid in
immune evasion, but the detailed mechanism of immune evasion is not clear yet.

Neisseria gonorrhoeae

N. gonorrhoeae is a Gram-negative, diplococci bacteria that causes the sexually
transmitted gonorrhea infection. Its LOS, similar to Neisseria meningitidis,
contains terminal lacto-N-neotetraose that mimics human glycoproteins and
glycosphingolipids®”. Gonococcal LOS is phase-variable and can be sialylated,
typically with an o2,3-linkage except for the P* LOS which contains a «2,6-
linkage®*". Phase-variable gonococcal LOS has multiple interactions with host
cells (Figure 2) and can bind to C-type lectins MGL and DC-SIGN in case of a
terminal N-acetylglucosamine or N-acetylgalactosamine, respectively®. Binding
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to DC-SIGN results in increased IL-10 production and binding to MGL skews
the population to T helper 2 cells, the latter could be a form of immune evasion®.

Sialylation of LOS plays an important factor in the interaction of N.
gonorrhoeae with its host. Upon invasion, only bacteria with low levels of sialylated
LOS invade the host epithelial cells®. In absence of sialylation, the exposed
terminal lactosamine residues of the LOS bind to the asialoglycoprotein
receptor (ASGP-R)* that induces clathrin-dependent receptor mediated
endocytosis, thus facilitating invasion. Once inside the host cell, the bacteria
can sialylate themselves by scavenging the host’s CMP-Neu5Ac, resulting in
serum resistance®. Several reasons have been postulated for why sialylation
of gonococcal LOS contributes to immune evasion, including: recruitment of
factor H, shielding of underlying immunogenic structures against antibodies,
and engagement of human inhibitory Siglecs®. Finally, it is hypothesized that .
gonorrhoeae has evolved to specifically use Neu5Ac to commit to a human host and
to avoid innate immunity, as the immune system would be triggered by LOS with
N-glycolylneuraminic acid (Neu5Gc)®. Notably, when incorporating different
sialic acids on the gonococcal LOS,; including Neu5Ac, Neu5Ge, Pseudaminic
acid (Pse) and Legionaminic acid (Leg), it was found that both Neu5Ac and
NeuGc confer high serum resistance®.

Nontypeable Haemophilus influenzae

Nontypeable Haemophilus influenzae (NTHI) is a Gram-negative, facultatively
anaerobic, opportunistic pathogen that can cause otitis media. The LLOS of
nontypeable Haemophilus influenzaeis glycan mimicking when it contains a terminal
N-acetyllactosamine, similar to Nezsseria spp, or a lactose that is capped with a
Neu5Ac!%6 The structure of NTHi375 and RAKW20 LOS have been shown
to bind galactose specific lectins through microarray technologies®®. There has
also been a report that NTHi LOS might have a terminal KDO, illustrating LOS
heterogeneity”. The interactions and role of these mimicking LOS in NTHi
pathogenesis are not fully understood. Heise e @/ used a probe to study the
sialylation of the LOS of NTHi". Combined with a sialyltransferase inhibitor
they showed decreased serum resistance when the LOS was not sialylated and
thus a possible function of this in glycan mimicry”'. The sialylation of N'THi
does not lead to more factor H binding, but to less deposition of C3 on the
bacterial surface™. Sialylated LOS might also mask the undetlying glycans and
thus prevent the binding of antibodies of the classical complement pathway”,
a similar observation was made for Neu5Gc’*. However, as an indication of the
complexity of bacterial glycan mimicry in relation to the host immune system,
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it has also been shown that the uptake by NTHi of non-human Neu5Gce from
the human diet can lead to the formation of anti-Neu5Gece antibodies that were
shown to bind specifically to Neu5Ge-displaying NTHi and not to nonsialylated
NTHi".

Haemophilus ducreyi

Haemophilus ducreyi is a human pathogen that can cause chancroid. Similar to
NTHi, the LOS can contain a terminal N-acetyllactosamine, which can also
be sialylated™7. H. ducreyi sialylates its LOS, by scavenging Neu5Ac from the
environment since it does not have the necessary biosynthetic pathway to produce
Neu5Ac™®. The LOS of H. ducreyi has been shown to contribute to binding of

human foreskin fibroblast and keratinocytes, among other components®-#

, yet it
remains to be investigated whether this interaction depends on glycan mimicry.
Although the LOS of H. ducreyi can be sialylated, this does not appear to function
as a form of immune evasion, because the strain is virulent regardless of the
sialylation®. Additionally, the bacterium is resistant against serum, so sialylation
is not required for the recruitment of factor H. The sialylation of the LOS might

have occurred to commit to a human host®.

Klebsiella pneumoniae

Kiebsiella pnenmoniae is a Gram-negative, non-motile, facultative anaerobic, rod-
shaped bacterium that colonizes the human mucosal surfaces of the oropharynx
and gastrointestinal tract. The capsule is an important virulence factor and
may contain terminal NeubAc, as suggested for K. pnenmonia showing the
hypermucoviscosity phenotype®, but the capsule structure has not been fully
elucidated yet. At first glance, the bacteria seem to engage with inhibitory Siglec
9, but further studies are needed to confirm this binding™. The sialylated capsule
of K. pnenmonia could prevent complement mediated phagocytosis or might
attract complement factor H to deactivate C3 %, and would thus aid in immune
evasion.

Group B Streptococcus

Within the genus of Streptococcus, a Gram-positive, spherical bacteria, the group
B streptococens (GBS, Streptococcus agalactiae) can be classified into ten serotypes
that all have a terminal «2,3- NeuS5Ac. GBS serotype III dampens the host
immune response® by binding to Siglec-9 (Figure 2)¥, an inhibitory receptor
found on human neutrophils and platelets”’. In case of platelets, Neu5Ac binds
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the inhibitory Siglec-9, which suppresses platelet activation, and is considered
responsible for intrinsic resistance against microbial peptides®. Overall, the

glycan mimicry of GBS could aid its survival®*®.

Hyaluronan

Group A Streptococcus

Group A Streptococcus (GAS, Streptococcus pyogenes) is a Gram-positive, spherical
bacteria that has a capsule containing hyaluranon, a glycan which can also be
found in humans as part of the extracellular matrix*. GAS can bind to the
human inhibitory receptor Siglec-9 (Figure 2)”. Although Siglec-9 is a sialic
acid receptor, it was reported that the hyaluranon of GAS can also bind to this
receptor. The interaction between Siglec-9 and GAS is specific for hyaluranon
and is not observed for glycosaminoglycans such as heparan sulfate and
chrondoitin sulfate™. As Siglec-9 binds both Group A and B S#reptococeus®™*, it
is involved in glycan mimicry by two bacteria with structurally different glycans
that also each have distinct Siglec-9 binding sites”. The downstream effect of
this interaction with inhibitory Siglec-9 and, in general, the effect on pathology
by the glycan mimicry of GAS remains to be further studied.

General trends and outstanding questions in bacterial glycan
mimicry

The previous sections provided a brief overview of the bacteria, glycans,
lectins and interactions involved in glycan mimicry by bacteria. Although these
encompass a very diverse set of glycan structures and bacterial species, some
general trends can be observed. First, most glycan mimicking bacteria are
Gram-negative. Second, mostly facultative anaerobe mucosal pathogens display
glycan mimicry. Third, Neu5Ac is a recurring monosaccharide involved in
glycan mimicry. We will briefly discuss the third trend, because several published
hypotheses have attempted to explain this observation.

The presence of Neu5Ac in bacterial glycoconjugates stands out and
the reason for its occurrence in specific bacterial species has been the subject of
much discussion, but the exact reason for its involvement in glycan mimicry by
bacteria is unknown. A general hypothesis is that Neu5Ac is displayed by bacteria
in glycan mimicry for its prominent terminal position on mammalian glycans
and its charge. An associated question is if other terminal sialic acids found on
bacteria, such as Pse and Leg, also have a function in glycan mimicry. Another
hypothesis for the frequent involvement of Neu5Ac in glycan mimicry is their
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interaction with Siglecs. Many mimicking bacteria interact with inhibitory Siglecs
and can thereby downregulate their host’s immune response’. In turn, their
interaction with inhibitory Siglecs might have led to the evolution of activating
Siglecs and perhaps also to the microbial glycan activated intelectins*”? Varki
has postulated that these type of interactions might be tied to the Red Queen
effect, an evolutionary race between host and pathogen, which might explain
the diversification of glycans™. The engagement of Siglecs by bacterial glycans
could also play a role in masking the bacteria as ‘self’. For instance, human
Siglecs do not recognize the non-human Neu5Gce and this glycan has also
not been found on bacteria’**. This suggests that bactetia have committed to
using only Neu5Ac to avoid immune recognition””. These hypotheses and the
possible role of sialic acids in glycan mimicry by bacteria are part of an ongoing
discussion”™*”".

Besides the general trends mentioned, there are still many unanswered
questions about glycan mimicry by bacteria, see Box 1 for the outstanding
questions highlighted by us. A major outstanding question is: what is the
function of glycan mimicry? For a few bacteria their interactions and influence
on the host’s immune system are known, with sialylated glycan mimicry playing
a prominent role, but an unequivocal conclusion for the existence and function
of glycan mimicry cannot yet be made. This and other outstanding questions
provide ample opportunities for research. In the final part of the review, we
highlight one specific discipline, chemical glycobiology, that we believe that will
contribute significantly in studying glycan mimicry by bacteria.

Box |: outstanding questions

. What are the minimal glycan structures required by specific bacteria to achieve
functional glycan mimicry?

o Besides Neu5Ac, could other sialic acids such as Pse/Leg play a role in glycan
mimicry?45,()1,14l

. To what extent does sialic acid O-acetylation'*'* occur on mimicking bactetia and

does this O-acetylation affect glycan mimicry and its function?

8 Whatis the exactlocation, lifetime and substrate specificity of the native sialyltransferases
used by various bactetia to sialylate their outer glycans involved in glycan mimicry?

8 Can human Galectins discriminate between self and non-self glycans, and thus act as
a form of immunity?'?%!

8 Do commensal bacteria also use glycan mimicry to maintain themselves at the host gut

microbiota interface which is continuously exposed to our immune system?
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Chemical glycobiology techniques to study glycan mimicry

Human glycan mimicry by bacteria is a complex phenomenon that involves
many interacting elements and thus needs to be studied with various approaches.
Frequently used approaches are biochemistry and genetics”™”. Techniques from
these fields can, for example, demonstrate the cross-reactivity between antibodies
of the host and a microorganism, or make mutations in glycosyltransferases
and glycosidases involved in LPS/LOS biosynthesis to further dissect their
function. Chemical glycobiology is a powerful approach that has emerged over
the past two decades to study and understand glycans and their function, and
carbohydrate-related proteins. The assembly of all glycans, also bacterial, is not
template-driven and this poses unique challenges in studying glycobiology'™!'"".
Glycans are also generally more diverse in structure and often exert their function
in a multivalent fashion as heterogeneous mixtures. This structural complexity
offers an opportunity for a chemistry-based strategy to unravel the complex
mechanisms at play in glycobiology. Indeed, the past two decades has seen the
development of many techniques for the study of microbial glycobiology, in
addition to the chemical techniques to study other bacterial components like,
amino acids, lipids and peptidoglycan'®'”. In the following sections, we will
highlight several of these chemical glycobiology techniques (Figure 3) and report
on their application or speculate on their potential use to study bacterial mimicry
of human glycans.

Metabolic oligosaccharide engineering

Metabolic Oligosaccharide Engineering (MOE) is a technique that uses the
cells” own metabolic salvage pathway to incorporate an externally administered
monosaccharide-based probe into glycoconjugates. These monosaccharide-
based probes typically contain an unnatural functional group that can be
covalently coupled through a click reaction to a reporter group, for example
biotin or a fluorophore, after incorporation into the bacterial glycans. It can
serve as a technique to detect the presence of a specific monosaccharide in a
complex glycoconjugates (e.g., LPS) in vivo or in vitro. Due to the possibility of
attaching artificial groups to the labeled glycan, it can also be used to engineer the
target glycoconjugate to investigate its structure-activity relationship or perturb
an interaction with an associated lectin.

MOE has been performed with glycans that are unique for bacteria’®, for
example bacillosamine in N-linked glycans of C. jgjuni, Legionaminic acid (Leg) in
L. Pneumophilia™* and C. jejuni [unpublished data by our group] and Pseudaminic
acid (Pse) in C. jejuni, P. aeruginosa, A. baumannii, V. vulnificus'™>'". Two groups of
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unique bacterial glycans that are especially interesting to study glycan mimicry
are: 1) monosaccharides that are frequently found on the core of the LOS, like
KDO and heptose, and 2) nonulosonic acids, like the previously mentioned Pse
and Leg, to dissect the role of these microbial sialic acids further®!"’.

The extensive monosaccharide ‘toolbox’ with different chemical
reporters that has been developed for MOE in mammalian cells can be used to
study the role of N-acetylneuraminic acid and other human monosaccharides in
glycan mimicry by bacteria'**'"”.

MOE is often performed with monosaccharides that have a chemical
reporter, which can reveal the incorporation into a potentially unknown
glycoconjugate or the location of the labeled bacteria (see also imaging). A useful
way to influence this process is to make use of inhibitors that can perturb the
transferase enzymes of the glycan biosynthesis pathway. An illustrative example
of such an approach was the study of LOS sialylation by NTHi which used
a Neu5Ac probe in combination with a metabolic sialyltransferase inhibitor”".
By itself, the development of activity-based probes and (metabolic) inhibitors
to perturb, detect and identify the glycosyl hydrolase and transferase enzymes
involved in the processing of bacterial glycans is an important emerging research
direction towards understanding bacterial glycobiology'*''%

MOE has two main drawbacks. One drawback is that the efficiency of
MOE can vary a lot per bacterial species or strain, for instance bacteria can
also degrade the probes for growth, which would require optimization per
‘tool’ '°. Second, a probe is processed through the bacteria’s metabolic pathway,
which leads to incorporation into various types of glycoconjugates with limited
control over this. An advantage of MOE is that the technique has been fairly
well developed for microbiology and many of the monosaccharide probes and
associated chemical reporters are commercially available. MOE provides exciting
opportunities to study glycan mimicry and its function, and possibly might also

provide leads for future glycotherapies®''*.

Enzymatic methods

Another approach to glycoengineer and thereby study the composition and
function of complex glycoconjugates in a living organism is to make use of
enzymes, here we describe six of these techniques. First, the technique called
selective exoenzymatic labeling (SEEL), also called chemoenzymatic labeling,
has been used to track N-glycans, identify human glycoproteins and introduce a
large biomolecule'*'"". The technique has mostly been applied to mammalian
cells thus far but can be used for glycoengineering of bacteria (Chapter 3). A
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detailed review of the different enzymes available and their substrate scope has
been reported''.

A second engineering technique is to remove subclasses of N-glycans
on mammalian cells by trimming them with the appropriate glycosidases and
insert whole N-glycans with a chemical handle, an oxazoline'"”. This technique
could potentially homogenize the cell surface. This approach could also be
used to homogenize the LOS of bacteria, although this would require extensive
engineering of the enzymes and glycans involved.

A third technique studies the function of glycosyltransferases and their
acceptors through bump-and-hole engineering, which employs a complementary
set of modified enzymes and substrates that are not naturally present in a cell.
Schumann et al." applied this to N-acetylgalactosaminyl transferases to profile
the targets of this family of enzymes. This technique can be used to engineer
the cell surface in a targeted way with glycans or clickable groups, but also to
scan for substrate specificity or labeling without the interference of other native
bacterial transferases.

Most of the developed enzymatic glycoengineering techniques have only
been applied to mammalian cells, but there are a few examples for bacteria. One
study screened the substrate promiscuity of several enzymes involved in the
biosynthesis of the heptasaccharide on the N-glycans of C. jguni to introduce
azides''. Attempts to label 7z vivo failed, because the labeled monosaccharide
precursors were not converted to the corresponding nucleotide sugars'®'.
In another study the enzymatic synthesis of a glycolipid was developed to
incorporate an arabinose onto the cell surface of mycobacterium'*. This strategy
could, for example, also be applied to study the glycolipid portion of the LOS
that is involved in mimicry.

The LOS of bacteria can also be glycoengineered through genetically
introduced transferases'®. This approach was applied to engineer the O-antigen
of E. coli and Salmonella enterica serovar Typhimurium'*
build a poly LacNAc unit, or a Lewis x motive, on a truncated lipid A core, and
therefore the LOS becomes glycan mimicking,

. This technique can
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Figure 3. Chemical glycobiology techniques to study glycan mimicry on bacteria and their host.
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Imaging
In the past, labeled lectins or antibodies have often been used to indirectly detect
and image certain glycans on the cell surface of bacteria. However, a powerful
way to study glycan mimicry would be to directly image the actual glycans
themselves. The Kasper group applied MOE to fluorescently label and track
commensal bacteria in the gut via their cell surface glycans'*’. In another study,
they labeled multiple glycoconjugates of the cell wall: peptidoglycan, LPS and
CPS, with different fluorophotes and tracked these bacteria'®. Bacteria involved
in glycan mimicry could also be labeled as such and visualized, for example on
their LOS or LPS"*!'*". Imaging and spatiotemporal tracking of a specific glycan
on a commensal or pathogenic bacterium in the presence of a mammalian cell
model or even 7z vivo in an animal model (with for instance near-IR dyes) could
provide valuable information about their location and their possible interaction
partners.

Interactions

Glycan microarrays are an important technique to study bacterial glycans and
their interactions. One approach to study glycan mimicry with microarrays is to
investigate the binding of mimicking glycans to lectins of the innate immune
system'?. Another approach is to study the binding of unknown bacterial glycans
to lectins on a microarray in order to glycophenotype the bactetial glycan coat'*-
Y1 The presence of mimicking glycan structures on commensal bacteria might
be elucidated with glycophenotyping. For a detailed overview of the application
of microarrays to study both bacterial glycans and their interactions, we refer the
reader to a recent review'%,

In case the interactions between bacterial glycans and receptors are
known, it might be possible to manipulate this interaction and steer it to a receptor
of choice. In a recent study, Natural Killer cells were modified via MOE with
a set of NeubAc’s that contained unnatural groups, of which some enhanced
the binding to a tumor cell receptor that in turn led to increased tumor lysis'>.
When studying a specific glycan-receptor interaction multivalency effects play an
important role and can be investigated with defined multimers of the bacterial
glycans'. In case of glycan mimicry by bacteria a more fundamental application
can be thought of where the binding to different receptors and the effect on
the immune system can be studied, for example the binding of activating or
inhibiting Siglecs by Neisseria gonorrhoeae™. A set of molecules containing bio-
orthogonal click groups is available to increase binding to certain Siglecs'.

In case the 7z vivo interactions between bacterial glycans and receptors or
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binding partners are unknown, a photoreactive group, like a diazirine, might be

113

installed on the bacterial glycans to photocrosslink nearby receptors'” and use

proteomics to identify these binding partners.

Synthesis and structure elucidation

Progress to make glycans more accessible through automated glycan synthesis,
both chemically and enzymatically, will speed up the study of glycobiology'’"!%.
Some examples that are of special interest for glycan mimicry are gangliosides
and poly-LacNAc repeats that were synthesized through automated synthesis
Y7 or the LOS of C. jejuni that was synthesized
through chemoenzymatic synthesis'*®.

Another fundamental approach in glycobiology is structure elucidation.
This is typically performed through a range of techniques, such as monomer
analysis, MS and NMR'. Mass spectrometry analysis of glycans can require a
lot of expertise. Improvements can be made in purification before measuring,

mass labels and annotation of the data'“.

in combination with enzymes

Summary

Bacteria are covered by glycans. In the cases described here, and possibly
even more, bacteria display glycans that mimic glycans found in their human
or animal host. This glycan mimicry is often found for Gram-negative and
mucosal pathogens. Bacterial glycans are important for many interactions that
could possibly result in infection. For bacterial glycans mimicking their host, an
increasing number of interaction partners have been identified, yet their effects
beyond glycan recognition by host receptors are not always clear. In general,
the overall function of glycan mimicry by bacteria remains to be studied. The
techniques developed for chemical glycobiology could aid in identifying bacteria
that display glycan mimicry and elucidate the function of glycan mimicry.
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Chapter 3

Selective exoenzymatic labeling of
lipooligosaccharides of Neisseria gonorrhoeae with
sialic acid analogues

The interactions between bacteria and their host often rely on recognition
processes that involve host or bacterial glycans. Glycoengineering techniques
make it possible to modify and study the glycans on the host’s eukaryotic cells,
but only a few are available for the study of bacterial glycans. Here, we have
adapted the chemical reporter strategy, selective exoenzymatic labeling (SEEL),
to label the lipooligosaccharides of the bacterial pathogen Neisseria gonorrhoeae,
using the recombinant glycosyltransferase ST6Gall, and three synthetic CMP-
sialic acid derivatives. We show that SEEL treatment does not affect cell viability
and is capable of introducing an «2,6-linked sialic acid with a reporter group
on the lipooligosaccharides by Western blot, flow cytometry and fluorescent
microscopy. This new bacterial glycoengineering technique allows for the precise
modification, here with sialoside derivatives, and direct detection of specific
surface glycans on live bacteria, which will aid in further unravelling the precise
biological functions of bacterial glycans.

Hanna de Jong, Maria |. Moure, Jet E. M. Hartman, Gerlof P. Bosman, Bart W.
Bardoel, Geert-Jan Boons, Marc M. S. M. Wasten, Tom Wennekes



Chapter 3
Introduction

Glycans play a crucial role in many biological processes'. They are particulatly
prevalent on the outside of the cell in the so-called glycocalyx. Efforts to
manipulate and track glycans in the glycocalyx with the use of glycoengineering
techniques are gaining momentum®. In glycoengineering, the glycans on a
cell surface are modified by either inserting whole glycoconjugates or editing
the existing glycan structures by introducing, removing or altering specific
monosaccharide residues, which often entails the introduction of a chemical
reporter. This approach allows studying specific glycans and the precise
modification of their structure in the relevant biological context of a living
cell. So far, many of the reported glycoengineering techniques have focused on
mammalian cells and have contributed to a better understanding of the structure-
function relationship of glycans within the context of the glycocalyx. However,
in case of host-microbe interactions, comprehending cell surface glycosylation
and their biological functions extends not only to mammalian cells, but also to
microbial glycans, as illustrated by the many glycan interactions between a host
and microbe that influence processes like bacterial pathogenesis, interactions
with host receptors, and sialylation to evade immune detection by mimicry of
host glycans*’.

Currently, few glycoengineering techniques have been reported that can modify
bacterial glycans. The most widely applied approach is Metabolic Oligosaccharide
Engineering (MOE)®’, which makes use of the cell’s own metabolic pathways
to incorporate monosaccharides with a chemical reporter group into sugar
nucleotides that are eventually incorporated into bacterial glycans by native
glycosyltransferases. MOE has been applied on microbes to engineer their
1316 or to develop new
antibacterial strategies' . MOE is a powerful approach to selectively label
unique bacterial monosaccharides like keto-deoxyoctanoate (KDO) in LPS* and
N-acetyl muramic acid (NAM) in peptidoglycan®*?, among other residues®!**.
Several reports have described MOE with sialic acids, for instance neuraminic

cell wall,*"* to image them,"!"* discover glycoproteins

acid derivatives for Haemaphilus ducrey? or nontypeable Haemophilus influenzac®,
ot legionaminic® and pseudaminic'? acid for the flagella of Campylobacter jejuni.
However, MOE is not generally applicable to bacteria if the biosynthetic
machinery for the metabolic processing of the monosaccharide is absent. Other
examples of glycoengineering techniques for bacteria are the chemoenzymatic
synthesis of a heptasaccharide of C. jgjun" and a modification of a mycobacterial
cell wall with a glycolipid derivative®®. These pioneering examples of bacterial
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glycoengineering show the promise of this approach, but current techniques
have limited control over the type of glycoconjugate that is modified or are toxic
to bacteria at higher concentrations of synthetic monosaccharide.

Our goal was to investigate whether a glycoengineering technique for mammalian
*! could be adapted to bacteria
and thus expand the glycoengineering toolbox for bacterial glycans to be able to
manipulate and study specific glycans on the surface of live bacteria. SEEL uses
an exogenous applied recombinant glycosyltransferase to selectively label the

cells, selective exoenzymatic labeling (SEEL),’

glycocalyx of a cell with tailor-made sugar nucleotide analogs. In earlier work,
we reported a sialyltransferase ST6Gall that selectively modifies a terminal
N-acetyllactosamine (LLacNAc) on various human cell lines with a2,6-sialosides.
In a two-step or one-step SEEL approach, respectively, the sialic acid either
contained a bio-orthogonal azide that could be clicked to a biotin reporter
group, ot was already covalently coupled to a biotin®”'. SEEL is complementary
to MOE as it has two unique features. The first one being the ability to precisely
modify a particular glycan acceptor site with a specific linkage type because an
enzyme of choice can be employed. Second, the monosaccharide derivative
does not have to go through the multistep metabolic route of the cell, which
allows for the one-step introduction of more diverse labels, such as a biotin or
fluorophore. Considering these strengths of SEEL, we wanted to evaluate if
SEEL can be applied to bacteria and thus function as a new strategy to modify
their cell surface glycans.

We selected Neisseria gonorrhoeae as our target, which is a Gram-negative
bacterial pathogen causing the sexually transmitted disease gonorrhea®. Its
lipooligosaccharides (LOS) contain a terminal N-acetyllactosamine, which can
be a2,3-sialylated by its native sialyltransferases that scavenge CMP-sialic acid
from the host”>”. The resulting sialylated terminal glycans on the bactetium
resemble mammalian N-glycans and glycosphingolipids, and are thus a form
of glycan mimicry that conceals the bacteria from immune detection®. The use
of terminal sialic acids to display glycans that mimic the host extends to other
pathogenic bacteria and raises questions about the role of this monosaccharide
in the interaction with the immune system, making sialic acid on bacteria a
prime target for glycoengineering’. Since the established SEEL approach that
we developed for mammalian cells uses the recombinant sialyltransferase,
ST6Gall, to modify terminal N-acetyllactosamines of N-glycans with sialic acid
derivatives, we hypothesized that N. gonorrhoeae would be an ideal candidate for
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adapting this glycoengineering technique to bacteria (Figure 1).

Here, we report for the first time the successful use of selective exoenzymatic
labeling on bacteria. We show that SEEL labels the LOS of N. gonorrhoeae with a
preference for LacNAc as the terminal glycan unit and that the introduced «2,6-
linked sialic acid derivatives can be visualized and quantified on the bacteria.

A B. 9. 0 o N/ NH
" * o gt Uy
S v, 0
y G zegos®e o
4 > /\\(ué oH
7/ R0

Figure I. (A) Schematic overview of selective exoenzymatic labeling of the lipooligosaccharides on N. gonorrhoeae
with a sialic acid that contains a reporter group. (B) Structures of azido, biotinylated and fluorescent CMP-Sia
derivatives.

Results and discussion

We set out to test the glycoengineering technique SEEL on the bacteria Nezsseria
gonorrhoeae. We started by testing one-step SEEL, using biotinylated cytidine
monophosphate sialic acid (CMP-Sia-biotin), on two different strains of I\.
gonorrhoeae: one wildtype and one mutant lacking its own sialyltransferase (ST
mutant)**”. For both strains, we observed labeling of the LOS on Western blot
and on polyacrylamide gel after silver staining through upward shifted bands of
the LOS (Figure 2A). To check for any labeling of other glycoconjugates besides
LOS, (glyco)protein samples of SEEIL-treated bacteria were analyzed and
labeling of bacterial glycoproteins was not observed (SI Figure 1A). However,
the analysis of glycoproteins identified a band that corresponds to the labeled
recombinant sialyltransferase ST6Gall (47 kDa) that can label its N-glycans
during SEEL, as previously observed with mass spectrometry analysis by our
group (unpublished data; manuscript in preparation) (SI Figure 1B). From these
initial experiments, we could conclude that SEEL is indeed able to selectively
label the LLOS of IN. gonorrhoeae.
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Next, we wanted to evaluate if SEEL selectively labels N-acetyllactosamine on
the terminal position of the LOS. To this end, we labeled three different isogenic
N. gonorrhoeae strains with different terminal glycan structures, strain B contains
LOS with a terminal N-acetyllactosamine, strain A lacks a terminal galactose
thus exposing a terminal N-acetylglucosamine and strain C has an additional
N-acetylgalactosamine (Figure 2B)*. It has been reported that N. gonorrhoeae can
scavenge CMP-Neu5Ac from the environment’™® and therefore we wanted to
explore if the three isogenic strains could also transfer tagged CMP-sialic acid
derivatives. For both SEEL-treated bacteria and bacteria incubated with only
the CMP-Sia-biotin, thus without any recombinant sialyltransferase, labeling
was observed (Figure 2C). This indicates that the native sialyltransferases of .
gonorrhoeae can accept CMP-Sia-biotin and transfer it to the LOS. To exclude the
contribution of these native enzymes in the experiments we heated the bacteria
to denature these proteins and then performed SEEL (Figure 2C bottom panel,
see SI Figure 2 for heat inactivated and SEEL treated WT and ST mutant). The
signal for the heat-treated bacteria was strongly diminished which indicated that
the native sialyltransferases contributed significantly to the previously observed
labeling. Since the intensity of labeling in these experiments was diminished,
it was possible to compare the labeling patterns for the different strains. As
expected, weak labeling of strain A was observed and strong labeling of B, but
also strong labeling of the LOS of strain C. We reasoned that strain C is labeled
because the enzyme that installs the terminal N-acetylgalactosamine is under
#40 and it might thus not be present under the growth
conditions, which exposes a terminal N-acetyllactosamine in strain C and makes
it closely resemble strain B. Taken together, we conclude that as expected SEEL
on N. gonorrhoeae with recombinant ST6Gall preferentially labels the LOS
terminal N-acetyllactosamines.

phase-variable expression
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Figure 2.Western blot and silver stain analysis of N. gonorrhoeae LOS labeled with SEEL. (A) In a one-step reaction,
the CMP-Sia-biotin is incorporated in the LOS of a wildtype and sialyltransferase mutant N. gonorrhoeae (N gno
WT and N gno A, respectively), as can be seen by the signal on Western blot (upper panel) and the small increase
in molecular weight visualized by silver stain (bottom panel). (B) Three different strains of LOS on N. gonorrhoeae
to test labeling specificity. (C) The bacteria with different terminal glycans were treated with only CMP-Sia-biotin
or SEEL and the LOS was analyzed with Western blot and silver stain. In the lower panel, bacteria were heated
and then treated with only CMP-Sia-biotin or SEEL and the LOS was analyzed with Western blot and silver stain.
(D) In a two-step reaction, the CMP-Sia-azide is incorporated in the LOS of a wildtype and sialyltransferase mutant
N. gonorrhoeae and then clicked with an alkyne-biotin. The LOS was analyzed with Western blot and silver stain.
(E) In either a two-step reaction, for alkyne-488 and DBCO-488, or a one-step reaction, with CMP-Sia-488, the
mutant N. gonorrhoeae were labeled. The LOS was analyzed with in-gel fluorescence (upper panel) or silver stain
(bottom panel). The results of this gel are combined in this figure and the raw data images are available in the SI.

After studying the targeted acceptor glycan of SEEL in IN. gonorrhoeae, we focused
on quantifying the number of bacteria that are being labeled. To achieve this, a
fluorescent reporter group was introduced on the bacteria for analysis by flow
cytometry. First, we tested the efficiency of two-step SEEL to introduce a reporter
group via a click reaction of the sialosides with an azide to a terminal alkyne
connected to a biotin reporter. The copper-catalyzed azide-alkyne cycloaddition
(CuAAC) resulted in a clear signal (Figure 2D). Next, we evaluated this again,
but now for both a CuAAC and strain-promoted azide-alkyne cycloaddition
(SPAAC) with a terminal alkyne or DBCO group containing an Alexa Fluor 488
fluorescent dye (AF488). Both these experiments produced only a small amount
of fluorescently labeled LOS on gel (Figure 2E). To compare the two-step SEEL
with one-step SEEL, a CMP-sialic acid derivative with an AF488 dye, CMP-Sia-
AF488, was synthesized by conjugating the fluorescent dye to CMP-NeuAz via
a CuAAC reaction (see SI for full details). Compared to the click reaction in
the two-step approach, this fluorescently labeled sugar nucleotide would avoid
background labeling often observed with reacting a fluorescent dye onto cell
surfaces or the potential cytotoxicity of CuAAC. When comparing two-step and
one-step SEEL we saw a significantly stronger signal for one-step SEEL, especially
for the in-gel fluorescence (Figure 2E). In previous studies, we made a similar
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observation while comparing the amount of labeled mammalian glycoproteins
with one-step and two-step SEEL’'. We speculate that the two-step SEEL is less
efficient because the click reaction might be sterically hindered on the surface
of the bacteria. Since one-step SEEL would give a more accurate number of
labeled bacteria, we continued using one-step SEEL with our newly synthesized
CMP-Sia-AF488 for flow cytometry experiments. These measurements on the
SEEL treated N. gonorrhoeae ST mutant demonstrated that there is an increase in
fluorescence compared to the controls (Figure 3B) in which either only CMP-
Sia-AF488 was added or SEEL treated bacteria with natural CMP-Neu5Ac.
Although the flow cytometry data showed that most mutant bacteria were being
labeled with SEEL (Figure 3B), it appears as a broad distribution and the level of
incorporation was not as high when we compared it with treatment of WT N.
gonorrhoeae with CMP-Sia-AF488. The native sialyltransferases of N. gonorrhoeae
have been reported by Gulati et al.*** to accept azido nucleotide sugar analogs
and also microbial sialic acids. In line with this previous work, we observed that
the native sialyltransferases of IN. gonorrhoeae also accepted larger modifications
such as the fluorescently labeled nucleotide sugar, which is another proof of
broad substrate tolerance of this sialyltransferase. In contrast to the bacterial
sialyltransferases, SEEL uniquely allows for the introduction of non-natively
linked sialosides through the exogeneous enzyme, namely «2,6- instead of «2,3-
Neu5Ac on the LOS of Nezsseria®*. To further optimize the SEEL protocol,
we varied several parameters that showed the labeling could be increased with
higher concentrations of label mix, but longer incubations times showed similar
labeling as 2 hour incubation, and less enzyme or nucleotide sugar even showed
a decrease in labeling (Figure 3C-F). We were also interested to gain insight into
the amount of sialic acid incorporated on a bacterium’s surface by SEEL. To
determine the median number of fluorescently labeled sialosides per bacteria by
SEEL, we used quantum beads with a known number of fluorophores to make
a calibration curve (SI Figure 3)*. This revealed that SEEL treated bacteria on
average have 19000 modifications with fluorescently modified sialic acid on their
LOS (Figure 3G). In contrast, the labeling by the native bacterial enzymes of the
WT was 19 times more efficient than the applied SEEL treatment. Collectively,
the flow cytometry data shows that most of the SEEL treated bacteria are
labeled but labeling of the LOS does not occur as efficiently as by the native
sialyltransferases. This comparably lower sialylation might be caused by limited
access of the recombinant enzyme to acceptor sites or a comparatively elevated
local concentration of the native enzymes near the acceptor sites if they are
surface-bound, yet SEEL has the unique property of being able to install a
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sialoside with a linkage of choice, here a non-native «2,6-linkage. This type
of glycosidic linkage cannot be obtained through the bacterial biosynthetic
machinery during MOE or labeling through native sialyltransferases.

A. B. C. D.
For Astrain: A untreated / D\ A, untreated / o\ A, untreated
e 0.5 A\ oss| | /N 0.56
ST6Gal1 - A, SEEL A, SEEL
W A, SEEL with CMP-Sia-AF488 et 7P| | 769
R ‘ 'A 7.79| 5x diltued enzyme 5x diluted label
: - T all. EANE~ . 24
For WT strain: A, CMP-Sia-AF488| ’ 25x diltued enzyme ’ 25x diIthed label
090 0.97 / \
AF48, /A\ o ’ - 093
125x diltued enzyme i
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061 . L
_ T rrn s r ] T "
AF488. o ' n0? o 0 10! 10 10
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Figure 3.Flow cytometry data to quantify labeling and to test parameters of SEEL treated N.gonorrhoeae. (A) Schematic
overview of the LOS labeling for SEEL treated mutant bacteriaandWT treated with nucleotide sugar only.(B) Different
conditions to confirm that the signal from the SEEL treated label originates from the SEEL treatment after 2-hour
incubation. (C) Dilution series of the amount of enzyme in the SEEL label mix, 2-h incubation; decreasing amounts
of ST6Gall (ug): 1.05;0.21;0.042;0.0084. (D) Dilution series of the amount of CMP-Sia-AF488 in the SEEL label mix,
2-h incubation; decreasing concentration CMP-Sia-AF488 (uM): 50; 10;2;0.4. (E) SEEL labeling of N. gonorrhoeae after
different incubation times. (F) SEEL labeling with increased concentration of SEEL label mix. (G). Quantification of
the amount of fluorescence on SEEL treated bacteria or WT bacteria with CMP-Sia-AF488 from three independent
measurements. The median fluorescent intensity was determined for mutant bacteria labeled by SEEL or wildtype
bacteria labeled by native sialyltransferases. This number was converted to the number of modifications on the
cell surface through the Molecules of Equivalent Soluble Fluorochrome (MESF) of the Quantum Beads (QBs).

Finally, we wanted to visualize the SEEL introduced sialic acid analogue.
Through SEEL it is possible to label intact bacteria and since the enzyme
ST6Gall is exogeneous, labeling takes place extracellularly*. The aim was to
visualize the fluorescent reporter group on the bacteria that was introduced
by SEEL. Fluorescence microscopy of the N. gonorrboeae ST mutant that was
SEEL treated with CMP-Sia-AF488 showed a bright green signal in a circular
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shape around the cytoplasm in which the chromosomal DNA was stained with
DAPI, and thus indicating successful labeling with CMP-Sia-AF488 (Figure 4).
In agreement with the flow cytometry data, fluorescence microscopy showed a
similar ratio of fluorescently labeled versus unlabeled N. gonorrhoeae by SEEL (S1
Figure 4 and 5).

A. 488 channel B. Merge of 488 and 405 channels C. 488 channel, superresolution

Figure 4. Fluorescence microscopy images show that N. gonorrhoeae are fluorescently labeled on the outside
of the cell. (A) 488 channel. (B) Merge of 488 and 405 (DAPI) channels. (C) 488 channel with superresolution.

These combined results demonstrated that it is possible to adapt SEEL to
bacteria. The power of SEEL, as a glycoengineering technique, is thatitis targeted
because it incorporates one type of monosaccharide on a specific acceptor on the
cell surface, in this case NeuSAc on the terminal N-acetyllactosamine of LOS.
Additionally, the use of an exogenous enzyme ensures that a certain linkage type
between the glycans is made because of the inherent specificity of the chosen
glycosyltransferase, which can be a glycosidic linkage of choice that is non-native
for the bacteria, and that the modification is presumably made extracellularly.
Furthermore, as SEEL can introduce an extracellular modification in a single
step, it has the potential to introduce specific cell surface modifications with
large biolmolecules’. The single step introduction of a fluorescently labeled
sialoside, as shown here, is for instance not possible via MOE®. Currently,
MOE is the most widely applied approach to glycoengineer bacterial glycans.
Although this technique has the power to hijack the metabolic process of
the cell to incorporate unnatural glycans, it has disadvantages due to this
requirement of metabolic processing of the externally added monosaccharide
derivatives®. A case in point is that MOE cannot be applied to N. gonorrhoeae to
engineer sialic acid, because the monosaccharide derivative cannot be converted
to the nucleotide sugar since the bacteria lacks the required CMP synthetase
in the metabolic pathway”. Also, MOE can be toxic to the cell as often high
concentrations of these derivatives are used to ensure sufficient cellular uptake
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and to achieve successful competition in the metabolic pathway with the native
monosaccharide. In contrast, we evaluated SEEL and it did not show cell
toxicity for N. gonorrhoeae (SI Figure 6). A possible limitation of SEEL includes
the number of modifications made. The high glycosylation activity we observed
for the native bacterial sialyltransferases with our three synthetic CMP-sialic acid
derivatives could be a promising method to achieve higher modification levels.
On the other hand, SEEL allows for more precise control over the introduction
of a tailor-made sialic acid derivative via specific glycosidic linkage on a particular
acceptor glycan. The observed activity of the native bacterial enzymes could also
mean that knock outs of these are required to exclude their contribution for
certain applications, like the introduction of sialic acids on specific acceptor
glycans to study specific biological processes.

In conclusion, we show here for the first time that SEEL can also be applied
as a glycoengineering technique for the modification of cell surface glycans
on bacteria, in this case synthetic sialic acid derivatives with a reporter group
on the LOS of N. gonorrhoeae. Bacterial SEEL represents a promising new
complementary technique to engineer microbial glycans, next to MOE. In the
future, the scope of SEEL to label other bacteria with a terminal LacNAc like IN.
meningitidis or H. ducreyi, and the use of other sugar nucleotides and corresponding
glycosyltransferases can be explored, as well as the use of this technique to study
the interactions between sialylated LOS of N. gonorrhoeae and its host.
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Supporting information

Material and methods

a-(2,6)-sialyltransferase (ST6Gall), CMP-Sia-N, and CMP-Sia-biotin were
prepared as reported'. Alkaline phosphatase (FastAP) was purchased from
Thermofischer Scientific (EF0651). HRP conjugated anti-biotin antibody
(200-032-211) was purchased from Jackson ImmunoResearch Laboratories.
Acetylene-PEG,-biotin (CLK-TA105), DBCO-PEG,-biotin (CLK-A105P4),
AF488-alkyne (CLK-1277), and DBCO-AF488 (CLK-1278) were purchased
from Jena Bioscience.

Chocolate Columbia agar plates were purchased from BioTrading (KO18PO90KP).
Peptone was purchased from Oxoid (LP0085).

Bacterial strains and culture

N. gonorrhoeae WT, A STase, isogenic strains A, B and C, were gifted by Prof. Dr.

Jos van Putten (Utrecht University)**. N. gonorrhoeae was grown on Chocolate
Columbia agar plates at 37°C + 5% CO, and in HEPES medium at 37°C.

SEEL of bacteria

One-step SEEL was performed on bacteria grown in liquid culture (5 x 10°
bacteria). The bacteria were washed with buffer and were incubated with SEEL
label mix at 37°C for 2 h while rotating. A typical SEEL label mix (50uL) was
prepared in medium (PBS/HEPES buffer) with ST6Gall (1.05 ul. of stock 1
mg/ml), CMP-Sialic acid detivative (50 uM), 0.34 ul. BSA (2 mg/mL) and 0.34
ul. alkaline phosphatase (1 U/ uL). After SEEL treatment, the bacteria were
washed with buffer and prepared for application.

Two-step SEEL was performed similar to one-step SEEL, followed by a
click reaction. In case of CuAAC, 100 ul. reaction volume contained 100 uM
Acetylene-PEG,-biotin, 500 uM CuSO, and 2.5 mM sodium r-ascorbate. In case
of SPAAC 100 pL reaction volume contained 100 uM DBCO-PEG,-biotin. For
the fluorophores AF488-alkyne and DBCO-AF488 the concentration was 1
mM.

If the bacteria were heat-inactivated, they were heated at 80°C for 15 min and
treated with the described SEEL method.

64



Selective exoenzymatic labeling of LOS of N. gonorrhoeae

Western blotting

In case of (glyco)proteins, the samples were lysed and analyzed with a 10% SDS-
PAGE gel for which the gel was run for 45-60 min at 150V. For the western
blotting, the gel was electroblotted onto a PVDF membrane. The membrane
was blocked (5% milk, 30 — 60 min), washed (1% milk, 5 min), stained with
anti-biotin-HRP antibody (1 : 20000 in 1% milk), washed (1 % milk, followed by
PBS, 5 min each), and treated with ECL western substrate for signal detection.

LOS preparation and Tris-Tricine gel

Samples were boiled for 5 min and then treated with protease K (10 uL, 20mg/
ml) overnight at 55°C. 3x Laemli buffer was added and the samples were
analyzed with a 16% Tris-Tricine gel. The gel ran typically for 3 - 4 h at 20 mA
and was then further analyzed by Western blotting or silver staining or in-gel
fluorescence.

Silver staining

Silver staining was performed on a 16% Tris-Tricine gel as described previously.”
Briefly, the gel was fixed (30 min, 40% ethanol, 5% acetic acid), oxidized (5 min,
0.7% sodium periodic acid, 40% ethanol, 5% acetic acid), washed (3 x 5 min
in distilled water), stained (distilled water containing 19% 0.1M NaOH, 1.3%
>28% ammonium hydroxide, 3,3% 20% w/v silver nitrate), washed (3 x 5 min
in distilled water), developed until bands appeared (distilled water containing
0.1% PFA 37% and 0.1% citric acid 100mg/mL), rinsed with distilled water and
stopped (7% acetic acid in distilled water).

In-gel fluorescence

In-gel fluorescence was measured on Amersham imager 600 using the Green
channel (520 nm, cy3).

Flow cytometry

Samples were fixed with 1% paraformaldehyde and 0.5% BSA. If necessary,
bacteria were diluted in PBS + 0.05% BSA to not exceed 20000 counts/s in
flow cytometry analysis. Flow cytometry was performed on MACSQuant flow
cytometer (Miltenyi Biotech) and analysis was done with Flow]Jo Software (V10).
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Imaging

Bacteria (circa 3 x 10%) were centrifuged, resuspended in HEPES + 1 % BSA
and DAPI (4',6-diamidino-2-phenylindole) (1:50) was added. The samples were
incubated for 25 min in the dark before washing (milliQQ + 0.1% Tween) and
then carefully resuspended in ProLLong Diamond Antifade Mountant (P36961).
5 ul. of sample was taken, put on a poly-L-lysine coated coverslip and mounted
on a glass slide. Slides were stored at RT overnight to allow the samples to
harden and subsequently stored at 4 °C.

Growth measurements

Bacteria were treated according to conditions specified in text. Bacteria were
diluted to OD=0.05 and the growth was monitored with Synergy HTX multi-
mode meter in a hypoxic glove box for 24 h while shaking continuously. Data
was exported and analyzed with excel/prism.

Synthesis of CMP-Sia-AF488

General Methods and Materials

Alexa Fluor 488 succinimidyl (NHS) ester was purchased from ThermoFisher
Scientific. Other reagents were obtained from commercial sources and used
as purchased. Dichloromethane (DCM) was freshly distilled using standard
procedures. Other organic solvents were purchased anhydrous and used without
further purification. Unless otherwise noted, all reactions were carried out at
room temperature (RT) in glassware with magnetic stirring. Organic solutions
were concentrated under reduced pressure with bath temperatures < 30 °C.
Flash column chromatography was carried out on silica gel G60 (Silicycle, 60-
200 wm, 60 A). Thin-layer chromatography (TT.C) was carried out on Silica gel 60
F254 (EMD Chemicals Inc.) with detection by UV absorption (254 nm) where
applicable, by spraying with 20% sulfuric acid in ethanol followed by charring
at _150 °C or by spraying with a solution of (NH,) Mo.O,,-H O (25 g/1) in
10% sulfuric acid in ethanol followed by charring at 150 °C. '"H NMR spectra
were recorded on a Varian Inova 500 (500 MHz) spectrometer equipped with
sun workstations. Mass spectra were recorded on an Applied Biosystems 5800
MALDI-TOF or Shimadzu LCMS-IT-TOF mass spectrometer. The matrix used
was 2,5-dihydroxy-benzoic acid (DHB).
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Scheme |. Synthesis of Alexa Fluor 488 CMP-sialic acid (CMP-Sia-AF488).

Compound 3

To a solution of Alexa Fluor 488 NHS (1 eq, 1 mg) in DMF (680 uL), alkyne
25 (3 eq, 0.44 mg) and triethylamine (9 eq, 970 ul) were added. The resulting
mixture was stirred at room temperature for 30 minutes in darkness until ESI-
MS indicated completion of the reaction. After removing solvent under reduced
pressure, the crude residue was concentrated to afford 1.1 mg of product as an
orange solid in quantitative yield. ESI-MS m/z caled for C, H,N.O S | [M-1H]
: 702.1069, found, 702.1099.

Compound | (CMP-Sia-AF488)

To a solution of compound 3 (1.3 eq, 1.1 mg) and CMP-NeuAz' (compound 4,
1 eq, 0.79 mg) in 200 uL. 0.1M NH,HCO, was added 0.1 M sodium L.-ascorbate
(12.1ul), 0.1 M CuSO, (9.61 ul), and 130 pug TBTA. The resulting mixture was
stirred at room temperature for 2h 30 min in darkness. After completion of the
reaction as indicated by ESI-MS, the mixture was lyophilized. The residue was
purified by a C18 column using a gradient of methanol and water (from 90/10
to 30/70, v/v) to afford compound 1 (1 mg, 62%) as an orange solid. ESI-MS
m/z caled for C, H N, O, PS , [M-1H]: 1359.2712, found, 1359.2730.

507 760
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Supplemental figures

A. B.
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Supplementary figure |.(A)Western blot and pageblue analysis of protein samples from SEEL treated N. gonorrhoeae.
The bottom bands are labeled LOS. (B) SEEL label mix analyzed on Western blot. The enzyme ST6Gall labels itself

in solution.

— 10 kDa

NgnoWT Ngno A
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-_

Supplementary figure 2. One-step SEEL after heat-inactivating N. gonorrhoeae wildtype and mutant.
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Supplementary figure 3. (A) Gating of N. gonorrhoeae for flow cytometry. (B) Gating of quantum beads for
quantification of the number of fluorescence labels. (C) The amount of fluorescence in the 488 channel (FITC) for
the different quantum beads with the mean indicated in the legend.
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GFP Merge GFP Merge

Supplementary figure 4. Fluorescence microscopy images of SEEL treated N. gonorrhoeae with CMP-Sia-AF488.
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Supplementary figure 5. Fluorescence microscopy images of SEEL treated N. gonorrhoeae in two overviews (merge
of 488 and 405 channel).
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Supplementary figure 6. (A) One-step SEEL labeling in HEPES buffer, which is used for the cytotoxicity assays. (B)
OD600 measured over time to test cell viability of untreated and SEEL treated bacteria for both wildtype and
mutant strain of N. gonorrhoeae.
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Condition
not used in
Alkyne-488 manuscript DBCO-488  CMP-Sia-488
SEEL (50 pM) - + - + - +

Condition
LPS not used in
control  Alkyne-488 manuscript DBCO-488 CMP-Sia-488
SEEL (50 M) = + - + - + - +

& —

Supplementary figure 7. Raw data images of in-gel fluorescence (top) and silver stain (bottom) that were used in
Figure 2E.
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Chapter 4

Glycoengineering cell surface glycoconjugates on
bacterial pathogens with CMP-sialic acid analogues

Glycoconjugates on the bacterial cell surface play an important role in host-microbe interactions.
Often, N-acetylneuraminic acid (Neu5Ac or sialic acid) is a key component of these
glycoconjugates. The importance of this monosaccharide is illustrated by its overrepresentation
in bacterial glycoconjugates that resemble human glycans. The functional roles of Neu5Ac on
these mimicking bacterial glycans are not fully understood, but it has been shown to interact with
sialic acid binding receptors of the host and shield the bacteria from recognition by the immune
system. The ability to directly detect and manipulate Neu5Ac on bacterial glycoconjugates of
live bacteria is a key approach to further investigate the functional roles of this modification
at the molecular level. Here, we report the application of three glycoengineering techniques:
Metabolic Oligosaccharide Engineering, selective exoenzymatic labeling and labeling via native
sialyltransferases, to incorporate Neu5Ac with a reporter group into the lipooligosaccharides of a
selection of Gram-negative bacteria. We show that these techniques are complementary based on
the chosen bacterium and the goal of engineering. Furthermore, we demonstrated that the native
sialyltransferases of several mucosal pathogens were able to accept extracellular nucleotide sugar
analogs, thereby introducing unnatural sialosides onto their lipooligosaccharides. In addition, for
a number of bacterial pathogens we show for the first time that they are able to incorporate
Neu5Ac in their bacterial glycoconjugates. The choice of glycoengineering techniques to be used
ultimately depends on the bacterial species and the goal of engineering, but they all can make an
important contribution to unraveling glycan interactions between host and bacteria.

Hanna de Jong, Erianna 1. Alvarado Melendez, Jet E. M. Hartman, Jun Yang Ong,
Maria ]. Moure, Bart W. Bardoel, Astrid P. Heikema, Geert-Jan Boons, Marec M. S. M.
Wasten, Tom Wennekes



Chapter 4
Introduction

An important monosaccharide residue in glycans is 5-N-acetylneuraminic acid
(Neu5Ac), or commonly referred to as sialic acid. This monosaccharide is a
9-carbon glycan that is often found at the terminal position of glycan classes
like gangliosides, glycoproteins and polysialic acids'. In mammals, the function
of this monosaccharide is diverse, and plays a key role in the interaction with
the immune system®’. Neu5Ac is used by bacteria as well, either as a carbon
source of as a building block for their own glycoconjugates *°. In some cases, the
incorporation of Neu5Ac into the bacterial glycoconjugates leads to resemblance
between human and bacterial glycans, a form of glycan mimicry®. As a result, the
bacterial glycans can engage with human sialic acid binding receptors (Siglecs) or
shield the bacteria from the immune system®. Neu5Ac is a key monosaccharide
in glycan mimicry, and also in other host-pathogen interactions’. Despite its
importance, the exact role of Neu5Ac on bacterial glycoconjugates is not fully
elucidated on the molecular level. To gain further insight, there is a need to
detect and manipulate Neu5Ac through glycoengineering techniques.

Several engineering approaches exist to perturb and study the roles of
glycans®* 2. Currently, a widely applied chemical approach to study glycans is
the use of carbohydrates that are modified with (bioorthogonal) reporters. In
this technique, named Metabolic Oligosaccharide Engineering (MOE), the
carbohydrate analogs are taken up by the cell, metabolically processed into
their sugar nucleotide equivalent and transferred onto the cellular glycans by
native glycosyltransferases. The metabolically incorporated carbohydrate analog
can subsequently be studied via its reporter by covalently attaching a tag, for
example a fluorophore or biotin. MOE has also been applied on microbes to
engineer their cell wall*™", image'", discover glycoproteins®* ot to develop
new antibacterial strategies®*!. Although MOE is a very useful technique, it
has a few limitations. In order to modify glycans, the used carbohydrate analogs
must be able to get inside the cell, metabolically processed by the native salvage
pathway enzymes and finally accepted as substrates by native intracellular
glycosyltransferases. Deficiencies in any of these steps often results in only
limited control over both reporter incorporation level and site, e.g. glycoproteins
ot glycolipids®. The metabolically generated sugar nucleotide analogs ate often
substrates for multiple related intracellular glycosyltransferases. Therefore,
MOE can also result in various linkage types, for example «2,3- vs a2,6-sialic
acid linkages, which complicates their subsequent analysis and interpretation of
their biological effects.
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Another glycoengineering technique is selective exoenzymatic labeling®*,

recently applied to the bacterium Neisseria gonorrhoeae by us (Chapter 3). SEEL
uses an externally applied recombinant glycosyltransferase to selectively label
the outside of a cell with tailor-made sugar nucleotide analogs. In case of .
gonorrhoeae, derivatives of CMP-Neu5Ac were introduced with reporter groups
such as an azide, a biotin or fluorescent dye on the lipooligosaccharides (LOS) of
this bacterium. Advantages of SEEL are the precise incorporation of a glycan
onto a defined substrate on the cell surface with a known linkage type due to the
inherent activity of the externally applied glycosyltransferase. The established
linkage type can be non-native to the bacterium, like «2,6-Neu5Ac instead of
the naturally occurring «2,3-Neu5Ac on N. gonorrhoeae™, which is an unique
feature of SEEL when compared to other glycoengineering techniques. Another
advantage is that SEEL is non-toxic to bacteria in contrast to the often higher
concentrations of monosaccharide analogs applied during MOE. A disadvantage
of SEEL can be, as observed by us when applied to the bacterium N. gonorrhoeae,
that the degree of sialylation is lower compared to the level achieved by native
glycosyltransferases (Chapter 3).

During the application of SEEL to N. gonorrboeae we observed that wildtype
bacteria were capable of incorporating the sugar nucleotide analogs with
their own sialyltransferases. For IN. gonorrhoeae it was previously reported that
it scavenges CMP-Neu5Ac from the environment and transfers this onto its
lipooligosaccharides through native sialyltransferases®. It has been shown that
N. gonorrhoeae can also utilize nucleotide sugar analogs with small modifications
such as an azide or other glycans including legionaminic acid and keto-

deoxyoctanoate™

. In line with these previous observations, we found that also
larger modifications on the C5 position, like a fluorescent dye, were accepted
as substrates by the sialyltransferase. Intrigued by the ability to harness these
enzymes to engineer their own cell surface glycoconjugates, we set out to test

other bacteria for their ability to transfer sialic acid nucleotide analogs.

To test these glycoengineering techniques and the sialyltransferase activity
of a set of bacterial pathogens, three species were chosen to further tune
and optimize testing conditions: Nontypeable Haemophilus influenzae (NTHI),
Neisseria gonorrhoeae, and Campylobacter jejuni. All three bacterial species contain
NeubAc in their cell surface glycoconjugates and this has a profound effect on
their interaction with the human host. NTHi is a Gram-negative bacterium,
facultatively anaerobic, and an opportunistic pathogen that can cause otitis
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media. NTHi can take up Neu5Ac from outside the cell and incorporate it
into its LOS, leading to glycan mimicry and increased resistance against serum-
mediated killing®***. Another target was N. gonorrhoeae which is a Gram-negative,
diplococci bacteria that causes the sexually transmitted gonorrhea infection.
Although N. gonorrhoeae cannot synthesize sialic acid nucleotide sugars by itself

since it lacks the required enzyme CMP synthetase™
29,36

it can scavenge these

)
nucleotide sugars from the environment™, as mentioned previously. It was also
demonstrated that this bacteria can scavenge other 9-carbon nucleotide sugars,
like 5-glycolyl-neuraminic acid (Neu5Gec) or legionaminic acid (Leg5Ac7Ac)™".
The third target was C. jeuni, which is a food-borne pathogen and a common
cause of human gastroenteritis. In rare cases C. jeuni can lead to the autoimmune
disease Guillain-Barré Syndrome (GBS) and the development of this disease is
associated with C. jgiuni’s LOS”. Neu5Ac appears to have an important effect on

C. jeund's interaction with the immune system of the host™.

Here, we first report the use of MOE, SEEL and sialyltransferase activity of
three bacterial pathogens of which is known that they sialylate their cell surface
glycoconjugates, namely Nontypeable Haemophilus influenzae, Neisseria gonorrhoeae,
and Campylobacter jeguni. After having established the sialyltransferase activity of
the enzymes by the three bacterial pathogens, a blast search with the bacterial
glycosyltransferases was performed to select other bacteria that might sialylate
their cell surface. We show that a wide range of pathogenic bacteria is able
to scavenge nucleotide sugars and incorporate these into their cell surface
glycoconjugates. This glycoengineering technique, in addition to the existing
techniques like MOE and SEEL, is a very useful and fast method to study the
function of Neu5Ac on bacterial glycoconjugates.

Results

Nontypeable Haemophilus influenzae

NTHi is an opportunistic pathogen that can utilize Neu5Ac as a carbon source
or incorporate it into bacterial glycoconjugates. In a previous glycoengineering
study, Heise et al.”* demonstrated that sialic acid probes get incorporated into
the LOS via the metabolic pathway and this leads to resistance against serum-
mediated killing,

First, we repeated the experiment by Heise et al. and applied MOE to NTHi™.
The sialic acid analog Neu5Az was indeed incorporated onto the LOS, but not
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by the bacteria that lack the required metabolic pathway to take up and process
the sialic acid analog, as demonstrated with a sialic acid transporter mutant
(ASiaP) (Figure 1A). There was no incorporation of the Neu5Ac analog into
any other cell surface glycoproteins (Figure 1B). A possible downside of MOE
is the toxicity associated with the probe, which is usually an azido analog. For the
highest concentration of probe (1 mM), indeed a decrease in growth is observed
that indicates cell toxicity (SI Figure 1). Taken together, this data confirms the
previous report of MOE for NTHi*.

Next, we tested whether SEEL could be used to label NTHi. Therefore, a
biotinylated nucleotide sugar was used in combination with a sialyltransferase
from a mammalian or bacterial origin. To exclude the contribution of NTHi’s
sialyltransferases to the labeling, the bacteria were heated at 80 °C for 15 minutes
(Chapter 3). Under these conditions we unfortunately observed no labeling
of NTHi by SEEL. However, without the heat-inactivation step and without
exogeneous enzyme, labeling was observed (Figure 1C). This indicated that the
native sialyltransferases from NTHi are capable of modifying the LOS with an
unnatural Neu5Ac analog,

Since the sialyltransferases of N'THi were capable of scavenging the nucleotide
sugar, we wanted to investigate this further. First, the CMP-Neu5Ac derivative
with the smallest modification, an azide in this case (CMP-Neu5Az), was applied
to NTHI at two different concentrations (Figure 1D). In both cases a clear
signal was observed indicating the incorporation of the Neu5Ac analog onto
the bacterial LOS. Even a nucleotide sugar with a much larger modification on
the C5 position, a biotin already covalently connected to the nucleotide sugar
(CMP-Neu5Biotin) could be incorporated (Figure 1E). Next, we wanted to test
the minimum concentration of nucleotide sugar required to observe a signal
on Western blot. An experiment using a concentration range of CMP-Neu5Az
showed that from the highest concentration of 200 uM to as low as 0,8 uM
a signal could be observed (Figure 1F). After having established the minimal
concentration of nucleotide sugar needed, a set of 10 clinical nontypeable
and 2 typeable Haemophilus influenzae isolates with previously unidentified
sialyltransferase activity were tested. The glycan structures of these nontypeable
and typeable clinical isolates are unidentified. Seven out of ten NTHiincorporated
the nucleotide sugar derivative and a moderate signal for both typeables was
detected(Figure 1G). The use of tailor-made sugar nucleotides provided a rapid
way to explore the sialyltransferase activity of multiple strains and to identify the
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sialylation of previously uncharacterized cell surface glycoconjugates of clinical

isolates.
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Figure |.Glycoengineering techniques MOE, SEEL and native sialyltransferases,applied to NTHi. (A)
MOE with Neu5Az shows incorporation into the LOS of NTHi wildtype (WT), but not for a sialic acid transporter
mutant (A). (B) MOE with Neu5Az does not label any cell surface glycoconjugates of NTHi. (C) SEEL of NTHi
with different sialyltransferases does not show labeling of the LOS of NTHi. (D, E) The native sialyltransferases of
NTHi are capable of transferring a nucleotide sugar with a modified C5 position of sialic acid (CMP-Neu5Az and
CMP-Neu5Biotin). (F) A concentration range shows incorporation of the nucleotide sugar (CMP-Neu5Biotin) into
the LOS with different intensities on Western blot. (G) The native sialyltransferases of nontypeable and typeable
Haemophilus influenzae show incorporation of CMP-Neu5Biotin to varying degrees.

Neisseria gonorrhoeae

N. gonorrboeae is a bacterial pathogen that uses NeuSAc to mask itself from
the immune system via glycan mimicry®. This bacterium does not have a CMP
synthetase and is known to scavenge the nucleotide sugar from the extracellular
environment™”. CMP-Neu5Ac is transferred by the sialyltransferases (Lst)
of N. gonorrhoeae that transfers the sialic acid with an «2,3-linkage onto the
LOS for most strains®. There have been conflicting reports on the location

78



Glycoengineering cell surface glycoconjugates on bacteria

of the sialyltransferase, which could either be surface-bound or present in the
cytoplasm®S. As N. gonorrhoeae lacks the genes for the biosynthesis of its own
CMP-Neu5Ac, MOE with the monosaccharide is not possible. This was verified
by probing the bacteria with Neu5Az followed by a click reaction and observing
no labeling of the LOS (Figure 2A). In a previous study we demonstrated that
N. gonorrhoeae can be labeled with SEEL (Chapter 3). N. gonorrhoeae was included
in our glycoengineering approach because the sialyltransferase Lst has been
observed by us and other groups to transfer modified sugar nucleotide analogs™ .
To potentially harness the activity of this enzyme for glycoengineering, we
continued studying its substrate scope. The azide modified nucleotide sugar
(CMP-NeubAz) was also incorporated onto the LOS, as it could be observed on
Western Blot after a click reaction which was either copper- or strain-promoted,
CuAAC vs SPAAC (Figure 2B). Notably, larger modifications on the C5 position
were also accepted as could be seen for CMP-Neu5Biotin (Figure 2C). Similarly,
the fluorescently labeled derivative was also incorporated with high efficiency as
previously reported (Chapter 3).

N. gonorrhoeaeuses Neu5SAc to become resistant against serum-mediated killing®.
Gulati et al., previously showed that N. gonorrhoeae has altered resistance against
serum-mediated killing when the bacteria were modified with other sialic acids
than Neu5Ac, such as legionaminic acid®'. However, the 5-azido detivative
of the nucleotide sugar was not reported yet, so we investigated its effect in
the presence of serum. In a serum-resistance assay with bacteria covered by
NeubAz, the bacteria were less resistant against serum compared to bacteria
treated with CMP-Neu5Ac (Figure 2D).This observation fits the trend that a
small modification on the glycan can perturb the interaction with factors from
serum, which also has been seen for the 9-azido detivative of the nucleotide
sugar™.
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Figure 2. Glycoengineering approaches MOE and native sialyltransferases applied to Neisseria
gonorrhoeae. (A) MOE with Neu5Az on N. gonorrhoeae does not show incorporation of the monosaccharide
probe into the LOS for both wildtype and a sialyltransferase mutant (A). (B) The native sialyltransferases of N.
gonorrhoeae incorporate an azide-modified nucleotide sugar into the LOS as observed after a click reaction with
a biotin derivate through a CuAAC reaction (alkyne-biotin) and SPAAC reaction (DBCO-biotin). (C) The native
sialyltransferases of N. gonorrhoeae incorporate a nucleotide sugar with a biotin derivative into the LOS. (D) Serum
resistance of N. gonorrhoeae which was grown without or with a nucleotide sugar; CMP-Neu5Ac or CMP-Neu5Az.
Colony forming units were counted after incubation in the presence of Normal Human Serum (NHS) or Heat-
inactivated NHS (HI-NHS), and reported as % survival.

Campylobacter jejuni

The enteropathogen C. jgjuni is the leading cause of bacterial gastroenteritis in
the developing world. In 1 per 1000 cases, an infection with this bacterium is
associated with the autoimmune disease Guillain-Barré syndrome (GBS)*. The
LOS of these C. jgjuni strains mimic human glycans and this glycan mimicry is
considered to be one of the causes of autoantibodies that target the host’s nerves
during disease®. C. jgun’s LOS can be sialylated and bind to host receptors,
7%4. Sialylation occurs via the sialyltransferase Cstll,
which can create either «2,3- or both «2,3- and «2,8-linkages depending on a
point mutation**. Because of the link between the sialylated LOS of C. jgjuni
and GBS, the glycoconjugates of this bacterium form an intriguing target to

such as Siglec 1 and

manipulate and study. We focused on three strains of C. jgjuni that are associated
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with GBS: GB2, GB11 and GB19, along with the corresponding mutant strains
of Cstll and CMP synthetase (Figure 3A)*.

First, MOE was attempted to probe C. jguni’s LOS. For both the neuraminic
acid probes with an azide on either the C5 or C9 position, clear labeling
was observed for the wildtypes and as expected not for the sialyltransferase
mutants (Figure 3B). Next, SEEL was attempted in the Cstll mutants of all
three strains with recombinant Cstll as the external sialyltransferase, but no
signal was observed that indicated labeling of the LOS by SEEL (Figure 3C).
Cstll has been characterized as a bifunctional sialyltransferase having both
a2,3-sialyltransferase and o2,8-sialyltransferase activities. We hypothesized
that CstIl might not be able to initiate sialylation on the LOS acceptor sites
of these specific C. jgjuni strains, and it needed an additional sialyltransferase
to create the required «2,3-NeubAc first. Therefore, we next attempted SEEL
with either Cstl or a combination of both Cstl and Cstll, and in both cases,
labeling was observed (Figure 3D). The labeling intensity was equal for both
conditions, which suggests that Cstl contributes more to labeling than CstlI in
this case. This points to successful labeling by SEEL using an externally applied
sialyltransferase from Campylobacter origin. Therefore, it was not surprising that
the native enzymes of the WT strains could also transfer the nucleotide sugar
derivative, so without any enzymes added from an external source (Figure 3C).
After having established that C. jguni’s own sialyltransferases could transfer the
azide derivative of the nucleotide sugars, we wanted to explore this as a third
glycoengineering approach. Therefore, the nucleotide sugar that was already
covalently coupled to a biotin was used. This molecule was also accepted as a
substrate by the bacterial sialyltransferase (Figure 3E). In an attempt to quantify
the number of labeled bacteria by this approach, a fluorescent reporter group
(Alexa Fluor 488 dye) was introduced on the bacteria for analysis with flow
cytometry. In case of a two-step approach, labeling with an azide and then a
click reaction, the signal was faint but observable for strains GB2 and GB11, but
not for GB19 (SI Figure 2). Two types of click reactions were employed, one
copper-catalyzed (CuAAC) and one strain-promoted (SPAAC). For SPAAC faint
bands were visible for bacteria that were not treated with the azide derivative,
which indicates aspecific labeling, Since the labeling of the two-step approach
was not clear for in-gel fluorescence, the one-step approach was applied with a
derivative that is already covalently coupled to a fluorophore, CMP-Neu5AF488.
With this approach all strains could be labeled (Figure 3F) and by flow cytometry
a modest shift in fluorescence was observed for all C. jguni strains as shown
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for GB2 (Figure 3G). In the absence of the sialyltransferase, GB2 ACstll, the
fluorescence slightly increased, which indicated that there is a small amount of
background fluorescence originating from the CMP-Neu5AF488 aspecifically
binding to the bacteria
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Figure 3. Glycoengineering techniques MOE, SEEL and native sialyltransferases, applied to
Campylobacter jejuni. (A) LOS structures of C. jejuni strains associated with GBS; GB2, | | and 19.(B) MOE with
Neu5Az and Neu9Az on GB19 wildtype and a sialyltransferase mutant. The probe is incorporated into the LOS of
the WT. (C) SEEL with exogenous applied Cstll does not show labeling for the sialyltransferase mutants of all strains.
The wildtype bacteria do show labeling, which indicates that native sialyltransferases use the azide derivative of the
nucleotide sugar to label the LOS. (D) SEEL with exogenous applied Cstl and Cstll shows successful labeling for the
sialyltransferase mutant. (E) The native sialyltransferases use the biotin derivative of the nucleotide sugar to label
the LOS. (F) In-gel fluorescence for LOS which was modified by native sialyltransferases with CMP-Neu5AF488.
(G) Flow cytometry data of untreated GB2 WT, GB2 WT and GB2 ACstll incubated with CMP-Neu5AF488 for 2
hours. Mean fluorescence of FITC indicated in the top right corner for each condition.
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Scanning for sialyltransferase activity in other pathogenic bacteria

After having established that NTHi, N. gonorrboeae and C. jejuni could incorporate
modified nucleotide sugars, we investigated whether other bacterial species
were also capable of this sialyltransferase activity and would incorporate
modified nucleotide sugars into either their LOS/LPS. Moreover, the screen
for sialyltransferase activity of multiple strains of NTHi (Figure 1G) proofed
a fast method to identify functional sialylation of LOS, which is a quick
indication whether the bacteria might use Neu5Ac 7z vivo. To screen a set of
bacteria for sialyltransferase activity, first a blast search was performed with the
six sialyltransferases we knew or expected to be capable of this activity (Lst
(«2,3-ST, N. gonorrhoeae strain F62), Lic3A (x-2,3-ST, NTHi R2880), SiaA («-2,8-
ST, NTHi), LsgB (NTHi), Cst-11 («-2,3-ST, C. jgjuni) and PmST1 («-2,3-ST, P.
multocida pm70)). From the hits of the blast search, a selection was made based
on whether the bacteria were pathogenic or commensal in humans, zoonotic
or displayed glycan mimicry. Additionally, we included practical considerations
such as, commercial or in-house availability, and the compatibility with the safety
regulations of a biosafety level 2 laboratory. We selected 17 bacterial species to
screen for sialyltransferase activity with CMP-Neu5Az. Labeling of the LOS/
LLPS was observed for 9 out of 17 bacterial (Figure 4).
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Figure 4. Scan for the sialyltransferase activity of a set of pathogenic bacteria. The azide derivative of
the nucleotide sugar was incorporated by native sialyltransferases followed by a strain-promoted click reaction
with a DBCO-biotin. The LOS/LPS was analyzed on Western blot and by silver stain. 9 out of |7 bacterial strains
tested positive.

To confirm the results of the sialyltransferase assay, the genetic potential of
these strains was tested by PCR. In most cases, we were able to detect the
sialyltransferase gene as identified by blast result (Table 1). The lack of detection
of a sialyltransferase gene in some strains might be due to the misfit of primers,
as the nucleotide sequence of a number of the tested strains were not available.
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Table I.Preliminary table of PCR results. Bacterial strains that were hits from the sialyltransferase blast were tested
for genomic potential through PCR. Abbreviations: - tested negative; + tested positive; sialyltransferases (lic3A, LsgB,
SiaA, Cstll, Pmst, Lst); TBD to be determined; ND not determined.

ST activity with

CMP-Neu5Az Blasted STases PCR STases
Campylobacter coli - CstII -
Campylobacter insulaenigrae + Cstll Cstll
Campylobacter lari - CstlI -
Campylobacter upsaliensis + CstlI Cstll
Haemaphilus aegyptins + lic3A lic3A, LsgB, SiaA
Haemophilus haemolyticus - lic3A -
Haemaphilus parahaemolyticns - SiaA -
Haemophilus parainfluenzae + SiaA TBD
Helicobacter pullornm - Pmst TBD
Neisseria lactamica + Lst Lst
Neisseria meningitidis B + Lst Lst
Neisseria meningitidis C + Lst Lst
Neisseria meningitidis \W-135 + Lst Lst
Neisseria meningitidis Y + Lst Lst
Neisseria meningitis 1.1 s Lst Lst
Neisseria meningitis 1.2 + Lst Lst
Neisseria meningitis 1.3 + Lst Lst
Neisseria meningitis L4 + Lst Lst
Neisseria meningitis 1.5 + Lst Lst
Neisseria meningitis 1.6 - Lst Lst
Neisseria meningitis 1.7 s ND Lst
Neisseria meningitis 1.8 + ND Lst
Neisseria meningitis 1.9 + ND Lst
Neisseria meningitis 1.10 + ND Lst
Neisseria meningitis 1.11 - ND Lst
Neisseria meningitis 1.12 - ND Lst
Pastenrella dagmatis F Pmst Pmst
Pastenrella multocida + Pmst Pmst
Photobacterium leiognathi - Pmst TBD
Prevotella bivia + SiaA TBD
Prevotella tinmonensis 4 SiaA TBD
Streptococcus agalactiae - Lst Lst
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Discussion

In this work, we have evaluated three different glycoengineering techniques:
MOE, SEEL and native sialyltransferases, for their capability to detect and
modify terminal Neu5Ac on bacterial LOS of N'THi, N. gonorrhoeae and C. jejuni.
Furthermore, we tested the scope of the native sialyltransferases on a set of
bacterial pathogens.

In case of MOE, NTHi and C. jgjuni could be labeled with Neu5Az or Neu9Az,
butas expected notin IN. gonorrhoeae since this pathogen does not have the required
CMP synthetase to convert the monosaccharide into the nucleotide sugar. Our
data confirm the result of NTHi* and the expected outcome for N. gonorrhoeae,
and show for the first time labeling with a neuraminic acid derivative of the LOS
of C. jguni. MOE has been reported to also incorporate the microbial sialic acids
legionaminic acid and pseudaminic acid in flagella, another glycoconjugate, of
C. jejuni'™.

Previously, we had demonstrated that the glycoengineering technique SEEL
could label the LOS of N. gonorrhoeae (Chapter 3). Similarly, we applied this
technique on the LOS of NTHIi by using different bacterial sialyltransferases
that target a terminal galactose, but no labeling was observed. We speculate that
the LOS of this NTHi strain might not be a good acceptor for the chosen
sialyltransferases. In case of C. jeguni, SEEL of the LOS was possible with the
enzyme Cstl. This sialyltransferase creates an «2,3-Neu5Ac on the acceptor
and is known to be active 7 vitro, but the 7 vivo activity is pootly described .
Our data show that SEEL of LOS on C. jguni is possible with enzymes from
Campylobacter origin and future experiments could test sialyltransferases from
different bacterial or mammalian sources. Since we also observed labeling
by the native sialyltransferases from C. jgjuni, we focused our efforts on that
glycoengineering technique and showed successful labeling with the biotinylated
and fluorescent nucleotide sugar derivative.

From the scan for sialyltransferase activity the following strains showed labeling
with sialic acid on theit LOS/LPS: Prevotella timonensis, Haemopilus aegyptius,
Haemophilus - parainfluenzae, Campylobacter upsaliensis, Campylobacter insulaenigrae,
Pastenrella multocida, Pastenrella dagmatis, Neisseria lactamica, and Neisseria meningitidis.
For a more detailed discussion about the reported use of Neu5Ac by these
strains, the reader is referred to the supporting information.
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It is important to note that the activity of the sialyltransferases of the set of
bacterial pathogens was tested in one experimental condition. Although these
experiments were performed using standardized conditions, such as buffer
and amount of CMP-Neub5Az, they do not exclude the possibility that under
different environmental or culturing conditions, the sialyltransferase activity
of these bacteria might alter. Also, it is important to note that the experiment
focused on the cell surface glycoconjugates LOS/LPS, and did not study the
possible incorporation into the capsule. Since we could not visualize the CPS on
Western blot, the possible sialylation of the capsule might be checked with flow
cytometry or confocal microscopy.

Theidentification of sialyltransferase activity for several bacterial pathogens could
point to uptake mechanisms of nucleotide sugars by bacteria or sialyltransferases
that are surface bound, similar to N. gonorrhoeac’. The enzymatic activity of these
ectopic glycosyltransferases has been considered a possibility for glycosylation
of mammalian cells, yet the evidence for the presence and stability of free
nucleotide sugars outside the cell has been limited®”* Recent studies have shown
that platelets are a source for nucleotide sugars, which can be released after a
stress trigger, and that sialylation via this machinery is possible 7 vivo™* ™. The
amount of free CMP-Neu5Ac was determined at 104 pmol/mg platelet or an
average concentration of 75 uM in serum samples of resting mice’>”. Similatly,
the source of neuraminic acid for N. gonorrboeae originates from human red
blood cells”. In context of bacterial glycosylation, the scan for sialyltransferase
activity hints at a similar mechanism in which bacteria use nucleotide sugars
available from the environment. It remains to be determined if these nucleotide
sugars originate from platelets as well, or other sources such as liberation in
co-culture with other bacteria. An alternative mechanism for the incorporation
of nucleotide sugars could be the uptake of these nucleotide sugars from the
environment and sialyltransferase activity in the cytoplasm instead of on the
surface. For N. gonorrhoeae it was reported that the sialyltransferases are surface
bound, but this finding has been recently disputed’*. Instead, an alternative
pathway was suggested in which the nucleotide sugars were taken up by an
unknown transporter and then transferred inside the cell onto the LOS during
its assembly on lipid A. From our data no definite conclusions can be drawn
about the exact location of the sialyltransferase. However, if such a transporter
would exist, this study suggests it would accept a broad substrate range since
large modifications such as a biotin or fluorescent group on the sialic acid were
tolerated. Additionally, our microscopy data for IN. gonorrhoeae incubated with
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CMP-Neu5AF488 indicated no fluorescence in the cytoplasm (Chapter 3),
yet an even higher resolution might be needed to exclude the presence of the
nucleotide sugar close to the inner membrane. Since the fluorescence signal was
not dispersed throughout the cytoplasm and localized outside the membrane,
this might indicate that the sialyltransferases are active in the periplasm or on the
surface. The exact location of the sialyltransferase poses an interesting question
regarding the biosynthetic pathway and it would be interesting to establish which
of the mechanisms is responsible for the glycosylation, whether the nucleotide
sugars are taken up and metabolized intracellularly or transferred via ectopic
glycosyltransferases by bacteria.

Inacomparison of the three glycoengineering techniques, MOE is an established
technique to incorporate monosaccharides with reporter groups. MOE requires
optimization per probe and bacteria since it relies on the metabolic processing
by bacteria and these pathways diffet’. In some cases, it is not possible to apply
MOE, because the required metabolic pathway is absent, as shown for N.
gonorrhoeae. In addition, at high concentrations of probe, the technique might
be toxic to bacteria, as observed for NTHi in our experiments. Second, the
technique SEEL allows the incorporation of a glycan with a reporter group
on a defined substrate (Chapter 3). Additionally, SEEL is not toxic to bacteria
(Chapter 3). A possible disadvantage of SEEL is that the amount of labeling is
lower compared to native sialyltransferases. Third, native sialyltransferases can
be harnessed to incorporate glycans with reporter groups. An advantage is that it
does not require the expression and purification of exogeneous sialyltransferases
and since no additional metabolic processing besides the transfer are required,
only the substrate needs to be synthesized in the lab. The incorporated glycan
would be processed similar to the natural substrate, which does not allow for a
perturbation of the system by introducing an unknown linkage type for instance,
but does allow for the study of these glycans in a ‘natural’ setting. Additionally,
this technique reflects the activity of the enzymes 7 vitro and provides additional
information next to genomic potential in rapid fashion. Overall, we consider
these glycoengineering techniques complementary and based on the goal, a
preferred technique will be chosen. The novel insight that a broad range of
bacterial pathogens have sialyltransferase activity provide the opportunity to
study the glycosylation machinery of the LOS of bacteria in more detail. In the
future, the functional role of Neu5Ac on bacterial glycoconjugates could be
studied through these glycoengineering techniques.
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Supporting information

Material and methods

a-(2,0)-sialyltransferase (ST6Gall), CMP-Neu5Az and CMP-Neu5Biotin were
prepared as reported'. The synthesis of CMP-NeuSAF488 was described in
Chapter 3. The enzymes pmstl, pmst3 and pd2,3 were a kind gift from Gerlof
Bosman, Utrecht University. Alkaline phosphatase (FastAP) was purchased
from Thermofischer Scientific (EF0651). HRP conjugated anti-biotin antibody
(200-032-211) was purchased from Jackson ImmunoResearch Laboratories.
Acetylene-PEG,-biotin (CLK-TA105), DBCO-PEG,-biotin (CLK-A105P4),
AF488-alkyne (CLK-1277), and DBCO-AF488 (CLLK-1278) were purchased
from Jena Bioscience. Normal Human Serum (NHS) was a kind gift from UMC
Utrecht.
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Bacterial strains and culture conditions

Table |. Bacterial strains used in this research

Species Strain
ampylobacter coll
iipylobacter imsulaenigrae DSM 17739
vipylobacter jejunt
iibylphacter’jeuni GGB 2 ACstIT
ipylpbacter jeunt G CMP
pipylobacter jejunt G
iipylobacter jeiuni G ACstlIl
avipylohacter jejun (€ ACMP
auipylobacter 1iuni G
pIpylobacter 1ejunt GB 19 ACstIT
anipylobacter 1gjuni GB 19 ACMP
SM 11375
SM 5365
SM 21187
SM 103601
SM 21417
SM 8978
SM 23160
FG2
62 Al st
1 126E
2 35E,
3 G275
4 91
5 981
0 992
7/ 6155
] 978
29 9 120M
enznoitidrs 1.10) 788()
enznoitidrs 1,11 7889
enznioitidrs 1,12 7897
eningiids serogroup B
eniigIIdLs sSerogroup
sseria meningitidys serogroup W-135
eLsseria meninoifidis sexrooroup Y.
ontypeable Haemophils influenzae 2886
ontypeable Haemaophilus iifluenzae 2886 ASiaP
ontypeaple Haemaphilus uifjuenzae 97
ontypeaple Haemaphilus iiffuenzae 197
ontypeaple Haemophilus iiffuenzae 44
ontypeable [Haemaophilus iiffuenzae 19
ontvbeable Haemaphilys uifluenzae v
ontypeaple Haemaphilus uifjuenzae 00
ontypeaple Haemaphilus uiffuenzae i
ontypeable [Haemaophilus iiffuenzae 239
ontypeable Haemaophilus iifluenzae 479
ontypeable Haemaphilus uifluenzae 00
atis SM 22969
miiltocida SM 5281
lezagnathid SM 21260
revotella bivia SM 20514
011611515 SM 22865
0nensis S 5C-B1
Streptocaceys gyﬂ/ﬂfﬁfm .
[vpeable Haemophilus influenzae 001
vbeable Haemaphilus influenzae 002
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Campylobacter jejuni GB2, GB11, and GB19, wildtype and mutants were a kind gift
from Astrid Heikema, ErasmusMC Rotterdam. Nezsseria meningitidis 1.1-12 were a
kind gift from Nina van Sorge, Amsterdam UMC and the Netherlands Reference
Laboratory for Bacterial Meningitis (NRLBM). Neisseria gonorrhoeae and Neisseria
meningitidis serogroup B, C, W-135 and Y were a kind gift from Jos van Putten,
Utrecht University. Nontypeable Haemophilus influenzae R2886 and mutant were
a kind gift from Jeroen Langereis, Radboudumc. Other nontypeable Haemophilus
influenzae and typeable strains were a kind gift from Clinical Infectiology, Utrecht
University.

Campylobacter species

Campylobacter coli and Campylobacter lari were grown on blood agar sheep plates
(BioTrading, KOO4PO90OKP) at 37 “C under microaerophilic conditions (80% N,
10% CO,, 5% O,, 5% H.). Campylobacter insulaenigrae and Campylobacter upsaliensis
were grown under the same conditions for 2 days. Campylobacter jejuni strains were
grown under microaerophilic conditions at 42 “C with a second passage for the
mutant strains to allow sufficient growth. Campylobacter coli, insulaenigrae, lari and
uspatienswere grown at 37 °“C and campylobacter jejuni at 42 °C under microaerophilic
conditions in Heart Infusion broth (BioTrading, K716F100GH).

Haemophilus species

Haemophilus — aegyptius, Haemophilus — haemolyticus, Haemophilus — parabaemolyticus,
Haemophilus parainfluenzae and typeable Haemophilus influenzae were grown on
cholate agar plates with Vitox (Thermo Scientific, PO5090A 0A) at 37°C with
5% CO,. Nontypeable Haemophilus influenzae was grown aerobically. Haemophilus
strains were cultured in Mueller Hinton or Brain Heart infusion supplemented
with Haemophilus test supplement (Oxoid, SRO158E), except for Haemophilus
haemolyticus which was cultured in Tryptone soy broth.

Helicobacter pullorum

Helicobacter pullorum was grown on blood agar sheep plates (BioTrading,
K004P090KP) at 37 “C under microaerophilic conditions (80% N,, 10% CO,,
5% O,, 5% H,) and in Heart Infusion broth (BioTrading, K716F100GH).
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Neisseria species
Neisseria gonorrhoeae, lactamica, and meningitidis were cultured on chocolate columbia

agar (BioTrading, KO18P0O90KP) at 37°C with 5% CO, and in HEPES medium
at 37°C.

Pasteurella species

Pastenrella multocida and Pastenrella dagmatis were grown on blood agar sheep plates
(BioTrading, KOO4PO90KP) at 37 °C and in Tryptone soy broth.

Prevotella species

Cultures of Prevotella bivia and Prevotella timonensis were grown in New York City
(NYC) medium and Cooked Meat Medium (CMM) respectively, supplemented
with vitamin K1 (final concentration 1 mg/1) and hemin (final concentration 5
mg/L). Bacteria were cultured overnight at 37 °C under anaerobic conditions in
a Coy Vinyl Anaerobic Chamber. The OD  was measured on Biowave CO8000
Cell Density Meter.

Photobacterium leiognathid

Photobacterinm leiogonathid was cultured in marine broth (with and without agar
bacteriological) at 30 “C.

Streptococcus agalactiae

Streptococens agalactiae was grown on blood agar sheep plates (BioTrading,
K004P090KP) at 37 “C and in Tryptone soy broth.

SEEL of bacteria

One-step SEEL was performed on bactetia grown in liquid culture (5 x 10°
bacteria). The bacteria were washed with buffer and were incubated with SEEL
label mix at 37°C for 2 h while rotating. A typical SEEL label mix (50uL) was
prepared in medium (PBS/HEPES buffer) with sialyltransferase (1.05 ul. of
stock 1 mg/mlL, or 2 mg/mL in case of pmst3 and Pd2,3-ST), CMP-Sialic acid
derivative (50 uM), 0.34 uL. BSA (2 mg/mL) and 0.34 uL alkaline phosphatase
(1 U/ uL). After SEEL treatment, the bacteria were washed with buffer and
prepared for application.
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Two-step SEEL was performed similar to one-step SEEL, followed by a
click reaction. In case of CuAAC, 100 pL reaction volume contained 100 pM
Acetylene-PEG,-biotin, 500 uM CuSO, and 2.5 mM sodium r-ascorbate. In case
of SPAAC 100 pL reaction volume contained 100 uM DBCO-PEG,-biotin. For
the fluorophores AF488-alkyne and DBCO-AF488 the concentration was 1
mM.

If the bacteria were heat-inactivated, they were heated at 80°C for 15 min and
treated with the described SEEL method.

MOE with Neu5Az and Neu9Az

Neu5Az and Neu9Az were synthesized according to a published procedure®.
MOE was petformed with 6 x 10° bacteria and these were incubated with
indicated concentrations of Neu5Az and Neu9Az. Bacteria were incubated for
6h shaking at 160 rpm and for NTHi at 37 °C, and for C. jgjuni at 42 °C under
microaerophilic conditions. After incubation, the samples were washed 2 x 1 mL
(buffer) and clicked via CuAAC or SPAAC, see SEEL of bacteria, washed again
and further treated for (glyco)proteins or LOS.

Western blotting

In case of (glyco)proteins, the samples were lysed and analyzed with a 10% SDS-
PAGE gel for which the gel was run for 45-60 min at 150V. For the western
blotting, the gel was electroblotted onto a PVDF membrane. The membrane
was blocked (5% milk, 30 — 60 min), washed (1% milk, 5 min), stained with
anti-biotin-HRP antibody (1 : 20000 in 1% milk), washed (1 % milk, followed by
PBS, 5 min each), and treated with ECL western substrate for signal detection.

LOS preparation and Tris-Tricine gel

Samples were boiled for 5 min and then treated with protease K (10 uL, 20mg/
ml) overnight at 55°C. 3x Laemli buffer was added and the samples were
analyzed with a 16% Tris-Tricine gel. The gel ran typically for 3 - 4 h at 20 mA
and was then further analyzed by Western blotting or silver staining or in-gel
fluorescence.

Silver staining

Silver staining was petformed on a 16% Tris-Tricine gel as described previously.*
Briefly, the gel was fixed (30 min, 40% ethanol, 5% acetic acid), oxidized (5 min,
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0.7% sodium periodic acid, 40% ethanol, 5% acetic acid), washed (3 x 5 min
in distilled water), stained (distilled water containing 19% 0.1M NaOH, 1.3%
>28% ammonium hydroxide, 3,3% 20% w/v silver nitrate), washed (3 x 5 min
in distilled water), developed until bands appeared (distilled water containing
0.1% PFA 37% and 0.1% citric acid 100mg/mL), rinsed with distilled water and
stopped (7% acetic acid in distilled water).

In-gel fluorescence

In-gel fluorescence was measured on Amersham imager 600 using the Green
channel (520 nm, cy3).

Flow cytometry

In case of Neisseria gonorrhoeae, samples were fixed with 1% paraformaldehyde
and 0.5% BSA. If necessary, bacteria were diluted in PBS + 0.05% BSA to
not exceed 20000 counts/s in flow cytometry analysis. Flow cytometry was
performed on MACSQuant flow cytometer (Miltenyi Biotech) and analysis was
done with Flow]Jo Software (V10).

In case of Campylobacter jejuni, samples were fixed with 1-2% paraformaldehyde
and flow cytometry was performed on FACS Accuri C6 plus (Becton Dickinson).
Analysis was performed with BD Accuri C6 Plus Software or Flow]Jo Software

(V10).

Serum resistance assay

N. gonorrhoeae W'T was incubated without and with 20 nmol/mI. CMP-Neu5Ac
or CMP-NeubAz. After treatment, N. gonorrhoeae was washed and diluted to
10° bacteria in HEPES buffer. Bacteria (10%) were treated with 10% NHS or
HI-NHS for 1 h at 37°C. Samples were 25x diluted and 50 pl. was plated out
on chocolate columbia agar with vitox. Plates were grown at 37°C + 5% CO,
overnight, colony forming units were counted and data analysis was done with
prism.

Growth measurements

Bacteria were treated according to conditions specified in text. Bacteria were
diluted to OD=0.05 and the growth was monitored with Synergy HTX multi-
mode meter in a hypoxic glove box for 24 h while shaking continuously. Data
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was exported and analyzed with excel or prism.
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Figure 1. Growth curve of NTHi in presence of different concentrations of Neu5Az. (A) OD of NTHi wildtype
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(WT). (B) OD,, ., of NTHi transporter mutant (A).
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Figure 2. Two-step labeling of three strains of C. jejuni LOS (GB2, GBI | and GB19) with CMP-Neu5Az followed by
a copper catalyzed click reaction (CuAAC) or a strain-promoted click reaction (SPAAC).The in-gel fluorescence is
demonstrated in the top gel and the silver-stained LOS in the bottom gel.

N. meningitidis

Serogroup B Serogroup C Serogroup W-135  Serogroup Y
CMP-Sia-Ns (50 pm) -+ -+ - + - +

- I;l

Figure 3. Labeling of the LOS via native sialyltransferases of N. meningitidis strains typed for their capsule. These
strains have an unknown immunotype for their LOS.
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Supporting discussion

Prevotella timonensis was first isolated in 2007 from a human breast abscess® and
is associated with bacterial vaginosis. Bacterial vaginosis is characterized by a
shift in the microbiota to diverse anaerobic bacteria and a shift in the produced
metabolites, such as an increase in Neu5Ac®. Although, to our best knowledge,
little is known about the use of Neu5Ac by P. #zmonensis, the increased presence
of Neu5Ac might indicate that the bacteria use this glycan as a carbon source or
as a building block to use in their own glycosylation, as our data seem to indicate.

Haemophilus aegyptius or Haemophilus influenzae biogroup aegyptins was originally
described in 18837, A century later, H. aegyptins was again described, but as the
causative agent of Brazilian purpuric fevet®. The LLOS of Haemophilus species can
resemble human glycans’ and this form of glycan mimicry was also demonstrated
for some strains of H. aegyptius'’. Sialylation of the LOS has not been described
tor H. aegyptins yet and might indicate a similar function in immune evasion as
for nontypeable Haemophilus influenzae or Haemophilus ducreyi.

Haemophilus parainfluenzae is a Gram-negative bacterium in the human respiratory
tract. In contrast to NTHi, H. parainfluenzaeis considered a commensal bacterium.
For several strains, the LOS or LPS has been characterized and NeubAc was not
reported in theses glycan structures'' ™. One report had scanned for the genetic
potential to express an «2,3-sialyltransferase (lic3A), but could not identify this
for any of the commensal bacteria®. Another report did identify Neu5Ac to be
a part of the O-antigen of a strain'?. Our data indicate that Neu5Ac could be a
part of the LOS of this strain of H. parainfluenzae.

Campylobacter upsaliensis is a common cause of enteritis in dogs and cats, but s also
considered an emerging zoonotic pathogen for humans''°. Little is reported
about the metabolism of Neu5Ac by this bacterium. One report described that
the genes for the sialic acid synthetase or transferase were absent in a clinical
isolate from a GBS patient'. Another study did report the genomic potential
for sialic acid of a different strain of C. #psaliensis’®. Our data indicate that strain
DMSZ 5365 is capable of at least transferring CMP-Neu5Ac to its LOS.

Campylobacter insulaenigrae was first isolated in 2004 from matine mammals"
and has been found to also infect humans in rare cases®. C. insulaenigrae is
phylogenetically close to other Campylobacters, such as C. jejuni, C. coli and C.
lar”. Our data indicates that C. insulaenigrae is capable of utilizing CMP-Neu5Ac
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to decorate its cell surface glycoconjugates. Future studies might involve
elucidating the glycan structures of this bacterium and testing if it resembles
human gangliosides, similar to the LOS of C. jgjuns’.

Pastenrella multocida is a Gram-negative bacterium that mainly infects animals.
The LOS/LPS of serovar 3 strains Pm70 and P1059 are described to contain
sialic acid®, which is thought to shield the bacteria from the immune system®.
P. multocida has a known sialyltransferase, Pmst, that also acts as a sialidase®.
In our experiment, P. multocida showed modest labeling of the LOS by native
sialyltransferases. The strain tested (DSM 5281) does belong to serovar 3,
but the strain number is unknown, which might explain the level of labeling
Alternatively, the experimental conditions were not optimal for sialyltransferase
activity or the enzymes exhibited sialidase activity.

Pastenrella dagmatis is an animal pathogen that can infect humans after contact
with animals®. P. dagmatis has a known sialyltransferases, PdST, that catalyze the
transfer of CMP-Neu5Ac onto galactose with an «2,3-linkage®. In addition,
this enzyme has a different mode of action and can hydrolyze CMP-Neu5Ac
in absence of an acceptor substrate®’. Moreover, this enzyme was mutated so
it would create an o2,6-linkage instead of an «2,3-linkage, which can be used
in chemoenzymatic synthesis for instance”. In agreement with the suspected
sialyltransferase activity, . dagmatis shows labeling of the LOS/LPS.

Neisseria lactamica is considered a commensal bacteria in the upper respiratory
tract of humans®. The LOS of this Neisserial species has been described to react
with antibodies against the LOS of N. gonorrhoeae or IN. meningitidis, or against
human glycosphingolipids®. Therefore, the LOS of N. lactamica could display
glycan mimicry. Our data indicate that this strain is capable of utilizing CMP-
Neu5Az and incorporate sialic acid in the LOS, similar to IN. meningitidis and N.
gonorrhoeae. 1t would be worthwhile to elucidate the terminal glycans structure of
N. Jactamica and identify if it is similar to other Neisserial species.

Neisseria meningitidis uses Neu5Ac in its LOS or capsule’. In some cases, the
glycoconjugates of N. meningitidis are glycan mimicking’. In our screen, N.
meningitidis strains that were typed for their LOS were scanned (L1-12). In
literature, the terminal glycans of L1-L6 were described to contain sialic acid’.
Analysis of the LOS indicated that all strains, except L6, L11 and L12, showed
incorporation of CMP-Neu5Az after a strain-promoted click reaction with a
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biotin reporter. This is in contrast to the previously reported glycan structures.
However, for all strains the presence of the Lst gene could be confirmed (Table
1), which shows the already reported genomic potential to sialylate the LOS™.
An alternative hypothesis is that the characterization of the strains could not
identify Neu5Ac on the LOS, because it was too little during analysis or possibly
cleaved off during an acidic workup that is often employed for LPS isolation.
In addition to LOS typed strains, N. meningitidis that were typed for their CPS
were analyzed, but for these the LOS types were uncharacterized. These strains
did test positive for modification of their LOS which suggests that these strains
have an LOS type that uses sialic acid (SI Figure 3).
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Chapter 5

Structure-activity relationship of 2,4-D in somatic
embryogenesis in Arabidopsis thaliana

2,4-dichlorophenoxyacetic acid (2,4-D) is a synthetic analogue of the natural plant hormone
auxin that is widely used to kill weeds. At the same time, it is commonly used in many zz vitro plant
regeneration systems such as somatic embryogenesis (SE) and organogenesis. The effectiveness
of 2,4-D in inducing SE, compared to the natural auxin indole-3-acetic acid (IAA), has been
attributed to the stress triggered by this compound rather than its auxin activity. However, this
hypothesis has never been thoroughly tested. Here we used a library of 40 2,4-D analogues to
test the structure-activity relationship with respect to auxin activity and the capacity to induce SE
in Arabidopsis thaliana. Based on root growth inhibition and auxin response reporter expression
the 2,4-D analogues were classified into different groups, ranging from very active to not active.
This showed that the type and number of substituents at different positions on the aromatic
ring of the 2,4-D analogues, or different substituents at the alpha position of the carboxylate,
have a significant effect on auxin activity. Molecular dynamics simulations showed that the auxin
activity of the 2,4-D analogues cortelated well with their TIR1-Aux/IAA coreceptor binding
characteristics (enthalpy and distance). In the process, we identified two 2,4-D analogues as
efficient inducers of adventitious root formation and several possible anti-auxins. Finally, we
observed a strong correlation between auxin activity and SE induction efficiency, indicating that
the stress-related effects by 2,4-D or its analogues are down-stream of auxin signaling.

Collaboration statement: the contents of this chapter are the result of a collaboration with the Plant
developmental genetics group. The composition of the 2,4-D library and the synthesis of its analogues was
performed by H. de Jong. All i planta and in silico experiments were performed by collaborators.

Hanna de Jong*, Omid Karami*, Victor |. Somovilla, Beatriz 1V illanneva Acosta, Aldo
Bryan Sugiarta, Tom Wennekes, Remko Offringa

* These authors contributed equally to this work



Chapter 5
Introduction

The plant hormone auxin plays a central role in the development of plants.
In the 1930s, the structure of the natural auxin indole-3-acetic acid (IAA) was
first described'. A few years later, during WWII, 2,4-dichlorophenoxyacetic
acid (2,4-D) was discovered as a synthetic auxin analogue that can be used as a
herbicide, targeting dicots. Today, it is still broadly used as such in gardens and
in agriculture®. Apart from the cell elongation promoting effect, which led to its
discovery as auxin analogue, 2,4-D acts differently in various physiological and
molecular assays compated to the natural auxin TAA®.

Binding of TAA to its receptors triggers a transcriptional response. The classical
nuclear IAA signaling pathway relies on the degradation of the transcriptional
AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) repressors, leading to
expression of auxin responsive genes’. The degradation of Aux/IAAs is
initiated by binding of auxin to the F-Box proteins, TRANSPORT INHIBITOR
RESISTANTT1 (TIR1) or AUXIN SIGNALING F-BOX 1-3 (AFB1-3). Auxin
acts as a molecular glue, allowing the TIR1/AFBs to recruit the N-terminal
domain II of Aux/IAAs‘. TIR1/AFBs are part of a Skpl-Cullin-F-box (SCF)
E3 ubiquitin ligase complex, which after recruiting Aux/IAAs marks these
proteins for degradation by the 26S proteasome’.

The synthetic auxin 2,4-D elicits a dual response in plants, as it acts as an auxin
and also induces stress®. Like IAA, 2,4-D acts through the TIR1/AFB auxin-
mediated signaling pathway>*®. At high concentrations, 2,4-D acts as herbicide
and selectively kills dicot weeds. The herbicidal activity of 2,4-D can be attributed
to several effects, including the altering of cell wall plasticity and the increase
of ethylene levels®. The overproduction of ethylene triggers the increased
production of abscisic acid (ABA), which contributes to stomatal closure and
thus eventually to plant death®’. 2,4-D also induces the production of reactive
oxygen species (ROS) that are very toxic to the plant’.

Besides its use as an herbicide, 2,4-D is widely used for biological experiments
to induce auxin responses and for 7z vitro regeneration systems. Our interest
in 2,4-D lies in its ability to efficiently induce somatic embryogenesis (SE) at
non-herbicidal concentrations. SE is a unique developmental process in which
differentiated somatic cells can acquire totipotency and are ‘reprogrammed’
to form new ‘somatic’ embryos®. SE is a powerful tool in plant biotechnology
used for clonal propagation, genetic transformation and somatic hybridization.
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SAR of 2,4-D in somatic embryogenesis

It prevents somaclonal variation that is often observed in plant tissue culture,
and somatic embryos can be easily cryopreserved'™!!. Although SE can be
induced by TAA, other synthetic auxins, or stress”'?
effective and it is therefore widely used for SE in many plant species. Different

, in many cases 2,4-D is most

observations have led to the suggestion that signaling pathways activated by
abiotic stress treatments and 2,4-D treatment converge to regulate a common
downstream pathway'?. 2,4-D induced SE is accompanied by upregulation of

stress-related genes'>

,and a number of stress-related transcription factors have
been shown to influence the progression of SE'>. This suggests that stress
induced by non-herbicidal concentrations of 2,4-D'® contributes significantly
to its effectiveness as SE inducer. To further understand 2,4-D-induced SE, we
established a structure-activity relationship (SAR) of 2,4-D with respect to its

activity as auxin analogue and its capacity to induce SE.

Previous studies have already discovered several chemical analogues of 2,4-D
with auxin-like activity. Unfortunately, however, several different bioassays have
been used in these studies', making a direct comparison difficult. In addition, a
number of possible 2,4-D analogues that based on these previous studies would
be interesting candidates to assess in a structure-activity relationship (SAR) have
not been tested yet. Here, we therefore formed a rationally designed library of
40 2,4-D analogues and screened them for auxin activity and SE induction in
Arabidopsis thaliana (Arabidopsis). Based on root growth inhibition, root hair
and later root induction, and auxin response reporter expression we classified
compounds as very active, active, weakly active or inactive auxins, or even having
anti-auxin activity. From the SAR, we concluded that an electron withdrawing
group, such as a halogen, at the 4-position of the aromatic ring is important for
auxin activity. Moreover, a small substitution at the carboxylate chain, a methyl
or ethyl group, is tolerated. Molecular dynamics simulations indicated that
the classification of the 2,4-D analogues reflected the binding characteristics
(enthalpy and distance) to TIR1. SE induction capacity clearly correlated with
auxin activity, indicating that the stress response induced by 2,4-D treatment and
required for SE induction is downstream of auxin signaling,

Results

Assembly of the 2,4-D analogue library

We aimed to screen a library of 2,4-D analogues for auxin activity and SE
induction in Arabidopsis thaliana and thereby gain insight into the SAR for this
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process. To this end, we first performed a literature survey of key past auxin
studies in order to identify known 2,4-D analogues for our library®”~". This
provided an overview of auxin activities and the binding efficiencies of some
2,4-D-like compounds to the auxin co-receptors and gave some context on the
SAR of auxin-like compounds. In addition, it offered insight into the difficulties
encountered in the past in establishing a SAR, such as non-standardized assays
and the use of impure compounds. However, a rational SAR of 2,4-D could
not be deduced from these past studies. To achieve a more complete SAR of
2,4-D with respect to auxin activity and the induction of SE, we assembled our
own library with TIR1 as the target co-receptor, 2,4-D as a lead compound,
analogue hits from the literature survey and several additional structures to
achieve a more complete and rational coverage of possible 2,4-D analogues. In
general, analogues of the lead compound 2,4-D, either commercially available or
synthesized (Supplementary Information), were selected based on modifications
at two positions: the type and number of substituents on the aromatic ring or
on the alpha position of the carboxylate side chain (Figure 1A). A complete
overview of the library is provided in Figure 2.

Assessing auxin activity of the 2,4-D analogues based on root growth
inhibition

Exogenous auxin inhibits primary root elongation in _Arabidopsis in a
concentration-dependent manner’. As a first assay to establish auxin activity
of the 2,4-D analogues in our library (Figure 2), we tested the inhibitory effect
of low (50 nM) and high (5 uM) concentrations on the primary root growth
of Arabidepsis seedlings (Figure 1). Similar to 2,4-D, the compounds 4-Cl, 4-Br,
2-Cl-4-F, 2,4-DB, MCPA and Mecoprop inhibited the primary root elongation
efficiently, both at low and high concentrations (Figure 1B). Hence, we classified
these compounds in one group called very active auxins. Interestingly, several
compounds (4-F, 4-1, 2,5-D, 3,4-D, 2,4-Br, 2-F-4-Cl, 2-F-4-Br, 2,4,5-T, 2,4-DiB
and 2,4-DP, MCPB) showed no inhibitory effect at 50 nM (Figure 1B), whereas
they exhibited a strong inhibitory effect at 5 uM (Figure 1B). These compounds
were classified as active auxins. By contrast, 2-Cl, 2-1, 3-Cl, 2,6-D, 2,4-F, 2-NO, -
4-Cl, 2,3,4-T, 2,3,4-F, 2,4,6-T, 2,4,6-F, 2,4-DnP and 2,4-DnB had only a weak
effect on root growth at 5 uM (Figure 1B) and were therefore classified as weak
auxins. The remaining compounds PHAA, 2-F 3-Me, 2,3-D, 3,5-M, 3-OMe,
4-NO,, 3,5-Me, 3,5-D, 2-CL-4-Formyl, 2,4,6-T, and 2,4-DnP had no obvious
inhibitory effect on root length, even at 5 uM (Figure 1B), suggesting that
these compounds have either very weak or no auxin activity (Figure 1B). The
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above data indicate that 2,4-D analogues inhibit root growth in both dose and
structure-dependent manner.
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Figure 1. Effect of 2,4-D structure modifications on primary root growth inhibition in Arabidopsis. (A) Structure of
2,4-D with the different modifications indicated that compose the 2,4-D analogue library (for an overview of the
analogues and their abbreviations, see Figure 2). (B) The primary root growth inhibition of seedlings grown in the
presence of 50 nM (upper graph) and 5 pM (lower graph) of 2,4-D and 2,4-D analogues. Seedlings were first grown
for 6 days on compound free-medium and subsequently transferred on medium with 2,4-D or a 2,4-D analogue for
3 days. Dots indicate the root length (mm) (n=15 biological replicates), bars indicate the mean and error bars the
s.e.m.and different letters indicate statistically significant differences (P < 0.01) as determined by a one-way analysis
of variance with Tukey’s honest significant difference post hoc test.
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Figure 2. The library of 40 2,4-D analogues used in this study. The 2,4-D analogues were classified as very active,
active or weakly active auxins, or not active, or anti-auxins based on their effect on primary root growth, lateral
root development, or the expression of the auxin response reporters pDR5:GUS or R2D2.

110



SAR of 2,4-D in somatic embryogenesis

The auxin response induced by 2,4-D analogues corresponds to their
root growth inhibition activity

The pDR5 promoter is a synthetic, generic auxin-responsive promoter that
has been extensively used to visualize the cellular auxin response in Arabidopsis
tissues™. To determine whether the root growth inhibition by 2,4-D analogues
correlated with a molecular auxin response, we used an _Arabidopsis line
containing pDR5 fused to a glucuronidase (GUS) reporter (pDR5:GUS). 2,4-D
itself induced pDR5 efficiently, as observed by a completely blue root following
histochemical staining for GUS activity (Figure 3A). Because 2,4-D induced an
especially strong pDR5 activity in the cell division area of the root tip, we next
quantified the effect of the 2,4-D analogues on DR5 activity in this part of the
root tip (Figure 3B).

As expected, the compounds classified as very active and active auxins (Figure
2) all strongly promoted pDRS5 activity in the cell elongation zone of Arabidopsis
roots (Figure 3A, B). All very active auxin compounds strongly induced pDR5
activity, in line with their root growth inhibition activity, whereas the induction
of pDR5:GUS expression varied more for the active auxins (Figure 3A, B). The
compounds that had only a slight effect on root growth and were therefore
classified as weak auxins, also only slightly promoted expression of the
PDRS5:GUS reporter (Figure 3A, B). Interestingly, 3-Cl induced a stronger auxin
response along the differentiation zone of the root (Figure 3A) compared to the
other compounds classified as weak auxins. The remaining library members that
did not lead to inhibition of root growth, also did not promote pDR5 activity
(Figure 3A, B). These findings support our conclusion that the ability of the
2,4-D analogues to inhibit root growth correlates well with their auxin response
induction.

To further confirm the auxin activity of the 2,4-D analogues, we used the
nuclear auxin input reporter R2D2, which acts as a proxy for the cellular sensing
of auxin™. The R2D2 reporter consists of two parts, an auxin-degradable DII
domain fused to the yellow fluorescent nVENUS that is rapidly degraded when
auxin concentrations increase as auxin sensor and an auxin-nondegradable DII
domain (mDII) fused to the orange fluorescent nTATOMATO as expression
control”. In accordance with observations based on pDR35 activity, we detected
strong down-regulation of the DII-nVENUS signal in the cell elongation zone
of Arabidopsis roots treated with all very active and most of the active 2,4-D
analogues (2,5-D, 3,4-D, 2,4-Br, 2-F-4-Br, 2,4-DP, and MCPB) and two weakly
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active compounds (2-Br and 2-NO2-4-Cl) (Figure S1). The other active and
weakly active compounds elicited only moderate downregulation of DII-Venus
(Figure S1). The compounds that proved inactive as an auxin, as these did not
inhibit root growth nor promoted pDR5 activity, also did not lead to a detectable
reduction of the DII-nVENUS signal in the cell elongation zone of roots
(Figure S1). These results again supported the overall classification of the auxin
activity for our library of 2,4-D analogues (Figure 2).
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Figure 3. Auxin response induced by 2,4-D analogues (A) Expression of the auxin responsive pDR5:GUS reporter
in Arabidopsis seedling roots treated for 24 hours with 5 uM of each 2,4-D analogue. For an overview of the 2,4-D
analogues and their abbreviations, see Figure 2. (B) Quantification of pDR5:GUS activity in the root meristems of
Arabidopsis seedlings (region indicated with dotted red line in mock). Dots indicate the individual measurement of
GUS activity staining per each treatment (n= |0 biologically independent seedlings per treatment, bars indicate the
mean of each treatment and error bars the s.e.m. and different letters indicate statistically significant differences
(P < 0.01) as determined by a one-way analysis of variance with Tukey’s honest significant difference post hoc test.
In A and B, seedlings were germinated for 6 days on compound-free medium, and for treatment seedlings were
transferred to medium contain 5 pM of a 2,4-D analogue and incubated for 24 hours.

Specific 2,4-D analogues as tools to modulate root system
architecture

When establishing the root growth inhibition of our 2,4-D analogues, we
observed that several compounds had a unique effect on the root system
architecture (RSA). The RSA of a plant describes the organization of the primary,
lateral and adventitious roots. This includes root hairs that increase the surface
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area and thus promote the uptake of water and nutrients™. Auxin treatment is
known to change the RSA by inducing lateral or adventitious roots™® and to
positively influence the formation of root hairs in a dose-dependent manner?’.
An adventitious root (AR) refers to a plant root that forms from any non-root
tissue, commonly in response to treatment with the natural auxin indole-3-
butyric acid (IBA)*-®,

All 2,4-D analogues that were designated as very active, active and weakly active
positively increased the number of root hairs in Arabidopsis seedling roots (not
shown). Specifically, we observed a strong effect on root hair formation on
root tissues treated with 5 uM of 3-Cl, 3,4-D, 2,4-DP or Mecoprop. We found
that the root hair formation was dose-dependent for all four analogues (Figure
S2). Interestingly, treatment with 0,5 or 1 uM of the weakly active 3-Cl did not
lead to a strong inhibition of root growth, like with the other three active or
very active compounds (Figure S2), whereas it still strongly enhanced root hair
development. This result reflects the weaker auxin response induced by 3-ClI
in the root meristem, leading to reduced root growth inhibition, while it still
induces a relatively strong auxin response in the differentiation zone, resulting in
ectopic root hair formation (Figure 2A).

We also observed that 3-Cl and 2,5-D significantly promoted the number of
lateral roots, whereas 2,4-D and other analogues with strong auxin activity
initially induced many lateral root meristems, but these meristems quickly
deteriorated into amorphous callus (Figure 4A). As lateral root and adventitious
root (AR) induction are highly linked, we tested the capacity of different
concentrations of 2,4-D, IBA, 3-Cl and 2,5-D in AR induction from hypocotyls
of dark grown Arabidopsis seedlings. AR induction is a crucial process in clonal
crop propagation by cuttings or shoot regeneration, and is well-known to be
promoted in many plant species by the natural auxin indole-3-butyric acid (IBA).
As with lateral roots and in line with previous obsetrvations®, treatment with 2,4-
D produced a low number of ARs at low uM concentrations and only undesired
callus at higher uM concentrations (Figure 4B, C). Treatment with 3-Cl and 2,5-
D, however, efficiently induced ARs at 5 uM (Figure 4B, C). In addition, the
number of ARs induced by 3-Cl and 2,5-D was significantly higher compared
to IBA treatment at a similar concentration and also compared to 57 pM TAA
or 2 uM of the synthetic auxin 1-naphthaleneacetic acid (NAA) (Figure 4D),
treatments that have previously been shown to efficiently induces ARs from
of Arabidopsis hypocotyls™. With these results, we can conclude that 3-Cl and
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2,5-D are excellent candidates for inducing AR formation in Arabidopsis, and
that despite their structural similarity with 2,4-D, they show a unique biological
activity. This probably relates to their mild and specific activity as auxin analogue,
as reflected by the specific expression pattern of the pDR5:GUS reporter
following treatment with these compounds.

Lateral root formation can be repressed by anti-auxins®. Several of the 2,4-D
analogues for which we observed no clear effect on root length or pDR5 activity,
namely 3-Me, 2,3-D, 3,5-D, 2,4,6-T, and 2,4-DnP, did significantly inhibit lateral
root formation, with some having a stronger effect (Figure 5A, B). In order
to investigate the lateral root inhibition-responsiveness to these potential anti-
auxins, we examined the effect of short term treatment (1 day) on the different
developmental stages of lateral root formation, using the pDR5:GUS reporter
activity as matker (Figure 5C)*. Histochemical analysis revealed that pDR5:GUS
is expressed in the presence of anti-auxins in all lateral root stages, the lateral
root initiation (stage 1), lateral root development (stage 2), lateral root emergence
(stage 3) and lateral root outgrowth (stage 4) (not shown). This is in line with
the observation that treatment with these compounds did not lead to a reduced
expression of the pDR5:GUS reporter in the main root tip (Figure 2). However,
these 2,4-D derived anti-auxin candidates did reduce the number of stage 1
primordia, had no effect on the number of stage 3 primordia, whereas they had
a differential effect on the number of stage 2 primordia and stage 4 lateral roots
(Figure 5C). The effect of these compounds on lateral root formation might
indeed be caused by their activity as anti-auxins, however we cannot exclude that
they affect other processes, such as auxin transport.

Based on the combined results we now classified all tested 2,4-D analogues

from our library into five groups, namely very active, active, weakly active auxin
analogues and not active and anti-auxin compounds (Figure 2).
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Figure 4. Efficient adventitious root induction on etiolated Arabidopsis hypocotyls by specific 2,4-D analogues.
(A) Number of lateral roots formed in Arabidopsis seedlings treated with mock or 5 pM of 3-Cl and 2,5-D.
Seedlings were germinated for 6 days on compound-free medium, and subsequently transferred for treatment
to medium containing 5 pM of a 2,4-D analogue and incubated for |0 days. (B) The phenotype adventitious roots
induced on hypocotyls of 6-day-old etiolated Arabidopsis seedlings by transferring them to medium with different
concentrations of 2,4-D, 2,5-D, 3-Cl or IBA. (C) Quantification of the number of adventitious roots induced on
etiolated Arabidopsis hypocotyls by 2,4-D, 2,5-D, 3-Cl or IBA (see B). (D) Comparison of the number of adventitious
roots induced from etiolated Arabidopsis hypocotyls by 10 uM of 2,5-D, 10 uM of 3-Cl, 2 pM of NAA or 57 uM of
IAA. In A, C and D dots indicate the number lateral roots per main root in A and the number adventitious roots
per hypocotyl in C and D ( A. n=15; C. n=10; D. n=10), the bars indicate the mean value, and the error bars the
s.e.m.. The letters above the bars indicate the significant difference (p < 0.01) determined by a one-way ANOVA
with Tukey’s honest significant difference post hoc test. In B-D, Arabidopsis seedlings were initially cultured for 6
days on hormone-free medium in the dark, and subsequently the seedlings were transferred on medium containing
the indicated compound.
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Figure 5. Several 2,4-D analogues inhibit lateral root formation in Arabidopsis. (A) Root phenotype of |6-day-old
Arabidopsis seedlings grown on medium containing the indicated 2,4-D analogue. (B) The number of lateral roots
formed on Arabidopsis seedling primary roots treated with mock or 5 pM of the indicated 2,4-D analogue. (C)
Quantification of the effect of | day treatment on the different developmental stages of lateral root formation
including lateral root initiation (stage |), lateral root primordium development (stage 2), lateral root emergence
(stage 3) and lateral root outgrowth (stage 4) using pDR5:GUS activity to visualize the early stages of lateral
root development. In B and C dots indicate the number of lateral roots in B and number of lateral roots per
developmental stage in C (B: n=10 and C: n=7), the bars indicate the mean value and the error bars the standard
error. The letters above the bars indicate the significant difference (p < 0.01) determined by a one-way ANOVA
with Tukey’s honest significant difference post hoc test. Seedlings were first grown for 6 days on hormone-free
medium, and subsequently transferred to mock medium or medium with 5 pM of the indicated compound and
further incubated for 10 days in A and B and for | day in C.

Molecular dynamics simulations of binding of 2,4-D analogues to the
TIRI-Aux/IAA coreceptors

The auxin activity of 2,4-D occurs through its binding to the TIR1/AFB — Aux/
TAA auxin co-receptors in the auxin-mediated signaling pathway*. We examined
this binding for a subset of 18 2,4-D analogues, representing derivatives from
all auxin activity classes as determined in the 7z planta experiments, by molecular
dynamics (MD) simulations. Among the library entries tested 7 silico are alpha
substituted compounds (methyl, ethyl or the Mecoprop derivative; 2,4-DP, 2,4-
DB and Mecoprop, respectively) that due to their stereocenter can occur as the
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enantiomeric R or S stereoisomers. These compounds were tested as mixture
of these enantiomers in the /7 planta assays. The molecular dynamics simulation
uniquely allowed us to investigate at a molecular level the potential differential
binding of each enantiomer (notated as their acronym with an added R and §).

In the evaluation of the binding capacity of each auxin analogue within the
system, we studied different aspects: the enthalpy of the system, the root-mean-
square deviation (RMSD) of atomic positions of TIR1 along the simulation
trajectory, the hydrogen bond network established by the auxin analogue and
the distance between the auxin analogue and the proline (7) of the Aux/IAA
peptide (Table 1). The RMSD of TIR1 reflects the system stability during the
simulation. The last parameter, the distance between the auxins analogue and
the proline (7) of the Aux/IAA peptide, would show us which analogue is able
to establish a CH'7 interaction with the degron peptide that contributes to the
binding interactions and thus to the stability of the complex*. Our molecular
dynamics simulations were based on a previously published method*, but with
a much longer trajectory of 200 ns instead of 2.5 ns.

The enthalpy was calculated using MMPBSA (Molecular Mechanics Poisson-
Boltzmann Surface Area) with a lower enthalpy value indicating better binding,
All the compounds classified as very active auxin analogues showed an enthalpy
value below -12 Kcal/mol. Surprisingly, the weakly active 2,6-D and inactive
4-NO, were also in this range, suggesting that the binding enthalpy is not the
sole parameter predictive for auxin activity. The TIR1 protein RMSD calculation
was carried out over the amino acids from position 50 till the end of the protein,
because the first 50 amino acids showed extra flexibility. The TIR1 N-terminal
part is normally stabilized by the interaction with the SKP protein, which we
did not include in our analysis. Moreover this part does not interact with the
auxin analogue nor with the AUX/IAA peptide and its structure has not been
completely resolved in the employed crystal structure (pdbid 2pln)*. All the
compounds induced similar RMSD values of the TIR1 protein ranging from
1.25 to 1.53, indicating that binding to the compounds tested do not induce
significant differences in the stability of the protein backbone (Table 1). All
compounds tested appeared to establish a hydrogen bond network but with
different effectiveness (Figure S4). Serine (438) and arginine (403) interact
through a hydrogen bond with all the derivatives, but these interactions have
different prevalence. Other amino acids that are involved in most of the hydrogen
bond networks established by the analogues are arginine (436) and histidine (78).
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Finally, we observed the proximity between the proline (7) from the AUX/TAA
peptide and the analogue, so we monitored this distance along the simulation
trajectory for all the derivatives. The distance was measured specifically between
the gamma carbon of proline (7) and the ring mass center of the auxin analogue,
assuming that a shorter distance would predict a stronger CH'n interaction®'.
Compounds 4-NO, (5.28 A) and 2,6-D (5 A) showed the two largest distances
at which the CH'n contribution is more or less negligible, explaining why these
compounds are weakly active or inactive despite their low enthalpy. For IAA and
the very active auxin analogues distance values varied between 3,7 A (Mecoprop)
and 4,5 A (2,4-DB(R)). Several weakly active and anti-auxin compounds were
also in this range. However, as the binding enthalpy was above -12 Kcal/mol,
this explained why these compounds lacked auxin activity.

Compound Enthalpy binding std Activity LU Protein RMSD (&)  std Distance gamma std
(Keal/mol) (&)

2,4-DB(S ) 30,8 0,70 very active 13 0,16 4,3 0,33
NAA -29,6 1,06 very active 1,6 0,15 4,3 0,39
2,4-DB(R) 293 0,36 very active 13 012 AT o045
2,4-D -26,9 0,84 very active 14 0,12 4,2 0,38
1AA 2p1n -26,8 0,80 very active 1,2 0,13 4,0 0,28
Mecoprop(R) -26,7 0,70 very active 1,5 0,19 3,7 0,3
2,4-DP(R) -25,1 1,51 very active 15 0,11 4,0 0,37
2-Cl-4-F -23,2 0,81 very active 1,3 0,12 4,0 0,31
2,4-DP(S} 224 0,65 very active 1,2 0,1 4,2 0,33
Mecoprop(5) -15,1 0,70 very active 13 0,1 43 0,36
4-Cl -13,0 0,53 very active 14 0,15 35 0,28
MCPA 12,8 0,69 very active 14 0,15 3,8 0,29
2,4-DiB -19,5 0,43 active 15 0,14 Nao CH-p 0,33
3,4-D 0,54 active 1,3 0,09 4,0 0,37

0,76 weakly active 14 0,13 No CH- 0,43

0,57  weaklyactive 1,2 0,11 ﬁ 0,23

0,67 weakly active 1,3 0,11 4,2 0,47

0,54 15 0,23 No CH-p 0,96
2,4-OnP 1,06 anti-auxin 0,09 4,2 0,57
2,3-D 0,69 anti-auxin 1,3 0,13 4,2 0,55

Table |.Parameters obtained from the in silico enthalpy binding study of selected 2,4-D analogues and auxins to
the TIRI protein. Several parameters were calculated for the molecular dynamics simulations.The enthalpy binding
of the selected compounds and the standard deviation (std) was determined. The established auxin activity of the
SAR is given (activity LU). The root-mean-square deviation of the TIR| protein (Protein RMSD) with a standard
deviation was calculated as a measure of system stability during the simulation trajectory.The distance between the
gamma carbon of the proline of the AUX/IAA peptide and the ring mass center of the compound was determined
(Distance gamma) and the corresponding standard deviation. At shorter distances, a stronger CH 1T interaction is
assumed.

Somatic embryogenesis induction by 2,4-D analogues

In order to correlate auxin activity with the capacity to induce SE, we tested the
ability of all 2,4-D analogues (Figure 2) to induce SE in Arabidopsis immature
zygotic embryos (IZEs), which in prior studies has proven to be the most
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competent Arabidopsis tissue for SE in response to 2,4-D*.

In this assay, several very active (4-Cl, 4-Br, 2,4-DP,) and active auxins compounds
(2,4-Br) were able to efficiently induce somatic embryos from IZEs to a similar
extent as 2,4-D (Figure 6A).The other very active (2,4-DB 2-Cl-4-F, MCPA and
Mecoprop) and active (4-F, 4-1, 2,5-D, 3,4-D, 2-F-4-Cl, 2-F-4-Br, 2,4,5-T, 2,4-
DiB and MCPB) auxin analogues induced less somatic embryos on IZEs when
compared with 2,4-D (Figure 6A, B). The weak auxin analogues (2-Cl, 2-1, 3-Cl,
2,6-D, 3,5-D, 2,4-F, 2,3,4-F, 2,3,4-T, 2-NO2-4-Cl, and 2,4-DnB), or the inactive
(PHAA, 4-NO,, 3,5-Me, 2-Cl-4-formyl, and 2,4,6-F) or anti-auxin (3-Me, 2,3-D,
3,5-D, 2,4,6-T and 2,4-DnP) compounds did not induce SE (Figure S3). Overall,
these results demonstrated that the capability of compounds to induced SE
correlates with their 2,4-D-like structure and their previously established auxin
activity.

We also found that a higher concentration (10 uM) of 2,4-D, 4-Br, 4-1 and MCPA
reduced the number of embryos formed on IZEs, whereas 10 uM of 4-Cl, 4-F, or
2,4,5-T had no significant effect on the SE efficiency (Figure 6B). This different
SE response to higher levels of certain 2,4-D analogues is probably associated
with different metabolic properties, such as uptake and active transport, of these
compounds in plant cells.

Summarizing, there is a strong correlation between auxin activity and SE
induction: SE is only obtained with the very active and active auxin analogs
(Figure 6A versus Figure S3) and the very active auxins are generally more
efficient in inducing SE than the active auxins (Figure 0B).
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Figure 6.SE inducing capacity of 2,4-D analogues correlates with their auxin activity. (A) The phenotype of somatic
embryos formed on cotyledons of Arabidopsis IZEs that were first grown for two weeks in the presence of 5 yM
2,4-D or the 2,4-D analogues classified as very active or active auxins and subsequently cultured for | week on
medium without any supplement. (B) Quantification of the number of somatic embryos per 30 IZEs induced by 5
UM or 10 pM of 2,4-D or of the indicated 2,4-D analogue. Dots indicate the number somatic embryos produced
per IZE (n=4 biological replicates, with 30 IZEs per replicate), bars indicate the mean value and error bars the
s.e.m.. Different letters indicate statistically significant differences (P < 0.001) as determined by one-way analysis
of variance with Tukey’s honest significant difference post hoc test. The structure of each compound is provided in
Figure 2.

Discussion

Chemical biology has been instrumental in enhancing our understanding of
auxin biology, as several key molecules that are currently used to specifically
control auxin biosynthesis, signaling or transport have been identified in chemical
genetic screens™*. 2,4-D is a synthetic auxin that is widely used as a herbicide,
but also as a plant growth regulator in in vitro regeneration and auxin research®®.
In this study, 2,4-D analogues with varying modifications, including the type and
number of substitutions on the aromatic ring (like chlorine, bromine, fluorine,
iodine, nitro, methyl group) or substitutions on or elongation of the alpha-
position (Figure 2) have been evaluated for their structure-activity relationship
and ability to induce SE.

Auxin activity of 2,4-D analogues correlates to simulated binding
properties to TIR|

The Arabidopsis seedling root growth inhibition assay combined with the use of
the pDR5:GUS and R2D2 auxin response reporters provided consistent results
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with respect to classifying the 40 2,4-D orthologs as very active, active or weakly
active auxins, or having no auxin activity. Importantly, this classification was in
agreement with previously published results on the 2,4-D analogues PAA, 2,4 Br,
2,4,5-T, 3-Me, 2,4-DP and MCPB*+*. This difference in auxin activity is cleatly
determined by structure and chemical properties of these compounds, which
relates on the one hand to their binding affinity to the TIR1/AFB’ and AUX/
TAA* co-receptor pair, and on the other hand to their conjugation properties
or metabolic decay in plant cells. For example, 2,4-D itself it has been shown
to be conjugated to Asp and Glu, and the conjugates still display residual auxin
activity”.

Molecular dynamics simulations indicated that the auxin activity of 2,4-D
analogues could be correlated to their binding strength to TIR1. One important
factor here was the theoretical enthalpy of the system, as all very active auxin
analogues showed an enthalpy value below -12 Kcal/mol. However, the distance
between Pro7 of TIR1 and the 2,4-D analogue was also important, as some of
the tested analogues lacking this CH 7 interaction showed no or only weak auxin
activity, despite the fact that their enthalpy value was below -12 Kcal/mol.

It is important to note that, due to the expensive cost of entropy calculation
combined with low reliability for such a big system, we did not calculate this
parameter. However, we considered that the molecules are very similar and,
although we know there will be differences in entropy among the derivatives, we
assume that they will not change the results dramatically.

Structure-activity relationship of 2,4-D analogues based on auxin
activity

Based on our screen of 40 compounds, we have identified several trends for
the structure auxin activity relationship of 2,4-D analogues. First, a halogen at
the 4-position is more important for auxin activity than at the 2-position (4-
Cl; 2-Cl-4-F; 4-1/Bt/F; versus 2-Cl/1/Br/F). Second, the activity of analogues
with a substitution at the 3- or 5- position remains, but such compounds are
less active compared to 2,4-substitutions (2,5-D; 3,4-D; 2,4,5-T). Third, both
substitutions at the alpha position (Mecoprop; 2,4-DP; 2,4-DB; 2,4-DiB) and a
longer carboxylate chain with an even number of carbons are tolerated (MCPB;
2,4-DnB). This finding is in agreement with a previous study that showed that
IAA analogues with a substitution on their carboxylate chain, up to n=4 carbons,
can still bind to TIR1, thus allowing for a modification on this position®. Taken
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these trends together, we conclude that an electron withdrawing group, such
as a halogen, at the 4-position is important for auxin activity. In addition, we
suggest that electron withdrawing or donating properties of the 2-position are
less important for auxin activity and that the size of the 2-substituent could
influence auxin activity, since both methyl and chloro groups are accepted at
this position (like 2,4-D and MCPA). There are, however, a few outliers based
on this general conclusion: 2,4-F is only weakly active, but has a strong electron
withdrawing group at the 4-position, and 2,4-DnB is also weakly active, but has
the same substitution as 2,4-D and a longer carboxylate chain which does not
disrupt auxin activity for MCPB. Altogether, these results indicate that small
modifications at different parts of 2,4-D can lead to different physiological
activities, generating molecules with interesting applications in plant tissue
culture, as described below.

Several 2,4-D analogues are useful tools to modulate the root system
architecture

In the assessment of 2,4-D analogues, we have found that some 2,4-D analogues
(2,3-D, 3,5-D, 3-Me, 2,4,6-T and 2,4-DnP) either had no effect on or only
slightly affected root growth (Figure 2), whereas they inhibited the formation
of lateral roots (Figure 6). Since inhibition of lateral root formation is typical
for compounds with anti-auxin activity”, we suspected that they may act as anti-
auxins. Such anti-auxin activity could be caused by high affinity binding to only
one of the co-receptors, thereby preventing the formation of the F-box-Aux/
IAA complex. As such, high concentrations of an anti-auxin would compete
effectively with TAA for establishing the TIR1-Aux/IAA complex required for
ubiquitination-mediated degradation of the Aux/IAA repressors. Interestingly,
our 2,4-D analogues did not change pDRS5 activity, nor did they lead to enhanced
or reduced degradation of DII-VENUS in the root tip, which would be expected
for an anti-auxin. Moreover, the negative effect on lateral root formation varied
per compound. For example, 3-Me only mildly affected lateral root formation,
whereas 3,5-D and 2,4-DnP almost completely inhibited this process, with
3,5-D preferably blocking at stage 2 (enhanced number of stage 2 primordia)
whereas 2,4-DnP resulted in a reduction of all stages. Clearly, further research
on these 2,4-D analogues, such as a forward genetic screen for mutants that
develop lateral roots when grown on the compound, is required to unravel the
exact molecular mechanism by which they repress lateral root formation. As
such, these 2,4-D analogues could uncover new components involved in lateral
root formation. At the same time, they could be used to control lateral root
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formation, e.g; to prevent branching during early seedling development to obtain
a deeper root system.

Adventitious root (AR) formation is an organogenesis process by which new
roots are produced from non-root tissues. AR induction is an important but
often rate limiting step in the vegetative propagation of many horticultural and
forestry plant species. Generally, AR induction is promoted by auxins, and IBA
and NAA are the most common auxins used for this purpose in commercial
operations™. Our results show that 2,5-D and 3-Cl efficiently induce AR from
Arabidepsis hypocotyls even more efficiently than IBA or NAA. Therefore, 2,5-
D and 3-Cl are recommended as new AR inducers and they may be used to
resolve rooting in recalcitrant species.

Roots hairs extend from root epidermal cells in the differentiation zone of
the root and support plants in nutrient absorption, anchorage, and microbe
interactions’’. Exogenous auxin treatments generally promotes root hair
induction and development’’. We showed that some 2,4-D analogues (3-Cl, 3,4-
D, 2,4-DP, and Mecoprop) induced ectopic root hair formation on Arabidopsis
roots, while promoting lateral root formation and having a relatively mild effect
on root growth compared to 2,4-D itself. Specifically, roots of plants grown on
the analogue 3-Cl produced several times more root hairs compared to other
analogues. Unlike other 2,4-D analogues, 3-Cl specifically induced a strong auxin
response in the differentiation zone of the root and a weaker response in the
root elongation zone (Figure S2), this could explain the differential effect of
3-Cl on root biomass. We recommend 3-Cl as a promising compound for use in
horticulture or agriculture to enhance root hair formation and thereby improve
crop performance by enhanced ion and water uptake.

The capacity of SE induction by 2,4-D analogues

SE is experimentally induced by application of exogenous plant growth regulators
under 7 vitro conditions®. 2,4-D is the most well-known plant growth regulator
that is widely used for SE. Our screen revealed several 2,4-D analogues (4-Cl,
4-Br, 2,4-DP, and 2,4-Br) that also efficiently induce SE from Arabidopsis IZEs,
whereas other analogues (4-, 4-1, 2,5-D, 3,4-D, 2-F-4-Cl, 2-F-4-Br, 2,4,5-T, 2,4-
DiB, MCPB, MCPA, and Mecoprop) induced SE at a lower efficiency (Figure
5). Except for 3,4-D and 2,4,5-T that have been shown to efficiently induce SE
in other plant species*’, SE induction by the other 2,4-D analogues has not been
reported yet. We did not identify a 2,4-D analogue with enhanced capacity to
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induce SE, suggesting that for our system 2,4-D is still the best compound to
use. However, since 2,4,5-T efficiently induces SE in other plant species but less
efficiently in Arabidopsis, it is to be expected that some of the 2,4-D analogues
presented here might be used to establish an efficient SE system in other plant
species. Moreover, 2,4-D treatment has been reported to lead to a significant
percentage of abnormal somatic embryos in many plant species®. The use
of the 2,4-D analogues identified here may reduce the number of abnormal
embryos, but this still requires testing in the different SE systems.

We also showed that only 2,4-D analogues that classify as very active or active
auxins are able to induce SE from Arabidopsis IZEs, which indicates that the
capacity to induce SE is primarily linked to auxin activity. Since stress has also
been identified as an important factor in SE induction"’, our findings suggest
that at least in our SE system stress is downstream of auxin signaling, and not
a parallel pathway that is additionally triggered by 2,4-D or its analogues. It is
therefore unlikely that a chemical biology approach as presented here will allow
to tease apart the stress and auxin pathways by identifying compounds that
trigger each pathway separately. The new 2,4-D analogues identified here can
be useful tools to study the importance of aspects of auxin physiology either
during SE induction or through their effects on the root system architecture. For
example, it would be interesting to understand why MCPA, which is classified as
very active auxin based on root growth inhibition and auxin response reporter
expression, shows a significantly reduced capacity to induce SE. And why does
3-Cl, classified as weakly active auxin, strongly induce the auxin response in the
root differentiation zone thereby specifically promoting root hair formation? Or
how can 3,5-D strongly inhibit lateral root formation without clearly affecting
auxin responsive gene expression? These differences may lie in the compound
specific metabolism or transport characteristics of the 2,4-D analogues, which
has already been shown to differ between the natural auxin IAA and the synthetic
auxins 2,4-D and 1-NAA1,
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Materials and methods
2,4-D and 2,4-D-analogues

The 2,4-D analogues that were used in this study were divided into 2 main
categories. The first one contained 2,4-D analogues with substituents at different
positions on the aromatic ring (Figure 1). The second group consisted of 2,4-D
analogues with different carbon chains at the alpha-position of 2,4-D (Figure 1).
For more information about the synthesis of certain library members and the
sources for commercially available compounds, the reader is kindly referred to
the Supplementary Information.

The acronyms of the 2,4-D analogues were assigned based on established
acronyms in literature, or based on the number and substitution type on the
aromatic ring, or the type of substituent on the alpha position of the carboxylate.

Plant materials and growth conditions

This research used Arabidopsis thaliana Columbia-0 (Col-0) wild-type, and the
PDR5:GUS and R2D2 reporter lines in the Columbia background. For iz vitro
plant culture, seeds were sterilized in 10 % (v/v) sodium hypochlorite for 10
minutes and then 4 times washed with MQ water. Sterilized seeds were plated
on 2 MS medium and grown in the tissue culture room at 21°C, 16 hours
photoperiod and 50 % relative humidity. After around 2 weeks, the germinated
seeds were planted in soil in the climate room at 20°C, 16 hours photoperiod
and 70 % relative humidity.

Arabidopsis primary root growth assay adventitious root induction

The Arabidopsis seeds were germinated on %2 MS medium. Five-day-old seedlings
were transferred to new 2 MS medium supplemented with 2,4-D analogues.
The length of the primary root was quantified after 3 days, incubation with 2,4-
D analogues. Primary root length and lateral root numbers were analyzed with
Image] software.

For the adventitious root (AR) induction, the seed was first grown in complete
darkness. Six-day-old seedlings were transferred to new 2 MS medium
supplemented with 2,4-D analogues 16 hours photoperiod. The number of ARs
induced from hypocotyls was quantified after 7 days.

Histological GUS staining assay
In order to test auxin activity of 2,4-D analogues, the activity pDR5:GUS reporter
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was investigated in the presence of 5 uM 2,4-D analogues. Histochemical
B-glucuronidase (GUS) staining was performed as described previously>® with
some modifications. Samples were submerged in 1-2mL staining solution and
incubated for 4 hours at 37°C followed by rehydration through a graded ethanol
series 75% - 50% - 25% for 10 minutes each, with 5 minutes incubation between
each step. Arabidopsis Col-0 on MS medium without any supplement was used
as a control.

The tissue-specific GUS staining intensity was quantified as mean grey values by
analyzing images of independent samples capturing the same region of interest
(ROT) using Image], as previously described by Béziat et al.”.

Somatic embryogenesis induction

For SE induction, 11 days old siliques of _Arabidopsis Columbia-0 wild-type were
sterilized in 10 % (v/v) sodium hypochlorite for 10 minutes and then washed
with MQ water for 4 times. Sterilized siliques were dissected to acquire IZEs.
IZEs were cultured on B5 medium mixed with 2,4-D analogues for 14 days in
the culture room at 21°C, 16 hours photoperiod and 50 % relative humidity.
The IZEs were then transferred to /2 MS medium for 7 days and the number
of SEs was counted under a light microscope. The quality of the obtained SEs
was then further examined by moving embryos to the MS media in square petri
dishes. Some 2,4-D analogues inactive in inducing SE were combined with IAA
or NAA. In this experiment, B5 medium supplemented with 2,4-D used as a
control.

Microscopy

GUS stained tissues were observed and photographed using a Nikon’s Eclipse
E800 microscope. Cellular and subcellular localization of DII-VENUS and
TATOMATO proteins was visualized by confocal laser scanning microscope
(ZEISS-003-18533) using a 534 nm laser combined with a 488 nm LP excitation
and 500-525 nm BP emission filters for DII-VENUS signals or 633 laser and
532 nm LP excitation and 580-600 nm BP emission filters for TATOMATO
signals.

The running molecular dynamics simulations

MD simulations were run using the crystal structure of the systems comprising the
TIR1, auxin responsive protein fragment, co-factor inositol hexakisphosphate,
and the auxin. In particular, the structure deposited in the PDB under the ID
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2PIN* was used as a starting structure. The auxin derivative was replaced by
the different auxin candidates before running the MD simulations. Both the
system preparation and the simulations were performed in the AMBER 18 suite
softwate®. An updated version of the protocol described in the Hao and Yang’s
article was used*®. Firstly, the system is immersed in a cubic box of 10 A length
in each direction using TIP3P (Mol. Phys, 1988, 94, 803-808) water parameters.
The force fields used to obtain topography and coordinates files were ff14SB
and GAFF *°. The first step to start MD simulations is a minimization only of
the positions of solvent molecules keeping the solute atom positions restrained
and, the second stage minimizes of all the atoms in the simulation cell. Heating
the system is the third step raising gradually the temperature 0 to 300 K under
a constant pressure of 1 atm and periodic boundary conditions. In addition,
Harmonic restraints of 10 kcal'mol’! were applied to the solute, and the
Berendsen temperature coupling scheme® was used to control and equalize the
temperature. The time step was kept at 2 fs during the heating phase. Long-range
electrostatic effects were modelled using the patticle-mesh-Ewald method™.
The Lennard-Jones interactions cut-off was set at 8 A. An equilibration step for
2 ns with a 2 fs time step at a constant volume and temperature of 300 K was
performed prior the production stage. The trajectory production stage kept the
equilibration step conditions and was prolonged for 200 ns longer at 1 fs time
step. Besides, the auxin analogs required a previous preparation step where the
parameters and charges were generated by using the antechamber module of
AMBER, using GAFF force field and AM1-BCC method for charges™.
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Supporting information

Very active

2-Cl-4-F

Active

3,4-D 2,4-Br

Weakly active

6/66/6 ¢ 6f6 AR §/6 ; 6
2-CL-4-Formyl 4-NO2 - 3,5-D 2,4,6-T 2,3-D 3-0Ome

Not active

PRPS5A:DII-3xVenus pRPS5A:mDll-ntdTomato

Figure SI. R2D2-reported auxin activity of the 40 2,4-D analogues. Visualization of the auxin activity of different
2,4-D analogues by using the DII-Venus/mDII-tomato (R2D2) reporter in the main root meristem of Arabidopsis
thaliana seedlings treated with the different 2,4-D analogues.A yellow signal is indicative for no or low auxin activity,
whereas an orange or red signal indicates intermediate or high auxin activity, respectively. Seeds were first grown
for 6 days on control (mock) medium, and subsequently the seeds were transferred to liquid medium containing 5
UM of the 2,4-D analogues for | hour.
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Mecoprop
Control

Figure S2. Certain 2,4-D analogues specifically promote root hair formation. The phenotype of Arabidopsis
seedlings treated with the indicated concentration of 2,4-D, 2,4-DP, Mecoprop, 3-Cl, or 3,4-D. Seedlings were
initially grown for 6 days on control medium and subsequently cultured for |5 days on medium containing the
indicated concentration of the 2,4-D analogue.
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Weakly active

Not active

Anti-auxin

Figure S3.Weakly or not active 2,4-D analogues do not induce SE.The phenotype of Arabidopsis IZEs that were
first grown for two weeks in the presence of 5 pM of the indicated 2,4-D analogue and subsequently cultured for
| week on medium without any supplement.
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Hydrogen Bond network

-4-D {02} - Arginine 402 (NH,) 84%
- 4-D (03) - Serine 438 (0G) §3%

= 4-0 (03} = Arginine 403 (NE) 64%
- 4-0 (02) = Arginine 403 (NE) T%

- 4-D (01) - Serine 438 (0G) 2%

4.4-D-5

= 2,4-0-5 (03) = Serine 438 (0G) 54%

= 2,4-0-5 (02) = Arginine 403 (NH;) 52%
= 2,4-0-5 (03) = Arginine 403 (NE] 51%

= 2,4-0-5 (03) = Arginine 403 (NH;) 40%
= 2,4-0-5 (02) = Serine 438 (OG) 36%

= 2,4-0-5 (02) = Arginine 403 (NE] 36%

= 2,4-0-5 (02) = Serine 462 (OG) 4%

= 2,4-0-5 (03) = Serine 462 (OG) 2%

- 2.4-D-gthyl-R (03] - Arginine 403 (NH,) T0%
= 2.4-D-gthyl-R (O2) = Serine 428 (0G) 70%

= 2,4-D-gthyl-R (02) = Arginine 403 (NE) 45%
= 2,4-D-gthyl-R (02) = Arginine 403 (NH,) 27%
- 2,4-D-gthyl-R {03) - Serine 436 (OG) 27%

- 2,4-D-ethyl-R [03) = Arginine 403 (NE) 20%
- 2,4-D-gthyl-R (03) = Histidine 78 (NE2) 13%
= 2,4-D-ethyl-R (02) = Histidine 78 (NE2) 8%

- 2,4-D-gthyl-R (0O3) - Serine 462 (0G) 1%

*Mecoprop R

Mecoprop_R (O3)= Arginine 403 (NH;) 56%
*Mecoprop_R (02) - Serine 438 (0G)93%
*Mecoprop_R (02) = Arginine 403 (NE) 63%
*Meceprop_R (02) - Arginine 403 (NH,) 4%
*Meceprop_R (03] - Histidine 78 (NE;) 3%
“Mecoprop_R (03] = Arginine 403 (NE) 3%
*Mecoprop_R (01) = Serine 438 (0G) 1%

-MCPA

*MCPA (02) = Arginine 403 (MNH;) 45%
*MCPA (02) = Serine 438 (0G) 44%
*MCPFA (02) = Arginine 403 (NE) 40%
*MCPA (03) = Arginine 403 (MNH,) 36%
*MCPA (03] = Serine 462 (0G) 38%
*MCPFA (03] = Arginine 403 (NE) 26%
*MCPA (03] = Serine 438 (0G) 15%
*MCPFA (03] = Arginine 438 (NH;) 7%

-2,4-D-R {03) - Arginine 403 {NH,) 48%
-2,4-D-R (03] - Arginine 403 {NE} 45%
-2,4-D-R {02} - Arginine 403 {NH,) 42%
- 2,4-D-R {02} - Arginine 403 {NE} 31%
- 2,4-D-R (03] - Arginine 436 (NH,) 17%
- 2,4-0-R (02} - Serine 438 (0G) 13%

- 2,4-0-R (02) - Serine 462 (OG) 13%
-2,4-D-R {02) - Arginine 436 (NH,) T%
-2,4-D-R (03] - Serine 482 (OG) 3%
-2,4-D-R {02) - Arginine 436 (NH,) 2%
-2.4-D-R (03] - Serine 438 (0G) 2%
-2,4-D-R (03] - Arginine 436 (NH,) 1%

Hydrogen Bond netwark

2:4-D-ethyl-S

- 2,4-D-gthyl-5 (03) - Serine 433 (OG) 4%

= 2.4-D-gthyl-5 (03) = Arginine 403 (NE) 82%
= 2.4-De-gthyl-5 (02} = Arginine 403 (NH;) B1%
= 2,4-D-gthyl-3 (03) = Arginine 403 (NH;) 35%
- 2,4-D-gthyl-3 (02) - Serine 433 (0G) 28%

- 2.4-D-gthyl-5 (02} - Arginine 403 (NE) 28%:
= 2,4-D-ethyl-5 (03) = Serine 462 (0G) 1%

= 2,4-D-ethyl-5 (02) = Serine 462 (0G) 1%

*Mecoprop_S (02) = Arginine 403 (NH,) 83%
*Mecoprop_5 (03) - Serine 438 (0G) 8T%
“Mecoprop_S (03] = Arginine 403 (NE) 81%
*Mecoprop_5 (03] = Arginine 403 (NH,) 10%
*Mecoprep_5 (02) = Arginine 403 (MNE) 5%
*Mecoprop_5 (02) - Serine 438 (OG) 4%
*Mecoprop_S (03) - Serine 482 (OG) 3%
*Mecoprop_S (02) = Serine 462 (OG) 1%

Figure S4.The hydrogen bond network between the very active 2,4-D analogues and TIR1.

134



SAR of 2,4-D in somatic embryogenesis

Commercially available 2,4-D analogues

2,4-D (CAS number 94-75-7; Sigma-Aldrich); 3,5-Me (CAS number 5406-14-
4; Sigma-Aldrich); PHAA (CAS number 122-59-8; Antonides CV); PA (CAS
number 103-82-2; Fisher Scientific); MCPA (CAS number 94-74-6; Sigma-
Aldrich); MCPB (CAS number 94-81-5; Sigma Aldrich); 2,4-DnB (CAS number
94-82-6; Sigma Aldrich); 2-Cl (CAS number 614-61-9; Fisher Scientific); 2-F
(CAS number 348-10-7; Fisher Scientific); 2-Br (CAS number 1879-56-7; Fisher
Scientific); 3-Cl (CAS number 588-32-9; Fisher Scientific); 4-Cl (CAS number
122-88-3; Antonides CV); 4-F (CAS number 405-79-8; Bio-Connect); 4-Br
(CAS number 1878-91-7; Fisher Scientific); 4-I (CAS number 1979-94-0; Fisher
Scientific); 4-NO, (CAS number 1798-11-4; Bio-Connect); 3-Me (CAS number
1643-15-8; Bio-Connect); 3-Ome (CAS number 2088-24-6; Fisher Scientific);
2,3-D (CAS number 2976-74-1; Fisher Scientific); 3,4-D (CAS number 588-22-
7; Fisher Scientific); 2-Cl-4-Formyl (CAS number 52268-20-9; Sigma-Aldrich);
2-Cl-4-F (CAS number 399-41-7; Bio-Connect); 2,4-F (CAS number 399-44-
0; Bio-Connect); 2,4-Br (CAS number 10129-78-9; Fisher Scientific); 2,4,5-
T (CAS number 93-76-5; Fisher Scientific); 2,4-DP (CAS number 120-36-5;
Sigma Aldrich); Mecoprop (CAS number 93-65-2; Sigma Aldrich); 2,4-DiB
(CAS number 1914-66-5; Bio-Connect); 2,4-DB (CAS number 6956-86-1; Bio-
Connect)

All commercially available compounds were tested for purity with '"H NMR and
were >95 % pure, except for compound 4-I which was circa 90% pure.

Chemical synthesis

General procedure for the synthesis of 2,4-D analogues

The corresponding phenol of the analogue was charged to a roundbottom flask
together with potassium hydroxide, bromo-or iodoacetic acid, and water. The
reaction mixture was heated at 100 °C for several hours, typically five to six
hours. Water was added during the reaction if the reaction mixture dried up
or the reaction mixture was diluted before work-up. The reaction mixture was
acidified to pH = 1 and extracted with Et O. The organic layer was washed
with brine, dried over Na SO, filtered and concentrated iz vacuo. The crude was
separated using flash column chromatography.
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2-1
O.__OH

T

i |

2-iodophenol (580 mg; 2.6 mmol), potassium hydroxide (1.008 g; 18.0 mmol),
iodoacetic acid (1.469 g; 7.9 mmol) and water (50 mL) were charged to a
roundbottom flask. The reaction mixture was heated at 100 °C for several hours.
Water (20 mL) was added during the reaction, because some evaporated. The
reaction mixture was diluted with water (20 mL), acidified with 6 M HCI to
pH = 1 and extracted with Et,O (3 x 20 mL). The organic layer was washed
with brine (3 x 20 mL). The organic layer was dried over Na SO, filtered and
concentrated 7z vacuo to yield a yellow oil. The crude was dry loaded and column
chromatography (70 % PE ; 30 % EtOAc; 1 % acetic acid) yielded 2-I (432 mg;
1.6 mmol; 59 %).

'"HNMR (600 MHz, CDCI3) 8 7.81 (dd, ] = 7.8, 1.6 Hz, 1H), 7.33 (ddd, ] = 8.2, 7.4, 1.6 Hz, 1H),
6.85 —6.75 (m, 2H), 4.72 (s, 2H).

BC NMR (600 MHz, CDCI3) 8 169.91, 155.75, 139.83, 129.73, 124.27, 112.63, 86.48, 65.90.
ESI HRMS for CH.10: m/z [M — HJ ; caled: 276,9362; found: 276,9349.

2,5-D
O. _OH

T

Cl /©/CI

2,5-dichlorophenol (0.296 g; 1.8 mmol), potassium hydroxide (3.57 g; 63.6
mmol), bromoacetic acid (3.68 g; 26.5 mmol) and water (50 ml) were charged
to a roundbottom flask. The reaction mixture was heated at 100 °C for several
hours (3) until it was concentrated. The reaction mixture was diluted with water
(50 mL), acidified with 6 M HCl to pH = 1 and extracted with Et O (3 x 30 mL).
The organic layer was washed with water (6 x 15 mL). The organic layer was
dried over Na SO, filtered and concentrated in vacuo. The Et,O was washed
with brine and dried over Na,SO,, filtered and concentrated iz vacno. Column
chromatography (70 % PE ; 30 % EtOAc; 1 % acetic acid) yielded 2,5-D (0.179

136



SAR of 2,4-D in somatic embryogenesis
g; 0.84 mmol; 47 %).

'H NMR (600 MHz, DMSO) & 7.53 (d, ] = 8.5 Hz, 1H), 7.23 (d, ] = 2.3 Hz, 1H), 7.1 (dd, ] =
8.5, 2.3 Hz, 1H), 4.94 (s, 2H).
13C NMR (600 MHz, DMSO) 8 169.91, 154.33, 132.67, 131.50, 122.16, 120.66, 114.55, 65.68.

EST HRMS for CH,CLO,: m/z [M — H] ; caled: 218,9616; found: 218,9609.

2,6-D
0. _OH

0
CI\©/CI

2,6-dichlorophenol (0.315 g; 1.9 mmol), potassium hydroxide (3.7 g; 65.9 mmol),
bromoacetic acid (3.86 g; 27.8 mmol) and water (50 mL) were charged to a
roundbottom flask. The reaction mixture was heated at 100 °C for several hours
(6). The reaction mixture was diluted with water (25 mL), acidified with 6 M HCl
to pH = 1 and extracted with Et O (3 x 25 mL). The organic layer was washed
with brine (3 x 25 ml). The organic layer was dried over Na SO, filtered and
concentrated zz vacuo. Column chromatography (70 % PE ; 30 % EtOAc; 1 %
acetic acid) yielded 2,6-D (0.069 g; 0.31 mmol; 16% ).

'"H NMR (600 MHz, CDCI3) 6 7.34 (d, ] = 8.1 Hz, 2H), 7.09 (t, ] = 8.1 Hz, 1H), 4.69 (s, 2H).
BC NMR (600 MHz, DMSO) 8 169.30, 150.32, 129.86, 128.71, 126.87, 69.45.

ESI HRMS for C.H CLO,: m/z [M — HJ ; calcd: 218,9616; found: 218,9603.

3,5-D
0. OH

T

el

3,5-dichlorophenol (0.303 g; 1.9 mmol), potassium hydroxide (3.65 g; 65.1
mmol), bromoacetic acid (3.91 g; 28.1 mmol) and water (50 mlL.) were charged
to a roundbottom flask. The reaction mixture was heated at 100 °C for several

hours (5.5). The reaction mixture was diluted with water (25 mL), acidified with
6 M HCl to pH = 1 and extracted with Et,O (3 x 25 mL). The organic layer was
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washed with brine (3 x 25 mL). The organic layer was dried over Na SO, filtered
and concentrated 7z vacuo. The organic layer was dried over Na SO, filtered and
concentrated 7z vacuo. Column chromatography (70 % PE ; 30 % EtOAc; 1 %
acetic acid) yielded 3,5-D (0.199 g; 0.9 mmol; 48% ).

"H NMR (600 MHz, CDCI3) & 7.04 (s, 1H), 6.83 (s, 2H), 4.68 (s, 2H).
13C NMR (600 MHz, DMSO) & 170.05, 159.70, 134.98, 121.23, 114.50, 65.37.

EST HRMS for CH,CLO,: m/z [M — H] ; caled: 218,9616; found: 218,9608.

2-F-4-Br
O. OH

T

r

2-fluoro-4-bromophenol (0.508 g; 2.7 mmol), potassium hydroxide (1.051 g;
18.7 mmol), iodoacetic acid (1.441 g; 7.7 mmol) and water (50 mL) were charged
to a roundbottom flask. The reaction mixture was heated at 100 °C for several
hours. Water (20 mL) was added during the reaction and before work-up (10mL).
The reaction mixture was acidified with 6 M HCl to pH = 1 and extracted with
Et,O (3 x 25 mL). The organic layer was washed with brine (3 x 25 mL). The
organic layer was dried over Na SO, filtered and concentrated 7z vacuo. Column
chromatography (70 % PE ; 30 % EtOAc; 1 % acetic acid) yielded 2-F-4-Br
(0.441 g; 1.8 mmol; 67 %).

'"H NMR (600 MHz, DMSO) 8 13.14 (s, 1H), 7.55 (dd, ] = 10.9, 2.4 Hz, 1H), 7.32 (ddd, ] = 8.8,
2.4,1.5 Hz, 1H), 7.07 (t, ] = 9.0 Hz, 1H), 4.80 (s, 2H).

BC NMR (600 MHz, DMSO) & 170.05, 152.80, 151.15, 145.83, 145.76, 127.92, 127.89, 119.90,
119.75,117.02, 117.01, 112.00, 111.95, 65.55.

YFNMR (565 MHz, DMSO) 6 -131.29 (¢, ] = 10.1 Hz).

ESI HRMS for C.H BrFO_: m/z [M — HJ ; caled: 246,9406; found: 246,9394.
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2-F-4-Cl1
O.__OH

¢

2-fluoro-4-chlorophenol (491 mg; 3.4 mmol), potassium hydroxide (1.34 g; 24.0
mmol), iodoacetic acid (1.90 g; 10.2 mmol) and water (50 mL) were charged
to a roundbottom flask. The reaction mixture was heated at 100 °C for several
hours. Water (20 mL) was added during the reaction, because some evaporated.
The reaction mixture was acidified with 6 M HCI to pH 3 and a white solid was
observed. The aqueous layer was extracted with Et O (3 x 30 mL). The organic
layer was washed with brine (3 x 30 mL) while the white solid remained in the
organic layer. The organic layer was dried over Na SO, filtered and concentrated
in vacno. The crude was again dissolved in Et,O and washed with water (3 x 30
ml). Column chromatography (70 % PE ; 30 % EtOAc; 1 % acetic acid) yielded
2-F-4-Cl1 (78 mg; 0.4 mmol; 20 %).

'H NMR (600 MHz, CDCI3) & 7.15 (dd, ] = 10.8, 2.5 Hz, 1H), 7.06 (ddd, ] = 8.8, 2.5, 1.6 Hz,
1H), 6.91 (t, ] = 8.8 Hz, 1H), 4.74 (s, 2H).

13C NMR (600 MHz, CDCI3) 8 172.65, 153.43, 151.77, 144.37, 127.57, 124.51, 124.48, 117.66,
117.51, 117.18, 66.38.

9F NMR (400 MHz, CDCI3) 8 -129.94 (t, ] = 9.7 Hz).

ESI HRMS for C.H CIFO,: m/z [M — HJ ; caled: 202,9911; found: 202,9906.

2-NO -4-Cl
o.__O6H

¢

NO,

2-nitro-4-chlorophenol (0.311 g; 1.8 mmol), potassium hydroxide (0.714 g; 12.7
mmol), iodoacetic acid (0.967 g; 5.2 mmol) and water (50 mL) were charged to a
roundbottom flask. The reaction mixture was heated at 100 °C for several hours.
Water was added during the reaction (3 x 10 mL) and before work-up (10mL).
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The reaction mixture was acidified with 6 M HCl to pH = 1 and extracted with
Et,O (3 x 25 mL). The organic layer was washed with brine (4 x 20 mL). The
organic layer was dried over Na SO, filtered and concentrated zz vacuo. Column
chromatography (70 % PE ; 30 % EtOAc; 1 % acetic acid; switched to 100 %
EtOAc; 1 % acetic acid) yielded 2-NO,-4-Cl (0.093 g; 0.4 mmol; 22 %).

'H NMR (600 MHz, DMSO) & 8.04 (d, ] = 2.7 Hz, 1H), 7.70 (dd, ] = 9.1, 2.7 Hz, 1H), 7.32 (d,
J = 9.1 Hz, 1H), 4.93 (s, 2H).

BC NMR (600 MHz, DMSO) & 169.61, 149.77, 140.49, 134.03, 124.90, 124.87, 117.47, 66.08.
EST HRMS for C,H,CINO,: m/z [M — HJ ; caled: 229,9856; found: 229,9851.

2,3,4-T
O. OH

¢

Cl

Cl
I

2,3,4-trichlorophenol (0.051 g; 0.3 mmol), potassium hydroxide (0.099 g; 1.8
mmol), iodoacetic acid (0.174 g; 0.9 mmol) and water (10 mL) were charged
to a roundbottom flask. The reaction mixture was heated at 100 °C for several
hours. Water was added during the reaction (4 x 10 mL). The reaction mixture
was acidified with 6 M HCl to pH = 1 and extracted with Et,O (3 x 20 mL). The
organic layer was washed with brine (2 x 20 mL). The organic layer was dried
over Na,SO,, filtered and concentrated i vacno. Column chromatography (70 %
PE ; 30 % EtOAc; 1 % acetic acid) yielded 2,3,4-T (0.031 g; 0.1 mmol; 47 %).
NMR analysis demonstrated that the compound, most likely, contained grease
impurities.

'"H NMR (600 MHz, MeOD) 8 7.42 (d, ] = 9.1 Hz, 1H), 6.98 (d, ] = 9.1 Hz, 1H), 4.81 (s, 2H).
BC NMR (600 MHz, MeOD) & 176.58/170.09, 153.88, 131.69, 127.86, 125.24, 123.01, 112.15,
70.18/68.88/65.47/63.01.

ESI HRMS for C.H.CLLO,: m/z [M — HJ ; caled: 252,9226; found: 252,9211.
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2,4,6-T

OTOH
o

Cl Cl

Cl

2,4,6-trichlorophenol (0.346 g; 1.8 mmol), potassium hydroxide (3.5 g; 62.4
mmol), bromoacetic acid (3.6 g; 25.9 mmol) and water (50 mL) were charged
to a roundbottom flask. The reaction mixture was heated at 100 °C overnight.
Water was added before the work-up (50mL). The reaction mixture was acidified
with 6 M HCl to pH = 1 and extracted with Et,O (3 x 25 mL). The organic layer
was washed with brine (3 x 25 mL). The organic layer was dried over Na SO,
filtered and concentrated zz vacuo. Column chromatography (70 % PE ; 30 %
EtOAc; 1 % acetic acid) yielded 2,4,6-T (0.055 g; 0.2 mmol; 12 %).

'H NMR (600 MHz, DMSO) & 7.72 (s, 2H), 4.59 (s, 2H).
13C NMR (600 MHz, DMSO) & 169.19, 149.71, 129.67, 129.57, 129.43, 69.50.

ESI HRMS for C;H.CLO: m/z [M — H] ; caled: 252,9226; found: 252,9211.

2,3.4-F
OTOH
(o]
F
F
F

2,3,4-trifluorophenol (300 mg; 2.0 mmol), potassium hydroxide (0.928 g; 16.5
mmol), iodoacetic acid (1.139 g; 6.1 mmol) and water (40 mL) were charged to a
roundbottom flask. The reaction mixture was heated at 100 °C for several hours.
Water (10 mL) was added during the reaction, because some evaporated. The
reaction mixture was acidified with 6 M HCl to pH = 1 and extracted with Et,O
(3 x 20 mL). The organic layer was washed with brine (3 x 20 mL). The organic
layer was dried over Na SO, filtered and concentrated 7z vacuno. The crude was
dry loaded and column chromatography (70 % PE ; 30 % EtOAc; 1 % acetic
acid) yielded 2,3,4-F (106 mg; 0.51 mmol; 25 %).
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"H NMR (600 MHz, MeOD) & 6.91 (tdd, ] = 10.2, 8.3, 2.5 Hz, 1H), 6.76 (tdd, ] = 9.1, 4.5, 2.5
Hz, 1H), 4.80 (s, 3H).

PC NMR (600 MHz, MeOD) 8 170.32, 110.24, 110.21, 110.11, 110.08, 108.97, 108.92, 65.82.
PF NMR (400 MHz, CDCI3) & -141.53 (m), -152.26 (m), -157.15 — -157.33 (m).

ESI HRMS for CH.F,O,: m/z [M — H] ; calcd: 205,0113; found: 205,0105.

2,4,6-F
O. OH

T

F F

2,4,6-trifluorophenol (280 mg; 1.9 mmol), potassium hydroxide (1.1 g; 19.6
mmol), iodoacetic acid (1.306 g; 7.0 mmol) and water (30 mL) were charged to a
roundbottom flask. The reaction mixture was heated at 100 °C for several hours.
Water (10 mL) was added during the reaction, because some evaporated. The
reaction mixture was acidified with 6 M HCl to pH = 1 and extracted with Et,O
(3 x 20 mL). The organic layer was washed with brine (3 x 20 mL). The organic
layer was dried over Na SO, filtered and concentrated iz vacuo to yield a yellow
oil. Column chromatography (70 % PE ; 30 % EtOAc; 1 % acetic acid) yielded
2,4,6-F (78 mg; 0.4 mmol; 20 %).

'H NMR (400 MHz, CDCI3) 8 6.78 — 6.65 (m, 1H), 4.75 (d, ] = 0.9 Hz, 2H).
13C NMR (400 MHz, CDCI3) 8 172.43, 101.28, 101.01, 100.74, 69.48.
F NMR (400 MHz, CDCI3) & -113.28 — -113.48 (m), -124.61 (dd, ] = 8.6, 2.9 Hz).

ESI HRMS for CH.F.O.: m/z [M — HJ ; caled: 205,0113; found: 205,0101.

2,4-DnP
OH

o)I
0
cl

Cl
2,4-dichlorophenol (495 mg; 3.0 mmol), potassium hydroxide (1.187 g; 21.2
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mmol), bromopropanoic acid (1.354 g; 8.9 mmol) and water (50 mL) were
charged to a roundbottom flask. The reaction mixture was heated at 100 °C for
several hours. The reaction mixture was diluted with water (20 mL), acidified
with 6 M HCl to pH = 1 and extracted with Et,O (3 x 20 mL). The organic layer
was washed with brine (3 x 20 mL). The organic layer was dried over Na SO,
filtered and concentrated iz vacuo to yield a yellow oil. Column chromatography
(70 % PE ; 30 % EtOAc; 1 % acetic acid) yielded 2,4-DnP (136 mg; 0.6 mmol;
20 %).

'H NMR (600 MHz, CDCI3)  7.36 (d, ] = 2.5 Hz, 1H), 7.18 (dd, ] = 8.7, 2.5 Hz, 1H), 6.88 (d,
J = 8.8 Hz, 1H), 4.29 (t, ] = 6.3 Hz, 2H), 2.92 (t, ] = 6.3 Hz, 2H).

13C NMR (600 MHz, CDCI3) & 175.97, 152.92, 130.13, 127.63, 126.47, 124.16, 114.73, 64.79,
34.11.

ESI HRMS for C H,CLO.: m/z [M — HJ ; caled: 232,9772; found: 292,9764.
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General discussion and future prospects



Chapter 6
Chemical biology

Chemical biology spans the interdisciplinary field between chemistry and biology,
and aims to study and manipulate biological processes at the molecular level, often
with the use of small or tailor-made molecules. This is the definition we gave at
the beginning of the research described in this thesis, but this definition is not
all encompassing as testified by the many different examples of the definition
given by researchers with various scientific backgrounds'. Notwithstanding that
chemical biology is a broad scientific discipline, it has seen tremendous growth
through the last decades. Some examples include small molecule screens in plant
biology”™, directed evolution of proteins™® and bioorthogonal click chemistry™.
The discovery and application of bioorthogonal click chemistry has set in
motion a whole new field’, with outstanding applications in other fields such as
glycobiology, as exemplified by the glycans visualized during the development
of a zebrafish embryo'.

In this final chapter we discuss the two different chemical biology approaches
carried outin the research that was described in Chapter 2, 3 and 4, and Chapter
5, further discuss specific results from those studies and conclude with future
prospects.

Glycoengineering techniques to study bacterial glycans

Glycan interactions between the host and bacteria are important for cell-
cell interactions, bacterial pathogenesis and interactions with surrounding
molecules. Different approaches exist to study bacterial glycans. Genetic
modification is an option, but this approach is limited due to the non-templated
glycan biosynthesis by the cell’s glycosylation machinery. An alternative is to
use isotope- or radiolabeled glycans, but these often have practical limitations
such as safety and cost due to the handling of radioactive material or elaborate
organic synthesis to incorporate the label into the glycan probe''. In recent
years, there has been an emergence of chemical biology approaches that make it
possible to install reporter groups on bacteria and their glycans, which provide
a unique opportunity to study bacterial glycoscience. In an approach dubbed
glycoengineering (also called glyco-editing), glycans can be inserted, removed
or modified. For which the ultimate goal would be to enable glycoengineering
at high efficiency with spatiotemporal control and molecular-level precision on
live bacteria.
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Several glycoengineering approaches exists to specifically study bacterial glycans.
A selection of these chemical biology approaches is discussed in Chapter 2.
Besides the technique metabolic oligosaccharide engineering (MOE), which
was discussed in Chapters 2 and 4 of this thesis, other techniques include
modification of the mycobacterial cell wall, the heptasaccharide of Campylobacter
Jguni with glycans containing a reporter group or through the modification of
existing glycans by a galactosidase'*'%. These pioneering studies of bacterial
glycoengineering increased our understanding of the involved bacterial glycans
and how to manipulate them, yet also only represent a starting point in unraveling
the diverse wotld of bacterial glycans'’.

There is a need to expand the tools available to glycoengineer bacteria. In
Chapter 2, a selection of the tools from chemical biology that currently exist
was presented together with a discussion on what other tools would be useful.
Further on in this thesis, we have described two such approaches; the technique
SEEL was adapted for bacterial glycans (Chapter 3) and the power of native
sialyltransferases was explored to incorporate a reporter group (Chapter 4).
These techniques are complementary based on the goal of glycoengineering and
the chosen target. For instance, targeting unique bacterial monosaccharides for
antibiotic strategies is an often-found goal for MOE". Whereas the introduction
of alarge biomolecule on a precise glycan on the cell surface in a single step can
thus far only be achieved through SEELY. In other words, SEEL can introduce
unnatural sialosides. The possible downstream effects of this modification
could be studied in a biological system, for instance the binding of factor H
that recognizes glycans as ‘self” . In a potential future application, SEEL can
be applied to other bacteria containing a N-acetyllactosamine (LacNAc), which
is the acceptor specificity of the exogenous enzyme ST6Gall?'. The presence
of LacNAc is expected for certain bacteria like Haemophilus ducreyi or Neisseria
meningitidis’>>, but might also be detected through SEEL on other bacteria from
the gut-microbiome for example, with unidentified glycan structures.

From a chemical point of view, the scope of both SEEL and native
sialyltransferases can be expanded with additional sugar nucleotide derivatives
of monosaccharides or reporter groups. An important target would be fucose,
which has been described in other chemoenzymatic approaches and plays a key
role in the gut at the host-microbe interface®*. Several bacteria display fucose
on their cell surface glycoconjugates, like the O-antigen of certain Escherichia coli
strains or Helicobacter pylori, which would form interesting targets of SEEL with a
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reported fucosyltransferase from H. pylori origin and GDP-fucose analogs (Figure
1)**+2%, The glycoengineering techniques SEEL and native glycosyltransferase
could also benefit from additional reporter groups. Reporter groups that have
been successfully employed to study glycans are cyclopropene or sydnone among
others®. These would provide opportunity for dual labeling, as exemplified by
the study from the Kasper group for which multiple bacterial components were
labeled’’. The fluorescent labeling of bacterial glycan structures enables tracking
them in the gut or to study glycan-based host-microbe interactions.

A. B.
-
o
R 0 N NH
o7mo-P-o—p-o_ < I I
OH ' N N NH
HO 0 o >
HO
HO OH

R= azide or Alexa Fluor dye

Figure |. Possible expansion of the SEEL technique to another nucleotide sugar analog, fucose. (A) GDP-fucose
analog containing an azide or fluorescent dye as a reporter group. (B) Schematic figure of the fucosylation by an
exogenous enzyme on the cell surface of a bacteria with a GDP-fucose analog.

Abiological question that could be addressed through a chemical biology approach
is to learn more about the location of native sialyltransferases or the uptake of
sugar nucleotides by bacteria. In case the glycosyltransferases are surface-bound,
like for N. gonorrhoeae”, this could be demonstrated with antibodies against
glycosyltransferases or possibly with new probes that visualize these enzymes on
the cell surface. Alternatively, the sugar nucleotides are taken up by the bacteria
and then it would be interesting to identify the uptake mechanism, and the origin

of nucleotide sugars®™**.

Thus far, much remains unknown about bacterial glycans. Bacterial mono-
saccharide diversity is much larger compared to eukaryotes, which provides an
opportunity to target unique bacterial glycans with antibiotic strategies', but also
raises the fundamental question if these glycans are unique to bacterial pathogens.
In line with the interest to understand the pathogenicity of bacteria, much more
is known about the glycan structures of pathogens than for commensals™.
However, the vast number of bacteria of the human microbiome are considered
commensal. The ascribed potential health benefits urge the scientific community
to dig deeper into the glycan structures of these commensals. An interesting
approach to identify the bacterial glycome, or fingerprint, is to glycophenotype
bacteria.
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Small molecules in plant embryogenesis

The synthetic auxin 2,4-D in somatic embryogenesis of Arabidopsis
thaliana

In the second study employing a chemical biology approach, described in
this thesis, a set of small molecules was tested for the induction of somatic
embryogenesis (SE). In Chapter 5 we demonstrated that the halogen on the
4-position of the aromatic ring is important for the structure-activity relationship
(SAR) of the synthetic auxin 2,4-D. Although the tested set contained a logical
variation of 2,4-D analogues on the aromatic ring or on the alpha position of the
carboxylate, this library can be expanded, which is discussed in this chapter. One
group that could be varied is the carboxylic acid of 2,4-D (Figure 2A). Instead
of the carboxylic acid, other groups such as a tetrazole or sulfonamide (Figure
2B), can be synthesized and tested”. These groups are somewhat similar to
carboxylic acid, but have slightly different properties. The tetrazole has a similar
acidity (pKa = 4.5-4.9 versus = 3 for 2,4-D), but is bulkier compared to the
carboxylic acid, and the sulfonamide is less acidic (pKa = 10), but can establish
the same hydrogen bonding pattern®. These analogues could have the capacity
to distinguish which chemical properties of the carboxylic acid are important for
biological activity, and thus further completing the SAR.

. B.
Carboxylicacid Alpha position: substitution [e)
“HO W and chain length N N~
T (o] . HN o HZN/S\‘ o
: ‘Cl NEN ©/CI o©/c|
. i*‘ Type and number of Cl cl
LG
soer substituents 2,4-D tetrazole 2,4-D sulfonamide

Figure 2.Analogues of 2,4-D. (A) Schematic indication of the different positions that can be varied to create analogues
of 2,4-D. (B) A tetrazole analogue and sulfonamide analogue of 2,4-D which are both isosteres of the carboxylic acid.

From the SAR in Chapter 5 it became apparent that the auxin activity can be
linked to the capacity to induce SE by the 2,4-D analogues. To further understand
this process at the molecular level, zz vitro studies can be performed. In the
past, several studies have shown the binding of the naturally occurring auxin
indole-3-acetic acid (IAA) or 2,4-D, often to the TIR1 receptor, through in-gel
binding, surface plasmon resonance or a yeast two-hybrid system™*’. It would
be interesting to discover which combinations of F-box receptors and AUX/
IAA analogues are responsible for the initiation of SE in future work.
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Small molecules that enhance microspore embryogenesis of
microspores of Brassica napus

Embryogenesis in plants can occur via multiple developmental processes*. One
of these processes is the previously discussed somatic embryogenesis. Another
type of in vitro embryogenesis is microspore embryogenesis (ME), in which
cultured immature male gametophytes (microspores or pollen) can be induced
to form embryos. The switch from the gametophytic pathway to the embryo
pathway is achieved by applying stress, typically in the form of a heat-shock®™.
Model species are used to further disseminate the developmental process of
microspore embryogenesis at the molecular level and one of these models is
Brassica napus*.

Similar to somatic embryogenesis, we investigated if 2,4-D or 2,4-D analogues
could increase the embryo yield for ME in B. napus. Since ME requires a stress
treatment and 2,4-D is also associated with causing stress®, the application of
2,4-D analogues in combination with a heat-shock might have the potential to
increase the embryo yield.

The 2,4-D library that was used in Chapter 5 was also tested for enhancement
of ME, for which the preliminary results are described in this chapter. The
following compounds were found to increase the number of embryo’s: 4-1,
3,5-Me, 3-OMe, 2,34-T, 2,4,5-T, 2-F-4-Br, 4-Cl PA, and 2,4-D Tetrazole. An
analogue was classified as active when the embryo yield increased in three or
more tests for which two hits are in the same pollen stage. In comparison to
somatic embryogenesis, the hits appear structurally more diverse. Some hits with
modifications on the 4-position, like 4-1, are active in both systems. However, for
ME, electron-donating groups on the 3- or 5- position (3,5-Me and 3-OMe) are
hits, which are groups not active in SE. In addition, the acidity of the carboxylic
acid seems important, because the tetrazole analogue of 2,4-D showed activity,
but the sulfonamide analogue did not. Although several observations could be
made, the structure-activity relationship of 2,4-D in ME is not as straightforward
as for SE.

From the screen, there are no distinct structural leads for compounds that
increase the yield for microspore embryogenesis. 2,4-D might have a different
mode of action in ME than in SE, for which it does induce embryogenesis. A
possible hypothesis could be that 2,4-D does induce the switch to totipotency in
somatic, but not in microspore embryogenesis. For ME, it was reported that only
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chemical induction by 2,4-D, without heat-shock, did not trigger microspore
embryogenesis*.

Structure-activity relationship of the microspore embryogenesis
enhancer C26

In an attempt to look for another chemical inducer of ME, a commercial library
of compounds was screened for the enhancement of microspore embryogenesis
by the group of Plant Development Systems from Wageningen University. From
this library the compound ‘C26’ (2,4-dichloro-6-[(3-pyridinylimino)methyl]
phenol) was identified as the most potent hit. The structure of C26 resembles
the core of another compound that was identified as an auxin transport inhibitor
(Figure 3A). To further study the mechanism of action by which C26 enhances
microspore embryogenesis, we established a structure-activity relationship
(SAR) study of C26 to identify the minimal molecular structure associated with
enhanced microspore embryogenesis. The as of yet unpublished results of this
SAR are discussed in this chapter.

According to our hypothesis, the imine present in C26 can be hydrolysed in
microspore cultures, giving rise to the compounds 3-aminopyridine (‘C54’) and
3,5-dichlorosalicylaldehyde (‘C56°) (Figure 3B). As expected, nuclear magnetic
resonance (NMR) analysis of C26 revealed this imine hydrolysis occurred over
time in wet DMSO (Figure 3C). Furthermore, the benzoic-imine bond of C26
is sensitive to acidic conditions®, which may further increase the hydrolysis
kinetics of C26 in a cell compartment with low pH. Given that microspores
were cultured in NLN-13 liquid medium at a pH of 5.8, we assumed hydrolysis
would occur within certain cellular compartments.

Our SAR data revealed C26 as the most active compound with the highest
embryo yield among all compounds tested in the SAR study, even compared
to its predicted hydrolysis products C54 and C56 (Figure 3D). As C56 showed
a significant increase in final embryo yield compared to the control, it could
be suggested that C56 represents the minimal structure of the C26 molecule
responsible for the enhancing activity of C26.

Based on the SAR study results, we hypothesized that the complete structure of
C26 is needed to enhance microspore embryogenesis: its relatively hydrophobic
character may allow for easier passage through the plasma membrane than
the hydrolysis products C54 and C56. Following the cellular uptake of C20,
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hydrolysis of C26 could occur, leading to the formation and subsequent binding
of one of its hydrolysis products to its target. Alternatively, the complete C26
structure may be needed to bind to its target inside the cells. To investigate this
further, we tested a compound for which the imine bond was reduced into a
hydrolytically stable amine (C26-reduced). We tested this compound for embryo
induction and found an embryo yield comparable to the control. This result may
point to a possible different metabolic processing of C26 and C26-reduced and
supports the hypothesis that C26 undergoes hydrolysis after cellular uptake.

Since the hydrolysis product C56 showed a higher embryo yield than C54, we
first sought to make several modifications to the phenol ring of C26. Other
dihalogens, like iodo (C59) and bromo (C60), yielded fewer embryos compared
to the control. In addition, compounds with a single halogen group, a chloro
(C58) or bromo (C57), also resulted in lower embryo yield when compared to
C26.

Next, we wanted to test if modifications to the active hydrolysis product C56
may change the final activity. We exchanged one of the chloro groups for a
fluoro group (C53). Given that the fluor atom is smaller and is a more electron-
withdrawing group than the chlorine atom, we expected that this substitution
would result in an active compound that is more efficient in binding to its
potential target. However, our SAR study showed comparable activity to the
hydrolysis product C56, suggesting that this halogen group substitution on the
fourth position of the phenol ring does not change the final activity of the
compound.

Besides modifications to the phenol ring of C26, we also examined if the
phenol and the aldehyde groups of the hydrolysis products are important for
the activity. C61, a compound containing the dichloro groups and the imine
linkage but lacking a phenol group, did not enhance the final embryo yield.
Furthermore, replacing the aldehyde with carboxylic acid (C55) did not result in
enhanced embryogenesis. Hence, these results suggest that both the phenol and
the aldehyde group are required for activity.

Taken together, we conclude that the following chemical moieties contribute
to the activity of compound C26: the dichloro motive on the ring, the phenol,
and the aldehyde from the hydrolysis. Furthermore, we speculate that the
imine linkage is essential for the metabolic processing or cellular uptake of the
compound.
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Figure 3. Structure-activity relationship (SAR) study for C26 enhancer of microspore embryogenesis. (A) Molecular
structures of 2,4-D, C26, and 40-F7. Both C26 and 40-F7 share the same dichlorophenoxy core structure as
2,4-D (indicated in blue) and an imine bond. (B) Predicted hydrolysis of C26 in culture. Hydrolysis results in the
formation of C54 and C56. (C) Stability of the imine bond over time measured in DMSO-dé with NMR. (D) Embryo
yield of compounds tested in the SAR study. Compound names are indicated below the bars and their molecular
structures above the bars. Mean values of three biological replicates (+ SD) with three technical replicates are
shown. Statistical analysis was performed by comparing the control with the compound treatments using one-way
ANOVA, followed by a post hoc Dunnett’s test. * = p<0.05, ** = p<0.01, *** = p< 0.001.
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General trends of somatic and microspore embryogenesis

Both somatic and microspore embryogenesis can be initiated by different small
molecules. Their effect might be linked to the intracellular level of auxin-like
analogues®. Intracellular trafficking of auxins takes place through passive and
active transport. The active transport of auxins is regulated by several classes
of transport proteins: PIN-formed (PIN), P-glycoprotein (ABCB/PGP), and
AUXIN RESISTANT 1/LIKE AUX1 (AUX1/LAX)". The first two being
efflux carriers and the latter an uptake symporter. The efflux carrier PIN can be
inhibited by naphthylphthalamic acid (NPA)*. Inhibition of these transporters
can lead to increased intracellular levels of auxins. When we tested a combination
of IAA and NPA on immature zygotic embryos of Arabidopsis thaliana, the
explant grew somatic embryos (data not shown). In an attempt to further improve
this process, a set of NPA analogues was synthesized (Figure 4) for which the
synthesis and results are described in this chapter. For the NPA analogues, it
was hypothesized that electron withdrawing groups on the ring could alter the
stability of the amide linkage, which might eventually lead to easier degradation.
This would reduce the negative effects on plant development associated with the
prolonged inhibition by NPA due to its stability iz planta. These compounds were
tested for inhibition of polar auxin transport*, but unfortunately did not show a
similar inhibition of auxin transport as NPA (Figure 5). This could indicate that
these NPA analogues are no longer inhibitors of the PIN proteins or that these
compounds are differently metabolized. Notwithstanding, the combination
of TAA and NPA was an intriguing finding, because this suggests increased
intracellular concentrations of auxins. In combination with the fact that 2,4-
D is known to be a poor substrate for the efflux carriers®, this could hint that
auxin levels are responsible for triggering somatic embryogenesis. In case of
microspore embryogenesis, C26-like compounds that contained a similar imine
group, were reported to influence PIN cycling®'. This could hint that auxin is
an important player involved in the initiation of microspore embryogenesis and
also that the auxin levels need to be precisely controlled through auxin transport
during early embryogenesis. This assumption is supported by the observation
that an auxin response is triggered shortly after heat-shock treatment and by
the upregulated expression of PINT in 3-day-old embryos when compared
to pollen®® (unpublished data by Chatlotte). Taken altogether, the compounds
triggering somatic and microspore embryogenesis might be responsible for
increased intracellular concentrations of auxins. The possible downstream
effects of these elevated concentrations of auxins on targeting F-box proteins,
Aux/IAA proteins and auxin responsive genes, potentially hold the molecular
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key to understanding 7z vitro embryogenesis.
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Figure 4. Structures of NPA and NPA analogues; naphthylphthalamic acid (NPA), analine derivative (an-NPA),
tetrafluoro derivative (4F-NPA), tetrachloro derivative (4CI-NPA), mixture of nitro derivatives (NO,-NPA), and
mixture of fluoro derivatives (F-NPA).
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Figure 5. Auxin transport inhibition in presence of NPA and analogues, measured by Cees Boot, Leiden University.
Part of the stem of A. thaliana were incubated with the respective NPA analogues.The stems were placed in a donor-
receiver system that contained *H |AA. After incubation, the stem was cut into segments (mm) and the amount of
3H IAA was measured. For NPA, auxin accumulates in the first segment which indicates that the auxin transport is
inhibited. The auxin transport was not inhibited by the NPA analogues.
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Glycans in plant research

Similar to mammalian and bacterial cells, plant cells contain a glycocalyx. This
glycan layer can be glycoengineered through MOE and several applications
of this technique to plant cells have been published®’. A previous study by
our group successfully engineered and imaged the glycans on the roots of
Avrabidopsis thaliana®®. We hypothesized that the glycans on the pollen during
microspore embryogenesis would provide an interesting target since the glycan
expression patterns might change during this developmental process. This
hypothesis was inspired by the revolutionary papet' of the Bertozzi group
that visualized glycans during the development of a zebrafish embryo with a
temporal resolution. In an attempt to bridge the gap between the two chemical
biology approaches described in this thesis, we set out to label the glycans during
microspore embryogenesis with MOE. The results of this effort are described
in the following section.

For MOE, the probe Ac,GIcNAz was chosen and initial experiments showed
fluorescent background labeling for pollen. To decrease aspecific fluorescent
background, older pollen cultures were used and a set of fluorophores was
chosen that was expected to have the least affinity for the cell wall”®. The resulting
confocal images showed auto-fluorescence of the exine of the pollen (Figure
0A). Next, suspensor embryos were used because of the thinner or absent
exine in combination with more stringent washing, but confocal microscopy
demonstrated background labeling for the suspensor culture (Figure 6B).
In conclusion, this evaluation showed that the signal unique for the possibly
incorporated glycans could not be distinguished from the aspecific fluorescent
background labeling. Possibly, in another setting with different monosaccharides
and fluorescent dyes, the glycans during ME might be engineered and visualized.
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DAPI-channel GFP-channel

Cy3-channel
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Figure 6. Metabolic oligosaccharide engineering attempts on the pollen of Brassica Napus during microspore
embryogenesis. (A) Pollen were treated with Ac,GIcNAz and clicked with Cy3-alkyne. The exine of the pollen
showed fluorescence in multiple channels, and not only in Cy3 channel of the chosen fluorophore, and thus
indicating background fluorescence. (B) Suspensor embryos treated with DMSO and then Cy3-alkyne. Confocal
images shown for two sets of suspensor embryos.The Cy3 channel shows fluorescent signal in the absence of the
azido glycan and thus indicating background labeling.

Concluding remarks

Chemical biology is an exciting field, which enables the study of biological
processes at the molecular scale. In this thesis, all conducted studies used a
chemical biology approach. In Chapter 2, the combination between the fields
of chemical biology and glycobiology is introduced in a literature review based
on the occurrence of glycan mimicry by bacteria. The possibility to study
bacterial glycans is expanded through the application of the glycoengineering
technique SEEL in Chapter 3. In another chemical biology approach, the power
of bacterial sialyltransferases can be harnessed to introduce chemical reporter
groups on bacterial glycans, which is described in Chapter 4. Finally, the
power of small molecule screens in plant biology is demonstrated in Chapter
5 by establishing a structure-activity relationship of the synthetic auxin 2,4-
D in somatic embryogenesis. The described chemical biology approaches in
this thesis provide or illustrate ways to use chemistry to further increases our
understanding of biology. In the future, we will see many more thrilling examples
of the interdisciplinary potential of chemical biology.
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Chapter 6
Experimental

Synthesis NPA analogues

An-NPA

Aniline (0.1 mL; 1.1 mmol) and phthalic anhydride (0.23 g; 1.6 mmol; 1.4 eq)
were added to a RB with acetonitrile (5 mL). The reaction mixture was put under
argon atmosphere and stirred overnight at RT. The next day, a white precipitate
was formed. The organic layer was concentrated resulting in a white solid. EtOAc
was added and the remaining solid was filtered. The organic layer was washed
with NH,Cl (3 x 20 mL) and brine (3 x 20 mL). Column chromatography was
performed (50 % PE : 50% EtOAc : 1 % acetic acid) twice to obtain An-NPA
(92 mg; 0.38 mmol; 35 %).

'H NMR (600 MHz, MeOD) & 7.92 (dd, ] = 7.8, 1.3 Hz, 1H), 7.58 — 7.52 (m, 3H), 7.46 (m, 2H),
7.26 —7.20 (m, 2H), 7.05 — 7.00 (m, 1H).

13C NMR (600 MHz, MeOD) & 169.75, 167.81, 139.03, 138.72, 131.91, 130.06, 129.26, 129.13,
128.37, 127.40, 124.03, 120.36.

4F-NPA

Naphthylamine (0.389 g; 2.72 mmol) and tetrafluorophthalic anhydride (0.61 g;
3 mmol) were added to a RB with acetonitrile (10 mL). The reaction turned into
an orange suspension within minutes. The reaction was capped with inert gas
and was stirred overnight. The reaction mixture was concentrated 7 vacuo and
dissolved in EtOAc. The organic layer was washed with NH,CI (1 x 60 mL) and
brine (2x 80 mL) and dried over Na,SO,. The organic layer was concentrated to
a light pink solid to obtain 4F-NPA (quantitative yield).

'H NMR (400 MHz, DMSO) & 10.81 (s, 1H), 8.15 — 8.07 (m, 1H), 8.01 — 7.92 (m, 1H), 7.85 (d,
] =82Hz, 1H),7.67 (d, ] = 7.3 Hz, 1H), 7.61 — 7.51 (m, 3H).

13C NMR (600 MHz, DMSO) & 134.23, 133.07, 128.63, 128.58, 126.83, 126.76, 126.71, 126.05,
123.17, 122.78.

F NMR (400 MHz, DMSO) & -138.23 — -138.82 (m), -139.52 — -139.78 (m), -140.33 (m),

-151.30 (d, ] = 27.3 Hz), -153.19 (m).

4CI-NPA

I-napthylamine (0.409 g; 2.9 mmol) and tetrachlorophthalic anhydride (0.948 g;
3.3 mmol) were added to a RB with acetonitrile. The reaction mixture was put
under argon and left stirring for 2 days. The reaction mixture was concentrated

in vacno. EtOAc was added to the crude and the organic layer was washed with
NH,CI (3 x 20 mL) and brine (3 x 20 mL). The crude was recrystallized by
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refluxing in methanol for circa 1 h and the residue was washed with ice-cold
DCM (2 x 15 mL) and Et,0O (2 x 15 mL). Only a small amount of product was
obtained (0.04 g; 0.09 mmol; 3%), which showed some impurities on TLC.

'H NMR (600 MHz, McOD)  7.92 (dd, ] = 7.8, 1.3 Hz, 1H), 7.59 — 7.51 (m, 3H), 7.51 — 7.43
(m, 2H), 7.26 — 7.20 (m, 2H), 7.05 — 6.99 (m, 1H).

13C NMR (600 MHz, DMSO) & 165.41, 162.85, 136.27, 134.22, 133.53, 132.93, 130.03, 129.12,
128.59, 128.53, 126.76, 126.71, 126.02, 123.25, 122.46.

NO,-NPA

Naphthylamine (0.392 g; 2.7 mmol) and nitrophthalic anhydride (0.61 g; 3.2
mmol) were added to a RB with acetonitrile (10 mL). The reaction was capped
with inert gas and was stirred overnight. The reaction mixture was concentrated
in vacno and dissolved in EtOAc. The organic layer was washed with NH,Cl (3 x
30 mL) and brine (3 x 30 mL.) and dried over Na,SO, to obtain NO,-NPA (0.71
g; 2.1 mmol; 77 %).

'H NMR (600 MHz, DMSO) 8 10.65 (s, 1H), 8.37 (d, ] = 8.1 Hz, 1H), 8.31 (d, ] = 7.8 Hz, 1H),
8.22 (dd, ] = 6.4, 3.6 Hz, 1H), 7.97 (dd, | = 6.7, 3.6 Hz, 1H), 7.89 — 7.80 (m, 3H), 7.61 — 7.51
(m, 4H).

13C NMR (600 MHz, DMSO) & 166.76, 164.24, 147.77, 135.50, 134.22, 133.84, 133.60, 130.69,
128.66, 128.43, 127.83, 126.53, 126.24, 126.07, 125.97, 123.58, 122.26.

F-NPA

Naphthylamine (0.392 g; 2.7 mmol) and fluorophthalic anhydride (0.61 g; 3.2
mmol) were added to a RB with acetonitrile (10 mL). The reaction was capped
with inert gas and was stirred overnight. The reaction mixture was concentrated 7z
vacno and partially dissolved in EtOAc. The organic layer was washed with NH,Cl
(3 x 50 mL) and brine (3 x 50 mL) and dried over Na SO,. After concentration
in vacuo, THE (15 mL) was used to dissolve residue and PE (30 mL) was added
to recrystallize the product. Upon adding PE, cloudy precipitation was observed
immediately. The recrystallization was left standing overnight and filtered the
next morning and washed with PE to obtain F-NPA (0.601 g; 1.94 mmol; 70%).

'H NMR (600 MHz, DMSO) & 13.53 (s, 1H), 10.56 (s, 1H), 8.24 — 8.19 (m, 1H), 8.00 — 7.95 (m,
1H), 7.88 — 7.82 (m, 2H), 7.75 (d, | = 7.4 Hz, 1H), 7.70 — 7.60 (m, 2H), 7.60 — 7.53 (m, 3H).

13C NMR (600 MHz, DMSO) & 166.71, 163.69, 160.08, 158.46, 134.23, 133.88, 131.60, 131.19,
131.13, 128.92, 128.46, 127.94, 127.80, 126.56, 126.44, 126.33, 126.26, 126.06, 123.66, 122.81,

120.30, 120.15.
"F NMR (600 MHz, DMSO) & -116.84.
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Synthesis isosteres 2,4-D

2,4-D-sulfonamide

2,4-dichlorophenol (0.21 g; 1.29 mmol) and chloromethane sulfonamide (0.32
g; 2.47 mmol) were dissolved in DMF (8 mL). K,CO, (0.68 g; 4.92 mol) was
added and the reaction was put under argon atmosphere. The reaction was
heated overnight at 65 °C. The reaction mixture was diluted with EtOAc (150
mlL), washed with water (3 x 50 mL), washed with brine (3 x 50 mL) and dried
over Na,SO,. Crude was purified with column chromatography (80% PE : 20%
EtOAc to 50% PE : 50% EtOAc) to yield product (66 mg; 0.26 mmol; 20%).

'H NMR (600 MHz, MeOD) 8 7.36 (d, ] = 2.5 Hz, 1H), 7.23 (d, ] = 8.9 Hz, 1H), 7.18 (dd, ] =
8.9, 2.5 Hz, 1H), 5.04 (s, 2H).

PC NMR (400 MHz, MeOD) 8 152.42, 129.56, 127.78, 127.58, 124.45, 117.60, 81.86.

2,4-D tetrazole

2,4-dichlorophenol (0.187 g; 1.15 mmol), chloroacetonitrile (0.07 mL; 1.15
mmol), anhydrous K,CO, (0.182; 1.3 mmol) and dry acetone (5 mL) were charged
to a RB. The reaction mixture was heated for 4.5 hours. The reaction mixture
was quenched on ice, washed and concentrated. NMR confirmed products and
a few impurities (0.19 g; 0.94 mmol). The reaction was continued with crude
product. 2,4-dichlorophenoxyacetonitrile (0.116 g, crude), D-proline (0.021 g;
0.18 mmol), and NaN;, (0.048 g; 0.74 mmol) and DMF (3 mL) were charged in
a roundbottom flask and put under argon atmosphere. The reaction was heated
at 110 °C for 2 h and cooled down to RT. The reaction mixture was quenched
in ice water, acidified with HCI, and the resulting white solid was filtered and
washed with water to yield product (0.085 g; 0.34 mmol; 61 %).

'H NMR (400 MHz, MeOD) 8 7.45 (dd, ] = 2.6, 0.9 Hz, 1H), 7.30 (ddd, J = 8.9, 2.5, 0.9 Hz, 1H),
7.21 (dd, J = 8.8, 1.0 Hz, 1H), 552 (d, ] = 0.9 Hz, 2H).
13C NMR (400 MHz, MeOD) 8 129.68, 127.68, 115.43, 60.56.

Metabolic Oligosaccharide Engineering in Microspore Embryogenesis

Microspore cultures were prepared and incubated with Ac,GIcNAz (100 uM) or
DMSO for 24 h. The samples were washed and a click reaction was performed.
A typical click reaction of 1000 pL reaction volume contained 1 mM CuSO,, 1
mM sodium L-ascorbate and 1 uM fluorescent dye. Samples were incubated at
4°C while spinning in the dark. Before adding DAPI, the samples were washed
3 x and imaged on a Leica Confocal Microscope.

|64



General discussion

165






Appendix

Nederlandse samenvatting
About the author

List of publications
Acknowledgement



Appendix
Nederlandse samenvatting

Deze thesis bestaat uit twee verschillende onderzoeken die allebei behoren tot
het vakgebied van de chemische biologie. Chemische biologie is een combinatie
van chemie en biologie. Hierbij worden vaak chemische technicken toegepast
om meer te leren over biologische processen op moleculair niveau. Een goed
voorbeeld hiervan is het veranderen van de chemische structuur van een medicijn
om meer te leren over de biologische werking daarvan. In dit promotieonderzoek
zijn twee verschillende aanpakken uit de chemische biologie beschreven. In het
eerste deel is de focus gericht op het ontwikkelen van chemische technieken om
meer te leren over bacterién. In het tweede deel staat het gebruik van een set
moleculen centraal om meer te leren over het groeien van planten.

In het menselijk lichaam huizen heel veel bacterién. Deze micro-organismen
kunnen een positieve of een negatieve invloed uitoefenen op ons lichaam. Al
deze bacterién zijn aan de buitenkant bedekt met een laag suikers. Dit gaat niet
om suiker zoals je die eet, maar om een groep van moleculen die we aanduiden
met de term suikers, of glycanen. Dit laagje van suikers op bacterién is belangrijk
voor allerlei processen, zoals interacties met andere cellen, en bepaalt onder
andere hoe ziekmakend een bacterie is. We komen steeds meer te weten over
de samenstelling en rol van deze suikers op bacterién, maar we weten nog heel
veel niet. Om meer te weten te komen over deze suikers en hun functie kan je
uitstekend gebruik maken van chemische biologie. Deze suikers worden niet
volgens een vaste instructie gemaakt, zoals bijvoorbeeld wel het geval is voor
eiwitten. Daarom is het handig uniek gereedschap te gebruiken, ontwikkeld
vanuit de chemische biologie, om suikers te bestuderen.

In hoofdstuk 2 is er in de wetenschappelijke literatuur gezocht naar de
samenstelling van suikers op bacterién. Op basis van deze literatuur is er een
overzicht samengesteld van bacterién die menselijke cellen nabootsen, en dus
‘menselijke’ suikers op hun buitenkant presenteren. Doordat bacterién zich op
deze manier presenteren, kunnen ze het immuun systeem van mensen vermijden.
Daarnaast worden er in dit hoofdstuk verschillende technieken uit de chemische
biologie uiteengezet die gebruikt kunnen worden om het nabootsen van suikers
te bestuderen.

Om meer te weten te komen over de suikers op bacterién kunnen we gebruik
maken van technieken uit de chemische biologie. Helaas zijn er maar weinig
technicken om suikers te bestuderen specifick op bacterién. In hoofdstuk 3
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hebben we een techniek toegepast op bacterién die ook wordt gebruikt om
suikers op menselijke cellen te bestuderen. Dit onderzoek laat zien dat de techniek
goed gebruikt kan worden om specifieke suikers op bacterién te bestuderen. De
techniek maakt gebruik van een enzym dat de suikers op de buitenkant van de
bacterie zet. Het voordeel van deze techniek is dat de modificatie direct aan de
buitenkant gemaakt kan worden, in tegenstelling tot bestaande technicken waarbij
het suiker eerst via de binnenkant van de bacterie verwerkt moet worden. Deze
techniek om suikers op de buitenkant te introduceren, is succesvol toegepast
op Neisseria gonorrhoeae, de bacterie die de seksueel overdraagbare aandoening
gonorroe veroorzaakt. Deze bacterie bootst ook menselijke suikers na. Deze
techniek zou in de toeckomst gebruikt kunnen worden om andere bacterién te
bestuderen die ook suikers nabootsen.

Tijdens het onderzock van hoofdstuk 3, kwamen we erachter dat het in sommige
gevallen niet nodig was om enzym toe te voegen om de suiker op de buitenkant
van de bacterién te introduceren. Dit houdt in dat de bacterie zelf het benodigde
gereedschap heeft om deze reactie te doen. In hoofdstuk 4 hebben we dit proces
verder onderzocht door te kijken naar drie verschillende bacterién: Nontypeable
Haemophilus influenzae, Neisseria gonorrboeae en Campylobacter jejuni. Al deze bacterién
bootsen menselijke suikers na. Er zijn verschillende technieken uit de chemische
biologie toegepast om een suiker op de buitenkant van bacterién te zetten.
Deze technicken hebben ieder hun eigen voor- en nadelen. In de toeckomst kan
een techniek geselecteerd worden op basis van de bacterie en het doel van het
onderzoek.

In hoofdstuk 5 maken we de overgang naar het tweede deel, over het groeien
van planten. In dit hoofdstuk maken we gebruik van een andere aanpak uit de
chemische biologie. Hiervoor hebben we een kleine verzameling moleculen
bedacht en gemaakt. Deze verzameling is vervolgens toegepast op planten.
Daarbijis gekeken of deze moleculen een specifick biologisch groeiproces konden
beinvloeden. Het ging daarbij over het bijzondere proces van het omzetten van
een ‘volwassen’ cel naar een ‘embryonale’ cel. Als deze cel is omgezet naar een
embryonale cel, kan deze namelijk uitgroeien tot een nieuwe volwassen plant.
Dit proces vindt ook plaats in de natuur, bijvoorbeeld bij de plant Mother of
thousands in de volksmond ook wel bommenwerper genoemd. Deze omzetting
wordt ook toegepast in de biotechnologie om bijvoorbeeld planten te kweken
die van zichzelf steriel zijn en zich dus niet op een andere manier kunnen
voortplanten. Om enigszins inzicht te verkrijgen in dit bijzondere proces is er
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gekeken naar de relatie tussen de activiteit en de structuur van de moleculen uit
de kleine verzameling. Hieruit bleek dat moleculen die het algemene groeiproces
van planten sterk konden beinvloeden, ook goed waren in het initiéren van het
omzetten van een cel. Dit onderzoek laat de kracht van kleine moleculen zien in
een chemische biologisch aanpak.

Het doel van deze samenvatting is om de boodschap van dit promoticonderzoek eenvoudig over
te brengen. Omr de boodschap helder te houden is ingewikkeld taalgebruik vermeden. Dit kan
betekenen dat nuances verloren ijn gegaan. Deze samenvatting is dus een gegeneraliseerde,

versimpelde boodschap.
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