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Abstract

Antimicrobial peptides are an interesting class on ribosomally and non-ribosomally synthesised
peptides found in all kingdoms of life. Among these is the underexplored class of bacteriocins: Short
ribosomally synthesized and post-translationally modified peptides that often show high potency, and
low toxicity. One subclass requires a glycosylation to show antimicrobial activity and thus have been

termed glycoactive bacteriocins, Glycocins.

The glycosylation of glycocins is installed by a specific subfamily of glycosyltransferases, part of the
CaZy transferase family 2. Despite being in the same family, these glycosyltransferases show a
remarkable diversity in terms of donor specificity, peptide specificity, acceptor selectivity and number

of glycosylations that are carried out.

| identified several putative Glycocins and their cognate transferases using bioinformatics. The
recombinant production and purification of several glycosyltransferases was established. These were

characterised in regard of the metal ion dependency and the carbonucleotide specificity.

Using SPPS several glycocin-peptides were synthesized and their selective glycosylation by the cognate
transferase could be proven. A facile and scalable method to obtain the mature, glycosylated, and
folded glycocin by heterologous expression of the peptide and its transferase in E. coli was established.
To investigate the molecular determinants for the observed differences in specificity in terms of
preferred sugars and their acceptor selectivity, X-ray crystallography was used as method of choice.
For four glycosyltransferases with noticeably different specificities, crystals could be obtained, and the
structure could be solved. For the transferase of Enterocin 96 it was possible to obtain snapshots of

the enzyme-substrate complex during its reaction.

Vil



Zusammenfassung

Antimikrobielle Peptide stellen eine faszinierende Klasse von ribosomal und nicht-ribosomal
synthetisierten Peptiden dar, die in allen Lebensreichen vorkommen. Darunter fallt die wenig
erforschte Gruppe der Bakteriozine: kurze ribosomal synthetisierte und posttranslationell modifizierte
Peptide, die oft eine hohe Wirksamkeit und geringe Toxizitat aufweisen. Eine Untergruppe erfordert
eine Glykosylierung, um antimikrobielle Aktivitdt zu zeigen, und wurde daher als glykoaktive

Bakteriozine, Glykozine, bezeichnet.

Die Glykosylierung von Glykozinen wird durch eine spezifische Unterfamilie von Glykosyltransferasen
eingefiihrt, zur CaZy-Transferase-Familie 2 gehoren. Trotz der Zugehorigkeit zur gleichen Familie
zeigen diese Glykosyltransferasen eine bemerkenswerte Vielfalt in Bezug auf Donorspezifitat,

Peptidspezifitat, Akzeptorselektivitdat und die Anzahl der durchgefiihrten Glykosylierungen.

Unter zuhilfenahme bioinformatischer Methoden war es moglich mehrere potenzielle Glykozine und
ihre kognitiven Transferasen zu identifizieren. Die rekombinante Produktion und Reinigung mehrerer
Glykosyltransferasen wurde etabliert. Diese wurden hinsichtlich ihrer Metallionenabhangigkeit und

der Nukleotidspezifitat charakterisiert.

Mithilfe der Festphasensynthese wurden mehrere Glykozin-Peptide hergestellt, und ihre selektive
Glykosylierung durch die kognitiven Transferasen konnte nachgewiesen werden. Es wurde eine
einfache und skalierbare Methode zur Gewinnung des reifen, glykosylierten und gefalteten Glykozins

durch heterologe Expression des Peptids und seiner Transferase in E. coli etabliert.

Um die molekularen Determinanten fiir die beobachteten Unterschiede in Bezug auf bevorzugte
Zucker und ihre Akzeptorselektivitat zu untersuchen, wurde die Rontgenkristallographie als
bevorzugte Methode verwendet. Fir vier Glykosyltransferasen mit deutlich unterschiedlichen
Spezifitdten konnten Kristalle erhalten und die Struktur gelost werden. Fir die Transferase von
Enterocin 96 war es moglich, Schnappschiisse des Enzym-Substrat-Komplexes wahrend seiner

Reaktion zu erhalten.
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1. Introduction

1.1.Bacteriocins and RiPPs

The discovery of antibiotics is one of the most important discoveries in medicine and has transformed
human society by improving the ability to treat infections. However, the wide and often unregulated
use of antibiotics lead to a rapid increase of resistant pathogenic bacteria with some having acquired
resistance to all clinically available antibiotics. Thus, there is a worrying prospect of an insufficient
availability of effective antimicrobial agents in the future, especially since there has been a scarcity of

new families of antimicrobial drugs within the last decades?.

Given that many of the currently used antibiotics have had their origins in natural products®, further
analysis of thus far underexplored natural product species may result in the discovery of new families
of antibiotics with new modes of action. One promising class of such natural products are the
bacteriocins. Bacteriocins are ribosomally synthesized antimicrobial peptides of bacterial origin, first
discovered in 1928% While these peptides often show only a narrow spectrum of bactericidal or
bacteriostatic activity’, there have also been reports of broad range antimicrobial activity®, making
them interesting potential new lead compounds. One of the benefits of bacteriocins is their ribosomal
origin and therefore their presence and predictability at the DNA-level. Together with the tendency of
proteins involved in their maturation to cluster together, this property allows for the facile prediction
and identification of gene clusters in silico’, enables heterologous production®, and also allows for
straightforward approaches to generate engineered variants with improved efficacy or solubility. An
example of which is LFF571, an engineered bacteriocin of the thiopeptide family that could show its

efficacy in clinical trials®.

Bacteriocins have been discovered in all bacterial species, which led to the conclusion that almost all
bacteria and archaea produce at least one type of bacteriocin®. Currently, bacteriocins are mostly
classified based on the origin of the producer (gram positive/negative or archea). Though attempts
have been made to develop a bacteriocin classification scheme based on specific properties. However,
this has been unsuccessful so far, due to their vast structural and functional diversity and partially
overlapping features. The first proposed system of Klaenhammer (1993)% classified them by the
presence of a post-translational modification (PTM) (class I), size < 10 kDa (class Il) or >30 kDa (class

[l1) and the presence of a carbohydrate or lipid moiety (class V). However, it became quickly apparent



that a number of the known bacteriocins would fall into multiple classes. In light of this, the system
was revised first by Cotter et al (2005)*, who sorted them generally into class | — modified, and class
Il — not modified peptides. This was further expanded and revised by Heng et al (2007)*%, who
introduced a class IV of cyclized peptides, but changed class | to only include lanthipeptides, which
leaves more recent additions to the bacteriocins outside of this classification scheme. The most recent
classification systems have been proposed by Cotter et al (2013)*3, Alvarez-Sieiro et al (2016)** and
Simons et al (2020)*. In some parts of the literature these classifications are combined, following the
classification of Cotter (2013) and Heng (2007) simultaneously?®, creating confusion in the community.
In this thesis the classification of Alvarez-Sieiro, which focuses on bacteriocins of lactic acid bacteria
(Figure 1) and is well in agreement with the Cotter et al (2013) classification is used. This classification
generally distinguishes between modified peptides (class 1), unmodified peptides (class Il) and large
peptides (class Ill). Class | bacteriocins are therefore part of the ribosomally synthesized post-

translationally modified peptides (RiPPs).



Lanthipeptides
Cyclic peptides
Azoline containing

Modified Sactipeptides

Glycocins

Lasso peptides

Heat stable
(<10 kDa)

Pediocins

Unmodified Leaderless

A/B peptides

Non-pediocin-like

Bacteriocins

Bacteriolysins

Thermo-labile
>10 kDa

Figure 1 Classification of bacteriocins produced by lactic acid bacteria according to Alvarez-Sieiro et al. (2016)**

Generally, the RiPPs are produced as a precursor peptide, containing an N-terminal “leader” sequence.
This leader sequence can have multiple functions, such as targeting the peptide towards the export
mechanism or its PTM introducing machinery'’. The leader sequence is most often of the so-called
“double-glycine” type'®; a common signal for ABC-type exporters and includes a proteolytic cleavage
site between its glycines!. A more rarely seen feature of the precursor peptides is a C-terminal
follower sequence after the core peptide, which is currently described only for the bottromycin,

borosin, amatoxin and pantocin A subclasses?’. After the ribosomal production and post-translational
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modification, the bacteriocin it is exported, by a dedicated exporter cassette. This step is accompanied
by the proteolytic cleavage of the leader and follower sequence from the peptide to afford the mature

bacteriocin (Figure 2).

Leader Core peptide

PTM

Leader Modified core

Proteolysis and Export

Mature RiPP

Figure 2 Schematic representation of the biosynthesis of RiPPs.

Similar to the diversity of their architecture and sequence, their mode of action is equally diverse.
One of the most common mechanisms is the disruption of the cell wall or cell membranes. Siamycin-I,
a lasso-peptide, as well as many lanthipeptides for instance primarily target the lipid Il molecule of
the peptidoglycan®, impairing the membrane function 2, or using the lipid Il as an anchor to form a
pore in the cell membrane?2. Other lanthionine-containing peptides such as duramycin and
cinnamycin have been shown to directly interact with the membrane lipids, disrupting the cell wall?.
Microcin E492, another lasso-peptide on the other hand enters the periplasm of gram-negative cells
using the TonB transporter and disrupts the inner membrane of these cells. Interestingly the affinity
to the required TonB transporter can be increased by the presence of a C-terminal glycoside?.
Pediocins, peptides containing a YGXGV-motif called ,pediocin box”, act on their target cells by
disrupting the membrane potential®. In these peptides the N-terminus is vital for their function,
whereas the C-terminus determines the specificity for their target strain®. Intriguingly, the presence
of the Mannose-specific phosphoenolpyruvate-phosphotransferase system (PTS) is required for
pediocin-activity, the peptide forcing it into an open conformation?.
Polytheonamides?® and the cyclic peptide enterocin AS-48% also disrupt the membrane potential by
pore formation . Sactipeptides, which are characterized by their head-to-tail cyclization and the

presence of multiple nested thioether bonds are thought to display their activity insertion into lipid



bilayer, solubilizing it®*. Some other peptides, such as Darobactins, inhibit the transport machinery of

the target cell, in this case the BamABCDE complex which inserts proteins into the outer membrane?!.

While these membrane or cell wall targeting mechanisms are common there are also plenty of
bacteriocins whose target is located in the cytoplasm. The majority of the lasso-peptides target the
RNA polymerase, with the notable exception of the two members mentioned above. There they inhibit
transcription by blocking the NTP binding site32. Other peptides, such as the linear azoline peptide
microcin B17, target DNA gyrase®, inhibiting DNA replication. Most other azoline peptides, as well as
bottromycins, thiopeptides and microcin C inhibit the protein production of the target cells at the
translation step. Inhibition of the ribosome can occur by blocking the peptide exit channel®* or by the
binding site of either the elongation factor® or the aminoacyl-tRNA3®. Inhibition by direct binding to
EF-Tu-GDP is primarily seen for thiopeptides®” and Microcin C can block the Aspartate-aminoacyl-
tRNA-synthetase3®, with engineered derivatives of Microcin C proving capable of inhibiting other tRNA
synthetases®.The peptide Lassomycin appears unique in its mechanism of action, as it blocks the

ClpC1 ATPase which is involved in proteolysis as opposed to protein synthesis*.

For bacteriocins targeting the intracellular machinery, only very little is known about their cell entry.
For Microcins it could be determined that they exploit the target cells transport machinery, such as
OmpF or FhuA, yet cell entry for other peptides remain elusive®?. At the same time there are multiple

other bacteriocins with an entirely unknown mechanism of action.



Glycocins

Glycocins, glycoactive bacteriocins are a subclass of the bacteriocins, that are characterized by a
requirement of a glycosylated residue to display activity*!. Due to the presence of the carbohydrate

moiety they are classified as a type le bacteriocin.

Table 1 Experimentally verified glycocins.

Glycocin Host organism Glycosylation Inhibition
Sublancin 16842 Bacillus subtilis 168 S-Glc Bactericidal
Thurandacin43 Bacillus thuringiensis S-Glc Bactericidal
serovar andalusiensis O-Glc
Enterocin F4-944 Enterococcus faecalis F4-9 0O-GIcNAc Bacteriostatic
O-GIcNAc
Enterocin 9645 Enterococcus faecalis TX104  0O-Glc-Glc Not determined
Durancin 61A%6 Enterococcus durans 61A X-Glc Bactericidal
X-Ara
Glycocin F#7 Lactobacillus plantarum O-GIcNAc Bacteriostatic
KW30 S-GlcNAc
ASM148 Lactobacillus plantarum A-1  O-GIcNAc Bacteriostatic
S-GlcNAc
Pallidocin/Geocilicin49.50  Aeribacillus pallidus sp. 8 S-Glc Bacteriostatic
Bacillicin CER07450 Bacillus cereus CER074 S-Glc Bacteriostatic
Bacillicin BAG2050 Bacillus cereus BAG20 S-Glc Bacteriostatic
Listeriocytocin50 Listeria monocytogenes 0O-Glc-Glc Not determined
SLCC2540
SvC-neoglycocin5? Streptomyces venezuelae S-GlcNAc Not determined
ATCC15439
Cacaoidin>2 Streptomyces cacaoi O-Rha- Not determined
CA-170360 6-deoxygulose
NAI-11253 Actinoplanes sp. DSM24059  N-6-deoxyhexose Not determined

Almost all of the experimentally validated glycocins originate from bacteria of the Firmicutes family
(Table 1), though there has been a recent genome mining approach that indicates that these peptides
are in fact much more common and may even be produced by gram-negative bacteria'®. Indeed the
existence of a glycocins or at least glycocin-like peptide within Actinomycetia could be demonstrated?.
Whether the other gene clusters found through genome mining encode for functional glycocins still

remains to be determined.



As RiPPs, glycocins are synthesized by the ribosome with an N-terminal leader peptide that is usually
enriched in glutamate and leucine residues. In their biosynthetic operon several other open reading
frames (ORFs) can be found, which encode for the cognate glycosyltransferase, responsible for the
attachment of the hexose modification, an ABC-type exporter, containing a C39 protease domain and
a bipartite oxidoreductase system, which is thought to be responsible for the correct formation of the
disulphide connectivity. The folded and glycosylated peptide is thought to be directed towards the
ABC-type exporter, where the C39-Protease domain cleaves the leader peptide at a double-glycine
cleavage site, releasing the mature glycocin to the extracellular space. Resistance of the producer
strain towards their glycocins is thought to be conferred by an immunity protein with the encoding
ORF located near, or within, the glycocin-operon. However, only the resistance conferring genes of
Glycocin F, termed gccH** *°, Sublancin 168, termed sun/°® and Enterocin F4-9, termed enfl*’ have
been experimentally validated. These genes encode for small peptides below 100 amino acids but
share little similarity with each other. Indeed, ORFs of similar size were found in most putative glycocin
gene clusters, their sequence appears highly variable, making identification based on sequence

homology difficult.

1.1.1. Glycocin F-like Glycocins

Glycocin F (GeeF) was one of the first discovered glycocin, and initially named plantaricin KW30%8. It
took until 2011 until the identity of its post translational modification (PTM) was determined correctly,
which lead to the renaming of this peptide*’. ASM1, a peptide produced by a different strain of L.
plantarum and shares high sequence similarity of >80% with GccF, has been discovered later*® >, Both
peptides show highly selective activity against bacteria of the Lactobacillus genus, primarily targeting
other strains of L. plantarum®®. This antimicrobial effect is pronounced, with a described minimal

inhibitory concentration (MIC) for GecF in the low nanomolar range®’.

The NMR structure of GeeF® (Figure 3) shows the conformation of the peptide, which adopts a helix
hairpin, stabilized by two disulphide bridges, and a C-terminal, flexible tail. GccF harbours two GIcNAc

modifications, one within the loop of its helix hairpin, and one on the C-terminal cysteine.



Figure 3 NMR structure of Glycocin F (PDB: 2KUY). The peptide is shown in ribbon representation with the Hexose
moieties and disulphides shown as sticks.

The natural biosynthetic cluster is activated late in the log phase of growth, with all of the genes in
the GccF cluster, with the exception of gccl, being under the same transcriptional control®.
GceceF requires both the sugar modification within its loop as well as the correct disulphide connectivity
to be active. While the glycosylation of its tail is not strictly necessary for its activity, it improves the
activity by almost two orders of magnitude. The nature of this sugar residue is important for its
function, with neither mannose nor glucose being able to display improved activity over a mutant
lacking this C-terminal modification®. The activity of GeeF is inhibited by the addition of GIcNAc to the
growth medium of the target bacterium®. It could be shown that the GIcNAc-specific PTS is hecessary
for GeeF to show its inhibitory effect™ 92, leading to the assumption that GlcNAc addition may
competitively inhibit GceF binding to the PTS. How GcecF binding to the PTS system results in a
bacteriostatic effect is unclear, however. It is speculated that the PTS may merely anchor GeceF on the

membrane where it interacts with its true, unknown target®..

Unfortunately, in part due to difficulties with the recombinant production and total-synthesis

approaches, the mechanism of action of this peptide remains elusive.



1.1.2. Sublancin-like Glycocins

Similar to GecF, Sublancin 168 (Sublancin) was first considered to be a lanthipeptide®, until the correct
structure was discovered in 2010*. The NMR structure of Sublancin shows large similarity in its
architecture compared to GeeF® . It also adopts a helix-loop-helix hairpin, stabilized by two nested
disulphides of C7-C36 and C14-C29, with the glycosylated residue of C22 located within its flexible
loop. Contrary to GcecF it is lacking the C-terminal tail with a secondary glycosylation site and the

identity of the sugar is a glucose instead of an N-acetyl glucosamine.
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Figure 4 NMR structure of Sublancin 168 (PDB ID: 2M|J). The peptide is shown in a ribbon representation and the
carbohydrate and disulphide shown as sticks.

Sublancin is, so far, the best described glycocin with activity reported primarily against other B. subtilis
strains, such as 6633, which lack the SPB-prophage that encodes the sublancin gene cluster®®. Other
susceptible strains include B. cereus, B. megaterium, Staphylococcus aureus and Streptococcus

pyogenes®®.

The mechanism of action of sublancin is still poorly understood. It could be shown that the
architecture of the peptide, containing nested disulphides is vital for its function®?. At the same time,
Sublancin requires a carbohydrate moiety to be active against even the most susceptible strain of B.
subtilis, though the nature of the sugar may vary. Sublancin derivatives decorated with a xylose or
galactose proved equally active against a B. subtilis ASPB indicator strain®” % as the wild type
glycovariant. In contrast GIcNAc or Mannose glycosylation still showed activity, albeit at reduced
efficacy®”. Inhibition of the activity of sublancin on the other hand is specific with regards to the added
sugar, as only glucose shows inhibitory activity whereas other sugars such as mannose, xylose,

galactose or N-acetyl glucosamine failed to protect the indicator strain®.



Mutagenesis studies indicated that the susceptibility of a strain towards Sublancin is dependent on
the presence of the large mechanosensitive channel® (MscL), and a glucose-PTS’®, which is involved
in glucose import and phosphorylation within B. subtilis. Given the viability of APTS knockout strains
of B. subtilis it appears unlikely that the mechanism of action is caused by the Sublancin-dependent
inhibition of the PTS. At the same time a strict dependence of the activity on the Glucose-PTS seems
to contradict previous results that has shown that the type of the hexose moiety is not important.
A proposed mechanism of action involves Sublancin interacting with the abovementioned transport
systems, forcing them into an open configuration and thus dissipating the membrane potential®®.
Surprisingly, Sublancin could be shown to have an immunomodulatory effect as well’?, though not

much is known about the mechanism of this effect either.

Immunity to sublancin is encoded by the Sun/ gene, which encodes for a small peptide that is predicted
to be membrane associated and co-localizes with the PTS system®. This is reminiscent of the
immunity mechanism of lactococcicin A, in which the immunity protein binds to the Man-PTS system
and thus protects the cell from the effect of lactococcicin A in an unknown manner, possibly by
preventing the binding to the PTS system by competitive inhibition. A likewise mechanism may also

explain the observed inhibition of Sublancin by the addition of glucose.

Since the discovery of Sublancin, genes with high sequence similarity to those found in the Sublancin
operon have been found in multiple bacterial species. However, despite the observed sequence
similarities, these display pronounced differences. For instance Thurandacin, a peptide that appears
similar to sublancin in both, sequence and activity, is O- and S- glycosylated at two distinct
glycosylation sites®, by its glycosyltransferase, whereas the cognate glycosyltransferase of Sublancin,

sunsS, is incapable of O-glycosylation and therefore cannot diglycosylate Sublancin in a similar way*.

Other Sublancin-like peptides that were discovered include Pallidocin (also called Geocillicin), Bacillicin
BAG20 and CERO74. All three glycocins adopt a helix-loop-helix architecture with two nested disulfides
and a Cys decorated with a glucose unit within the loop®. Pallidocin exhibited antibacterial activity
against several Bacillus species and some thermophilic bacteria of the Geobacillus, Parageobacillus
and Caldibacillus families* in picomolar to nanomolar concentrations. However, some of these
activities could not be replicated by a different group that had independently discovered the same
peptide, which only described weak activity against Bacillus cereus, but not other Bacilli like B. subtilis
or B. megaterium®°. Bacillicin BAG20 and CER074 exhibit a very narrow antimicrobial activity, showing
activity only against certain strains of B. cereus, with inhibitory concentrations typically in the

nanomolar range®.
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1.1.3. Enterocin 96

Enterocin 96 (Ent 96) was discovered in 200972, though it took until 2017 to obtain the correct
identification of its PTM #°. Based on its CD spectrum and the signatory disulphide motif it is suggested
that Ent96 adopts the same overall architecture observed for Sublancin or GeeF. However, so far, no
experimental structure to confirm the fold and disulphide pattern is available. It is also of note that,
while the other glycocins show a conserved C-X6-C motif for cysteines involved in their nested
disulphides*!, Ent 96 shows different distances between its cysteines, making an entirely different type
of fold possible. Norris and Patchett (2016)* predicted the Ent 96 structure using |I-TASSER’. This
model contained a third helix with al composed of residue 6-13, a2 of 16-26 and a3 of 37-47. Helices
al and a3 were in an almost parallel configuration with a disulfide bond connectivity of Cys6-Cys47
and Cys12-Cys39 (Figure 5). In this configuration Ser33 sticks out from the loop and was therefore
proposed to be glycosylated. This glycosylation site was later confirmed by Nagar&Rao®, supporting

the predicted model.

Figure 5 Predicted structure of Enterocin 96 created with I-TASSER. Figure adapted from Noris & Patchett (2016).
The peptide is shown in ribbon conformation with the Ser33 glycosylation site shown as sticks.

Contrary to the Sublancin- and GccF-like glycocins, Ent 96 contains a disaccharide with a Glc-BGlc
linkage attached to Ser33, though it is currently unclear whether these glucose-units are 1-4, 1-3 or
1-6 linked*. The glycosylation of Ent 96 appears to occur in a highly site-specific manner. While the
position of the glycosylated amino acid within the flexible loop of Sublancin could be changed without
a large impact on the glycosylation’, the Ent 96 peptide contains multiple serines within its loop, of

which only a single one is glycosylated®.

In line with other glycocins, the activity of Ent 96 is highly dependent on its glycosylation, with the

monoglycosylated peptide or glycovariants thereof showing no or greatly reduced activity against
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target strains. In contrast to both GecF and Sublancin, the disulphides of Ent 96 are not necessary for

its function, which is unique amongst glycocins discovered so far®.

Ent 96 also shows a relatively broad spectrum of activity, primarily targeting gram-positive
Enterococcus species with strong activity also reported for Listeria monocytogenes, Staphylococcus
aureus and several Lactobacilli’?. Surprisingly, there have also been reports of activity of Ent 96 against
gram-negative strains of Salmonella enterica and Escherichia coli’* and even some fungi like Candida
albicans™. The mechanism of action of Ent 96 as well as the immunity-mechanism of its producer
strain is poorly understood. While several small peptides akin to Sunl or GecH are present within the

Ent 96 gene cluster, their protective activity against Ent 96 has so far not been demonstrated.

With Listeriocytocin, a second putative member of the Ent 96-like glycocins was discovered, though it
shares little sequence similarity. Listeriocytocin is likewise diglycosylated with two glucose units
attached to a Ser within a comparatively small loop®°. Contrary to Ent 96 this peptide has the C-X¢-C
architecture common to most glycocins and forms two nested disulphides as seen in Sublancin- and
GceceF-like glycocins. It is currently still unclear whether Listeriocytocin has any antibacterial activity
and, if so, against which organisms, as this peptide failed to display activity against a variety of tested

bacteria®.
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1.1.4. Other glycocins and glycosylated bacteriocins

Two further glycocins with little sequence similarity to the peptides described above have been found
in Enterococcus strains: Enterocin F4-9 (EntF4-9) and Durancin 61A. EntF4-9, produced by E. faecalis
F4-9 has been shown to be a bacteriocin with narrow spectrum activity against other Enterococcus
and some Bacillus strains, as well as against the gram-negative E. coli IM109*. Contrary to other
bacteriocins and the glycocins described above, the presence of the leader peptide did not disrupt the
function of EntF4-9, but increased its activity instead. Indeed, with the N-terminal leader peptide its
spectrum was even expanded towards a Salmonella enterica strain®’. It could be shown that the
displayed antimicrobial activity of EntF4-9 is dependent on the presence of two GIcNAc residues
attached to Ser37 and Thr46. Similar to the Sublancin- and GccF-like glycocins EntF4-9 also required
the presence of two disulphides. Although not experimentally validated, the cysteines are proposed
to form a similar nested disulphide pattern*. Immunity against EntF4-9 is conferred by a small peptide

termed enfl in an unknown manner®’.

Although there is some doubt towards its classification*!, Durancin 61A, expressed by Enterococcus
durans 61A is a peptide glycosylated with either a glucose, arabinose or both. It possesses a relatively
broad spectrum of activity against gram-positive organisms, including several Listeria, Clostridia,
Enterococcus and Staphylococcus strains’®. Furthermore, it displayed activity against the
gram-negative bacteria E. coli and Pseudomonas aeruginosa as well as antifungal activity against
Aspergillus versicolor and Penicillium commune. The mechanism of action of Durancin 61A could be
determined to damage the cell wall, causing an ion efflux and thereby death of the cell*®. Whether the

poorly described glycosylation of this peptide is required for its activity is currently unknown.

SvG is the first glycocin or glycocin-like peptide discovered in S. venezuelae ATCC 15439, a bacterium
of the Actinomycetales. Contrary to other glycocins, it only contains only three cysteines and therefore
cannot form the nested disulphide bonds. Correspondingly the gene cluster of SvG does not include
the oxidoreductases found in other gene clusters. The identified GT modifies the peptide with an
S-linked GIcNAc within a predicted loop and displays a remarkable promiscuity towards the peptide
acceptor. SvG displayed antimicrobial activity only against closely related strains of the producer
S. venezuelae MTCC 327 and S. venezuelae MTCC 4218. However, this activity was independent of its
glycosylation. Interestingly, an engineered SvG-SvG dimer displayed activity against L. monocytogenes

in a GIcNAc dependent manner®?,
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Two further potential glycocins are the lanthipeptides Cacaoidin®® and NAI-112%, Both of these
peptides are glycosylated and show antimicrobial activity: Cacaoidin against S. aureus and Clostridium
difficile®? and NAI-112 against various Staphylococcus and Streptococcus species®®. The glycosidic
residue for both of these peptides is unusual with Cacaoidin containing a B-6-deoxygulopyranosyl-(1-
3)-a-rhamnopyranoside O-linked to a tyrosine®* and NAI-112 containing a glycosylated tryptophan
decorated with a 6-deoxyhexose. Both of these peptides display no significant sequence similarity to
any other glycocin, while containing multiple unnatural amino acids such as aminobutyric acid and
dehydroalanine. Additionally Cacaoidin contains a N,N-dimethyl lanthionine and a C-terminal S-[(Z)-2-
aminovinyl-3-methyl]-d-cysteine amino acid®?, whereas NAI-112 contains two cyclic methyl-labionine
rings>3. All of these unusual amino acid residues are commonly found in lanthipeptides but have so far
not been described for glycocins. Since the dependence of their activity on the glycosylation has not
been demonstrated yet, it is possible that these peptides should not be classified as glycocins, but as

glycosylated lanthipeptides instead.
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1.2. Peptide glycosylation

Glycosylation is one of the most abundant post-translational modifications and can be found in all
clades of life. Its functions is diverse, ranging from signalling, regulation as well as contribution to

folding and facilitating protein-protein interactions.

While peptide glycosylations with other sugars, such as heptoses, pentoses, nonoses and other sugars
are found in nature, the most common form of glycosylation is the covalent linkage to an aldohexose.
These hexoses naturally occur primarily in their cyclized pyranose-form, although a glycosylation
involving the furanose tautomer has also been described”’. This cyclization of the sugar gives rise to
the C1 atom as an anomeric centre with two chemically distinct anomers: the a- and f-anomer (Figure

6). Correspondingly, carbohydrates may be linked to peptides in an a- or B-conformation.

a-anomer B‘anomer
OH OH
&O wo
HO— % H HO~ % OH
OH H

Figure 6 Anomers of hexoses.

Further classification of glycoconjugates depends on the atom linked by the formed glycosidic bond.
Thus, depending on the amino acid or side chain involved, N-, O-, S- and C-glycosylation is observed,

which will be briefly introduced in the following sections.
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N-glycosylation

N-glycosylation or the formation of a glycosidic bond with a nitrogen of the side chain of either an Asn,
Gln, His, Lys, Arg or Trp. No Lys-glycosylation has been discovered to date, and GIn-Glycosylation
appears to be a very rare modification. In contrast the linkage to Asn is one of the most widely
distributed carbohydrate—peptide bonds and is most commonly found as an attachment point of large
Mannose-rich oligosaccharides’. The transfer of these glycans to the protein occurs under spatial
control on the lumenal side of the endoplasmic reticulum membrane, during or after the translocation
of the protein substrate. Here an oligosaccharyltransferase confers the core glycan from the lipid
carrier molecule dolichol-phosphate to the Asn of an N-X-S/T (X # P) consensus sequence. This core is
subsequently processed by glycosidases and glycosyltransferases in the Golgi apparatus in a highly
variable manner, depending on the host organism, cell-type, protein and glycosylation site’.
Functions of eukaryotic N-glycans are diverse and range from helping the protein folding’®, quality

control®, as well as signhaling®! and cell-cell communication®.

In prokaryotes the occurrence of N-linked glycosylation has been primarily found in proteobacteria.
In 6- and € proteobacteria such N-glycans are commonly found in proteins located on the cell surface,
such as secretion system subunits or S-layer glycoproteins. These are modified by multiple, usually
sulphated oligosaccharides linked to Asn and are part of the outer cell surface where they form a
hexagonal, paracrystalline lattice®. In archaeal organisms the N-glycosylation is found predominantly
in a class of proteins called archaellins, which are involved in cell motility, as well as type IV pilus
structures important for cell-adhesion’® #. The transfer of the glycans to the protein occurs en bloc,
similar to the process in eukaryotes. In contrast to the Mannose-rich glycans of eukaryotes,
proteobacterial glycans transferred this way are usually highly enriched in N-acetyl glucosamine
instead’®®, Interestingly, in y-Proteobacteria, such as Haemophilus influenzae, Yersinia enterocolitica,
and Actinobacillus pleuropneumoniae, N-glycosylation occurs in a processive manner with sugar
nucleotides as donors instead of a transfer en bloc from a lipid carrier. While this can result in long,

complex glycans this glycosylation may also be limited to a single carbohydrate unit®.

A more infrequent type of N-glycosylation involves the modification of an Arg side chain, which has
been found predominantly in gram-negative bacteria, though evidence for this linkage has also been
reported in plants®. Several strains of gram-negative bacteria rhamnosylate the elongation factor EF-P
to rescue stalled ribosomes®®. Salmonella enterica and Escherichia coli add a GIcNAc to an Arg of death-
domain proteins of an infected cell such as TRADD, RIPK1, or TNFR1, deactivating these as part of the

infection cycle®.
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Furthermore, there has also been evidence towards N-linked glycosylation of histidines. These were
found almost exclusively in the cyclic theopalaumide-pepides of Theonella sponges that contain a
hexose-modification of the N"-Atom of an N™-Histidinoalanine residue®. A further example of such a
modification is the N™-mannosylation of a modified His
(a-amino-B-[4‘-(2-iminoimidazolidinyl)]-B-hydroxypropionic acid) found in mannopeptimycin-E of

Streptomyces hygroscopicus®.

Lastly, N-glycosylation of the N™ of a tryptophane has been observed for the Chorion peroxidase of

Aedes aegypti*® and the lanthipeptide NAI-112 of Actinoplanes sp.>

O-glycosylation

Similar to the N-glycosylation, O-glycosylation may result either in an O-linked single sugar, a small
oligosaccharide, or a large, branched polysaccharide, though the latter typically display a lower degree

of complexity than observed for N-glycans’®.

In eukaryotes the longer O-glycans usually consist of N-acetyl glucosamine and lactosamine repeats.
Contrary to N-glycans, these sugars are usually attached in a processive manner and not transferred
en bloc. No consensus sequence for the attachment of these glycans has been identified so far, though
they are often found in flexible regions that are rich in serine, threonine and proline’®. O-glycosylation
is most commonly found on surface exposed or exported polypeptides. Depending on the density of
the glycosylation, their function can be varied, with more densely packed glycans being reported to
confer structural rigidity, protection from proteolysis as well as an increased propensity of gel
formation in mucin-type peptides. More sparsely packed glycans are predominantly seen in cell
adhesion and cell-cell communication, such as the non-self recognition by Siglec-Sialic acid interaction,

or the ABO-glood group antigen®..

Tyr O-glycosylation appears to be rare in eukaryotes. It is found in the glycosidic linkage to Glycogenin,
a self-glycosylating enzyme involved in glycogen biosynthesis®?, as well as sialylation of amyloid

precursor protein® and HexNAcylation of three mitochondria-associated proteins in mice®.

Long, and branched O-glycans are also found in prokaryotes, commonly attached to S-layer
glycoproteins. Especially gram-positive bacteria, where no N-glycosylation of these proteins has been
observed, display these kinds of O-linked glycans. In contrast to the eukaryotic O-glycans, these are
84, 95

not only linked Ser and Thr residues, but Tyr O-glycosylation appears to be a common feature

Intriguingly, these long O-glycans are synthesized on a lipid carrier, commonly undecaprenyl
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phosphate, and attached to the acceptor peptide en bloc by an oligosaccharyltransferase.
Similar to the eukaryotic O-glycosylation sites, no consensus sequence has been found for prokaryotes.
Indeed, in some proteins the glycosylation sites varied substantially even between individual
molecules of the same peptide species®. Apart from the S-layer proteins, bacterial O-glycans can also
be found in the adhesins and type IV plilins of e-proteobacteria, which are commonly

poly-mannosylated or arabinosylated®.

In addition to the comparatively large O-glycans, there are also abundant and diverse simple
glycosylations of Ser/Thr, which are produced within the cytoplasm. The best characterized of which
are eukaryotic O-GIcNAc modifications of nuclear and cytosolic proteins. Additionally,
glycosaminoglycan xylosylation, cadherin mannosylation or collagen galactosylation has been
observed®®. Similarly, prokaryotic species produce a vast array of simple Ser/Thr-linked
O-glycoconjugates, often making use of modified or exotic sugars’”’. Likewise, simple
Tyr-glycosylations within prokaryotes can be found in several antimicrobial peptides such as
Vancomycin®’, mirabamides of Siliquariaspongia mirabilis®® or Cacaoicidin of S. cacaoi®® (see chapter

1.1.4) and may involve unusual carbohydrates.

C-glycosylation

C-glycosylation is a rare protein modification and thus far the only carbohydrate that has been
discovered in such a linkage is a single mannose residue. This modification was first found and
identified in human RNase 2 which contains an a-mannose attached to the C2™ atom of the Trp via a

C—C bond. Since then, several C-mannosylated proteins have been reported®.

Their glycosylation site is usually found within a [WxxWxx], consensus sequence, though the
glycosylation site within that sequence is dependent on the mannosyltransferasel®. C-mannosylation
appears to be installed within the ER, using dolichol phosphate as the lipid carrier of a single mannose
residue. To date, C-mannosylation of tryptophanes has only been found in higher organisms, such as

mammals, avians, amphibians and nematodes, but not in fungi or prokaryotes®.

S-glycosylation

While first evidence of cysteine S-glycosylation has already been reported in the 1970s in a

101

S-galactosylated urinary peptide!® and an S-glucosylated membrane peptide of erythrocytes!®, the

field of protein S-glycosylation is still largely underexplored. Only few S-glycosylated peptides were
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investigated in any detail, most of which belong to the glycocins (see chapter 1.1), with sublancin®?,

thurandacin® and GeeF* being the best characterized S-linked glycopeptides.

In 2016 a report by Maynard et al. 1°® implied that the S-glycosylation is indeed not a rare modification,
but that S-linked GIcNAc is a common motif of mammalian proteins and may be conferred by the
O-GlcNAc transferase OGT. Furthermore, it was shown that these resulting S-linked sugars show an
increased stability as compared to the O-glycosylated equivalent, especially with regards to cleavage

by glycosylhydrolases®,
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1.3. Leloir type glycosyltransferases

Glycosylation and thereby the formation of the glycosidic linkage is catalysed by the enzyme family of
glycosyltransferases (GTs). At time of writing (August 2023) the CaZy database!® currently lists over
1,140,000 glycosyltransferase-sequences, classified into 116 families based on their sequence!®,
There are further, overlapping, yet substantially different methods of classifying GTs, based on their

enzymatic properties: By acceptor, by donor, and by fold®,

GTs in general have thus far been shown to adopt one of only five different folds, GT-A, GT-B, GT-C,
GT-D and GT-E (Figure 7). While GT-C and GT-E type folds are predominantly seen in enzymes using
lipid phosphate sugars or alkyl-linked glycosyl diphosphates. Enzymes of the GT-A, GT-B and GT-D fold
typically use sugar nucleotides as their donor (Figure 8)1% 1%7_ GTs using these sugar nucleotides as

donors are termed Leloir-type glycosyltransferases, in honour of Lous Frederico Leloir for his discovery

108

of these sugar nucleotides

GT-A GT-B

GT family 6 (GT6) Trehalose phosphate synthase
Bacteroides ovatus Escherichia coli
(PDB: 4AYL) (PDB: 1UQT)

GT-D . GT-E GT-C Cytoplasm

Adhesin B-glucosyltransferase Teichoic acid glycosyltransferase Oligosaccharyltransferase PglB
Streptococcus parasanguinis Thermoanaerobacter italicus Campylobacter lari
(PDB: 4PHR) (PDB: 5WB4) (PDB: 3RCE)

Figure 7 Common folds of glycosyltransferases, figure adapted from Mestrom et al (2019)*%’.
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Figure 8 Sugar nucleotides commonly found in nature. Adapted from Mestrom et al (2019)*%".

With the exception of CMP-Neu5Ac and ADP-Rib, all of these sugar nucleotides are composed of the
a-anomer of their sugar. ADP-Rib, in contrast, has its sugar attached to the nucleotide with its non-
reducing end and Neu5Ac is attached in a B-conformation to a monophosphate instead of the more

common diphosphate!®.

As mentioned previously, hexoses can be present as either an a- or B-anomer. Thus, GTs can also be
divided based on the stereochemical outcome of the glycosylation reaction. If the anomeric
configuration of the substrate, in general q, is retained in the product the enzyme is called retaining
and if the configuration changes, it is called inverting. As such there are both inverting, as well as

retaining type GTs present within each of the GT-A and GT-B folds (Table 2).
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Table 2 Glycosyltransferase fold and their GT-Families according to the CaZy database'®. GTs-families whose
fold and mechanism is not experimentally verified but are predicted by Taujale et al. (2021)**° are shown in bold.

Fold Mechanism GT-Family
Inverting 2 712,13, 14,15, 16,17, 21, 25, 29, 31,40, 42, 43,
48, 49, 54, 60, 67, 69, 75, 82, 84, 92, 109, 111
GT-A
Retainin 6, 8, 15, 24, 27,32, 34,44, 45,55, 62,64, 71,77,78,
€lainiNg g1, 88, 95, 116
Inverting 1,9,10,11, 18, 19, 23, 28, 30, 33, 37, 38,41, 47, 52,
56, 61, 63, 65, 68, 70, 80, 90, 102, 103, 104, 112,
115
GT-B
Retaining 3,4,5, 20, 35,72,93,94, 99, 107, 113
GT-C Inverting 22,39, 50, 53, 57, 58, 59, 66, 76, 83, 85, 87, 89,
98, 105
GT-D Inverting 101
GT-E Inverting 26
Lysozyme-like 51

Unknown

73, 74,91, 96, 97, 100, 106, 108, 110, 114

Since GTs involved in glycocin biosynthesis are all predicted to belong to the GT-family 2, the following

sections about common folds and mechanisms of GTs will be restricted to those of inverting GTs of a

GT-A type fold.
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The GT-A fold

The canonical GT-A fold displays a central 7-membered B-sheet in a 3214657-topology sandwiched
between a-helices (Figure 9), in a Rossmann fold. This type of fold is a motif often found in nucleotide

binding proteins®.

Within the loop L4, usually connecting two B-strands termed B4 and B4’, the typical GT-A fold displays
a highly conserved D-X-D motif (Figure 9). This motif is essential for the coordination of a
mechanistically important, divalent metal ion, typically Mn?* or Mg?* 1% 111 112 |nterestingly, in
inverting GTs, it has been shown that only one of these aspartates, usually the latter, is actually
involved in metal-ion coordination, while the other may be involved in binding of the ribose moiety or
serve a different function entirely!®. To satisfy the octahedral coordination sphere of the metal ion,
water molecules and/or a nearby histidine are involved in metal complexation!!*. The C-terminal
region of the GT-A fold protein is usually variable and is involved in acceptor recognition!!?. This region

also contains the catalytic base, typically located within the helix a5.

a3

Variable region

ab

Figure 9 Consensus topology of the GT-A type fold. Figure adapted from Romero-Garcia et al. (2013)*. Dashed
lines represent interactions between the B4‘and B7 strands, forming a second B-sheet.
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Nucleotide and sugar recognition of GT-A folds

Irrespective of the fold of the GT, recognition of the nucleobase occurs predominantly by m-stacking
interactions!!?, though some hydrophobic stacking has also been reported*®. Nucleotide specificity is
often imparted by hydrogen bonding with a residue located at the C-terminus of strand B1. While
consensus sequences for sugar binding have been observed in other GT folds, GT-A type folds lack
any such conserved specificity imparting motifs!!. In general, interactions with the sugar moiety
appear to be minimal, with the change of single amino acids within the binding pockets able to confer
pronounced changes in the observed specificities. Additionally, many described enzymes exhibit high

promiscuity with regards to the accepted sugar donors**,

Binding of the sugar-nucleotide is usually accompanied by pronounced conformational changes.
In GT-A type folds this is performed by loop L3, which changes from a random coil to adopt an ordered
conformation!™ 116, Oftentimes this loop includes an aromatic residue that shifts towards the
nucleotide, interacting with it by ri-stacking**. The movement of the L3 loop often creates a “lid” over
the bound sugar-nucleotide, which is thought to protect it from hydrolysis'!3. This conformational
change may also cause a movement of the loop L7 at the C-terminus of the Rossmann fold, adopting
an a-helical conformation and assisting with acceptor binding!!* '’ Additionally for some GTs it has
been reported that these conformational changes bring a His residue at the C-term of the 7 strand

closer to the metal ion, replacing a coordinating water molecule**.

Common reaction mechanisms

While some GTs have been reported to follow a random order of substrate binding®*8, or the acceptor

119 most display a cooperative, sequential binding mode

promoting the binding of the donor substrate
with the bound donor promoting the binding of the glycosyl acceptor: The sugar-donor binding to the
catalytic pocket, is accompanied by the abovementioned conformational change, which allows for the
formation of the acceptor binding site! 111118 After the acceptor and donor are bound within the

catalytic pocket, the reaction occurs either with retention or inversion of the anomeric configuration.

In inverting type GTs the reaction typically involves a deprotonation of the glycosyl-acceptor by a
catalytic base, often a conserved Asp or Glu for GT-A fold proteins though catalytic His has been
reported as well'%, However, some GTs lack suitable side chains within their catalytic pocket. It is
speculated that water chains or the a-phosphate of the donor act as catalytic base (OGT, GT-B fold) in
such cases'?’. The deprotonated nucleophile subsequently attacks the anomeric carbon of the sugar,

resulting in an oxocarbenium ion transition state (Figure 10). According to QM/MM-calculations the
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05-C1 bond of the oxocarbenium ion has double bond character and the glucopyranose ring adopts
the usually unstable *Hs conformation. The cleavage of the C1-01 glycosidic bond is accompanied by
a 17° rotation of the B-phosphate oxygen while going from the ES to TS complex!?!. Stabilisation of
the developing negative charge at the phosphate occurs in metal ion dependent GTs primarily via the
associated divalent metal ion. In metal-ion independent GTs, salt bridges to positively charged side-

chain residues, such as Arg or Lys stabilize the charge instead%® 199,

B OH
OH '
|

OH

OR

Figure 10 Reaction mechanism of inverting glycosyltransferases. X = NH, S, O. R = Nucleotide phosphate. The
glycosyl acceptor is represented by a blue sphere.

Independent of the stereochemistry of the transferred sugar, the positioning of the sugar with respect
to the nucleotide helps facilitate the reaction. Especially in retaining enzymes, the sugar donor is
forced into a conformation in which the sugar situated above the pyrophosphate. This allows the 02
or, in the case of N-acetyl sugars, the acetamide to stabilize the developing negative charge on the

phosphate group by hydrogen bonding!??

. Additionally this shape elongates and thereby weakens the
anomeric bond by torsion around the M-angle!3, Interestingly, a difference in energies released by
breaking the NDP-sugar bond can be observed in a nucleotide-specific manner. For instance, the

hydrolysis of ADP-Glc is thermodynamically more favourable that GDP-Man®’,

Though GTs are highly efficient enzymes that catalyse the formation of a very stable glycosidic bonds
with high specificity and selectivity, they have a few drawbacks, which makes them not the first choice
as catalysts for the synthesis of carbohydrate structures. Firstly, same time the availability of the
nucleotide sugars is often limited and, in some cases, prohibitively expensive. Additionally due to the
high energy of the nucleotide-sugar bond, the sugar donors of Leloir GTs are prone to hydrolytic
degradation, especially in the presence of divalent metal ions?3. This problem is further exacerbated
if the sugar nucleotide is bound to the donor binding site in the absence of a glycosyl acceptor. This is

7124

referred to as “error hydrolysis”***. Moreover, the binding of the sugar donor is facilitated primarily

by the nucleotide diphosphate, an already hydrolysed nucleotide may also bind to the GT, causing
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product inhibition. Interestingly there seems to be a correlation between the specificity of the GT and
the severity of the product inhibition it experiences, with more promiscuous enzymes being less prone
to product inhibition. Furthermore, it could be shown that the reaction of a GT is generally
reversible’?®. While the equilibrium typically favours the formation of the glycoside with a Kes>10,

there are instances where the equilibrium constant is close to 1%,
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1.4.Solid phase peptide synthesis

Ever since Merrifield and coworkers developed solid phase peptide synthesis (SPPS), this methodology
has become a widely used system for the quick and facile generation of peptide sequences of an ever-
increasing variety. Using SPPS combined with ligation approaches, even proteins of considerable sizes

>90 kDa have become accessible to chemical synthesis?®,

In general, the method of SPPS can be divided into Boc- and Fmoc-based strategies, each named after
the protecting group of the backbone nitrogen of the respective amino acid building blocks.
As the Fmoc strategy generally involves milder conditions, has improved scalability, as well as
advantages of the Fmoc-group, such as its inherent fluorescence, this strategy has generally found

broader use'?’. A scheme of an Fmoc-SPPS-cycle can be seen in Figure 11.

Base
OH

HzN—Peptide‘<

O

)
cleavage

Fmoc HoN

Iz

O
Dl
Qi

(e}

activator H\)k
Fmoc/ OH

-
9

Figure 11 Schematic representation of the Fmoc SPPS strategy. An Fmoc protected amino acid attached to a
peptide chain or resin (red sphere) is deprotected via base treatment. The free amine reacts with a second, Fmoc-
protected amino acid in the presence of an activator, extending the chain. This cycle is repeated until the peptide
chain is cleaved from the resin after Fmoc-deprotection.

Given the large number of individual steps involved in SPPS approaches, the minimization of side
reactions per step is vital. At the same time the vast diversity and density of functional or reactive
groups within peptide sequences makes them prone to side reactions during the deprotection and
purification steps, which can decrease the final yield significantly. While a comprehensive description

of such side reactions is far outside the scope of this thesis, a selection of these that are commonly
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described for sequence motifs common in glycocin-peptides, as well as methods how to reduce their

occurrence are briefly described in the following sections.

Cyclization reactions

One of the most well described side reactions during peptide synthesis is a cyclization reaction of
aspartates to the corresponding aspartimide®?®. Less well known are the cyclization reactions of
asparagine!?, glutamates'®, and glutamines®3!, which may undergo a mechanistically similar side
reaction. While these reactions are particularly prevalent under the basic conditions of Fmoc
abstraction, they have also been described to occur in acidic condition'?®, or even neutral conditions
upon prolonged storage!32. The mechanism of the base catalysed cyclization reaction is shown in
Figure 12. A base, usually piperidine or piperazine during Fmoc removal, abstract the proton of a
backbone amide, which may then form a five- or six-membered ring upon nucleophilic attack on the
carboxyl or amide group in an Sy2-type reaction?®. The resulting cyclical product can be easily

detected via mass spectrometry, owing to the decreased mass by -18 or -17 amu, respectively.
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Figure 12 Mechanism of Aspartimide formation. N- and C-terminal peptide sequences are represented by green
and red spheres, respectively.

However, the aspartimide and glutarimide moieties are highly prone to racemization!* and
hydrolytically unstable. Hydrolysis in a ring-opening reaction may occur at either of the two carbonyls,

resulting in a mixture of L/D-Asp and L/D-iso-Asp or L/D-Glu and L/D-iso-Glu, respectively. These
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compounds are difficult to remove chromatographically, and cannot be detected via mass
spectrometry, unless the originating amino acid was an Asn or GIn derivative, where this reaction

results in an effective deamination with a corresponding change in mass of -1 amu'?,

As mentioned previously, this side reaction is a comparatively common issue during Fmoc-SPPS,

134

especially in the Fmoc abstraction step. Additionally, microwave irradiation*** and the accompanying

high temperatures®®

exacerbate this issue further. Many other factors may also influence the
occurrence of this cyclisation reaction during peptide synthesis. For example, the identity of the amino
acid whose N% is performing the nucleophilic attack is an important variable, though the extent of this
effect may vary from peptide to peptide and is impossible to predict. Asparagine, phenylalanine and
histidine, which appear to be especially sensitive to this type of reaction. Serine and threonines have
also been found to increase the occurrence of aspartimide formation, albeit primarily in their

unprotected form?% 136,

Much work has been done to alleviate the issue of cyclization reactions, especially aspartimide
formation during SPPS. The choice of base for Fmoc-removal proved particularly helpful during
microwave assisted synthesis with the use of piperazine instead of piperidine and addition of HOB,
or OxymaPure®, reducing the basicity in the Fmoc deprotection cycle®®” 138, Two further commonly
employed strategies involve the protection of the backbone N* and the choice in protecting group of
the aspartate. In this regard the OMpe and Odie protecting groups have shown improvement over the

standard OtBu (Figure 13), most likely due to their increased bulkiness'*.

=

K O
O D

Fmoc-Asp(OtBu)-OH Fmoc-Asp(OMpe)-OH Fmoc-Asp(ODie)-OH

Figure 13 Chemical structure of aspartic acid with common side chain protecting groups, OtBu, Ompe, and Odie.
The N-term is protected with an Fmoc-group.
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Racemisation

Most glycocins discovered so far, include two of the most notorious amino acids with regards to
racemisation reactions: Histidine and cysteine. This side reaction is exacerbated during microwave
assisted peptide synthesis compared to traditional approaches, most likely due to the increased

reaction temperatures!®,

Histidine racemisation is thought to occur via two different mechanisms'#®°. One being the direct H®
abstraction, which may occur in an intramolecular fashion with the N™ functioning as the respective
base. Reprotonation of this intermediate would then lead to a racemic mixture of His (Figure 14 A).
The other proposed mechanism involves the intramolecular, nucleophilic attack of N™ on the
His-carboxylate, forming an imidazoline moiety (Figure 14 B). Ring opening reactions of this compound

then result in a D- or L-conformation of the His.

R d X
\N/\H/
H
[}

Figure 14 Mechanism of His-racemization by internal proton abstraction (A) and imidazoline formation (B).

Given that both of these mechanisms involve the N©, protection of this moiety appears the most logical
choice to reduce this side reaction. However, the commonly used protecting groups for N™ give rise to
several side reactions with other nucleophilic amino acids, and deprotection of these is often difficult.
Protection of N* with an electron withdrawing group such as Boc (Figure 15) instead has been shown

to reduce this autocatalytic effect to acceptable levels as well*,
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Fmoc-His(Boc)-OH Fmoc-His(Trt)-OH

Figure 15 Fmoc-His(Boc)-OH and Fmoc-His(Trt)-OH

Racemization of cysteine has been a long-known problem. The most likely mechanism appears to be
a direct H* abstraction in the presence of a base!*?. Especially the immobilization reaction of cysteine
to the resin linker appears to be prone to racemization reactions, while other positions have been
reported to be more resistant towards these side reactions!®. Indeed, with the use of Trt or S-StBu in
combination with the proper choice of activator base during peptide coupling, such as HOBt,

racemisations of internal cysteines may be reduced to acceptable levels'*!.

B-elimination of cysteine sulfhydryl-group

Similar to the aforementioned racemisation reaction, H* abstraction may also lead to the elimination
of the sulfhydryl group, leading to the formation of dehydroalanine (Dha). The formed Dha can in turn
be attacked a nucleophile in a Michael-type addition. This reaction appears to be highly dependent on
the Cys microenvironment, as it is primarily described as a problem for C-terminal residues, with the
choice of resin displaying a pronounced effect!**, whereas B-elimination of cysteines distant from the
C-terminus usually involves strongly basic conditions®,

Choice of the correct side-chain protecting group may also help alleviate this issue, as Cys(Trt)

appeared much less prone to B-elimination than Cys(Acm)#,
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Oxidation of methionine or cysteine

Oxidations of cysteine sulphur atoms are generally well known, given that the arising disulphide bridge
is a very common and biologically relevant motif. It is easily reversible by addition of a reducing agent.
The formation of the corresponding disulphide should still be considered during peptide purification
as it can lead to further side reactions, such as the B-elimination of the sulphur atom. This has been

reported primarily for basic milieu'*® or strong heating!?’.

Oxidations beyond the oxidation state S(-I) may also occur, leading to the formation of the

corresponding sulfinic or sulphonic acid (Figure 16 A), which are irreversible reactions.
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Figure 16 Oxidation of Cysteine (A) and Methionine (B). N- and C-terminal peptide sequences are represented by
green and red spheres, respectively.

Similarly, the sulphur of methionine is prone to oxidation (Figure 16 B) under mildly oxidative
conditions such as contact with air; especially under acidic conditions?*®. The usual route to protect
against such undesired side reaction or even recover methionine from oxidized species, is the addition
of NHl and dimethyl sulphide (Me,S) to the cleavage cocktail'®®. However Trp residues were shown
to be unstable under these conditions®®, and the arising dimethyl sulfoxide (DMSO) and lodine (1)
could cause the oxidation of cysteines in more complex peptides!?’.
An alternative that is recommended for deprotection strategies of methionine containing compounds
is the use of proper scavengers'?’. The most commonly recommended scavengers for methionine
containing peptides are Reagent K (TFA-phenol-H20-thioanisole-EDT (82.5:5:5:5:2.5)**! and Reagent
R (TFA-thioanisole-EDT-anisole (90:5:3:2)**2, both of which contain thioanisole and EDT as main
scavengers. However, the use of these scavengers may introduce its own problems as well. Under

concentrated TFA conditions, as is common for peptide deprotection strategies, EDT has been shown
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to form adducts with tryptophanes at elevated temperatures'®3. Thioanisole may cause several

different side reactions, primarily alkylations®™*, which are discussed in the following section.

Hence the use of other reducing agents is recommended for longer incubation times, such as dithio
threitol (DTT) or Tris-(2-carboxyethyl)-phosphine (TCEP). Considering the former displays its reducing
effect under alkaline conditions, the latter is usually much more suitable for the protection of cysteines

during peptide purification.
Alkylation

Owing to the release of multiple electrophilic species arising from common protecting groups,
alkylations occur primarily during deprotection and cleavage of the peptide from the resin, making
the use of proper scavengers vital. EDT and trialkylsilanes stand out as particularly potent, though
water can also function as an effective scavenger for tert-butyl cations. The correct choice of silane is

critical as, for instance, triethyl silane is able to reduce the indole ring of unprotected Trp*®.

In general, three side chains stand out as being particularly vulnerable to alkylation: the electron-rich

indole ring of Trp, as well as Cys and Met, owing to the nucleophilic sulphur atom.

In the case of Trp alkylation, this issue can largely be circumvented to a by use of the N""-Boc protecting
group. While the initial cleavage of the Boc-group occurs in a rapid manner, the resulting carbamate
is much more stable!*®. Due to the electron-withdrawing effect of such a group, it effectively protects
the tryptophan from undesired alkylation reactions®. This resulting carbamate is slowly cleaved off,
releasing carbon dioxide, under even mildly acidic conditions, allowing for essentially a two-step

deprotection of the peptide (Figure 17).

o, HO\'
%O %O
N N‘)
, fast / slow
A ¢
\N (o] . N (o]
H

H
H

Figure 17 Tryptophan deprotection occurs in a 2-step process removal of the tBu occurs fast, whereas the
decarboxylation of the carbamate occurs much slower. N- and C-terminal peptide sequences are represented by
green and red spheres, respectively.
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This may also serve to protect the Trp from reactions with an acid labile resin or the cationic linker
species released upon peptide cleavage, as these modifications also are reported to primarily affect
the 2-position of the indole. These side reactions have been reported to occur concomitant to cleavage
from Wang-resins'®8, among others. A different method to effectively protect against these cationic
species is the use of correct scavenger. While in some cases TIS and EDT have been shown to be
insufficiently protective, addition of thioanisole helped to prevent alkylation of Trp by spacer

residues®?.

Similar to Trp, Cys and Met can form alkylation adducts under standard cleavage conditions. Mainly
responsible for these side reactions are electrophilic tertbutyl carbocations arising from tBu and Boc-
protecting groups®®, as well as the hydroxybenzyl-linker of Wang-resins'®. These alkylations result in
irreversible modifications. Additionally, the Trt group, if improperly quenched, may get attacked by
the freed sulfhydryl group, reversing the original deprotection. As mentioned previously, for
suppression of these side reactions the use of proper scavengers like EDT and TIS for tertbutyl- and

Trt-cations, respectively, is crucial.

Asp-Pro cleavage

The sequence motif Asp-Pro is a motif that has been shown to be prone to hydrolysis under acidic
conditions even at moderate temperatures®®. The proposed mechanism involves a nucleophilic attack
of the Pro nitrogen on a protonated carboxylic acid of aspartate, forming a bicyclic intermediate.
Hydrolysis of this intermediate then gives rise to either the original compound or results in the scission

of the peptide chain.
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Figure 18 Reaction mechanism of Asp-Pro cleavage. N- and C-terminal peptide sequences are represented by
green and red spheres, respectively.
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Given that most side chain protecting groups are designed to be removed under acidic conditions in
Fmoc-based peptide synthesis strategies, this problem may be unavoidable for peptides harbouring

this motif.

Aggregation

A “stickiness” or tendency to self-aggregate has often been reported to be a problem for efficient
production of bacteriocins and similar peptides. Indeed, for glycocin peptides this issue has already
been reported for the solid-phase synthesis of sublancin 186% and GccF'®, Here it was solved by the
synthesis of two smaller fragments, combining these via native chemical ligation, or by drastically

reducing the loading of the linker.

Other potential solutions to the problem that are usually recommended are the addition of fluorinated
solvents such as trifluoroethanol (TFE)'®*, use of microwave radiation®®” %> or the introduction of
pseudoprolines'?.

Microwave radiation appeared to be the most practical solution to this problem, though it may

exacerbate issues such as racemization and cyclization reactions.
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2. Aim

This work was aimed to identify and characterise members of the glycocin family to improve
understanding of glycocins, especially with regards to the generation and functional importance of
the unusual S-glycosidic linkage. To that end, genome mining will be used to identify potential new
members of the glycocin family and identify their sequence as well as their putative
glycosyltransferases. A method for heterologous expression and purification of the glycocins and the
glycocin-glycosyltransferases in Escherichia coli will be established and glycocin peptide derivatives
and authentic, defined standards will be synthesized using solid-phase peptide synthesis.
The glycocins will be characterised in respect of their activity, selectivity, structural characteristics and
type of glycosylation. The respective transferases will be characterised in respect of their catalytic

mechanism, structure and substrate specificities.
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3. Results

3.1. Discovery of putative glycocins and their cognate GTs

To date, only few glycocin-glycosyltransferase pair have been characterized beyond genome
annotation. To expand the number of putative glycocin sequences, the NCBI database was searched
for peptides or GTs with high sequence similarity to the experimentally validated glycocin or their
cognate GTs respectively. The observed, highly similar sequences were investigated with regards to
the other sequences in their gene cluster. A few examples for the organization of glycocin biosynthesis

clusters can be found in Figure 19.

e (——ssss— ¥ S Erferococeus fecalls
—_——, e e Bacillus sublilis
—=) e — —) — = Lactobacillus plantarum

— ) — ) ) ) Laceyella sacchari

—— ) —— ) ) Gottfridia acidiceleris

) E— ) iy Streptomyces platensis
1kb

mm) Oxidoreductase  mmmp Glycocin ==)> GT mm) ABC Exporter

m=) Immunity protein mm) Immunity protein (putative) m=) Unknown

Figure 19 Typical organization of gene clusters of glycocin producing strains. Genes encoding the glycocin in red,
GTin yellow, ABC-type exporter in brown, thioredoxin-type proteins in green. Experimentally validated immunity
proteins are shown in purple for and in blue for predicted peptides.

With the sequences of the found, putative glycocins in hand, a phylogenetic tree was constructed
(Figure 20). While the generally low bootstrap values imply a fair amount in uncertainty about the

clustering, several distinct groups can be seen.
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Figure 20 Maximum likelihood phylogenetic tree of a small selection of glycocins. Numbers next to the nodes
represent bootstrap values. These can be approximately clustered into several groups based on their sequence
similarity: Sublancin-like (purple), Enterocin 96-like (green), Enterocin 4-9-like (yellow) and Glycocin F-like (blue).

The Sublancin-like peptides, named after Sublancin 186 (SunA) of Bacillus subtilis, which may include
the peptides of Bacillus thuringiensis and Clostridium botulinum as well. Further reliable inclusions
into this group include Laceyella sacchari, Bacillus cereus and Gottfriedia acidiceleris. Pallidocin may
constitute its own group but has been included into the Sublancin-like for its high sequence similarity

to both SunA and ThuA.

In a similar manner the second, much smaller group of Enterocin 96-like peptides was determined.
This group only includes the related strains of Enterococcus faecalis and Enterococcus faecium, which
express essentially the same peptide sequence. A sequence found in various bacteria belonging to the

Eryspielotrichaceae family is also included in this peptide-family.

A third family is found in the Enterocin 4-9 group, which, while also originating from E. faecalis, has
very limited sequence similarity to Enterocin 96, and shares little of its PTM architecture. While the

Streptomyces-based sequences of S. platensis and S. autolyticus appear to fall into the same family,
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they may as well be distinct, given the capability of Enterocin 4-9 to form multiple disulphide bonds

and the presence of a thiol-disulfide isomerase within the biosynthetic cluster®’.

The final family is the family of Glycocin F (GccF) of Lactobacillus plantarum, the first glycocin to be
discovered. These peptides are distinct from the other glycocin families, by their C-terminal disordered,
yet glycosylated tail. While the peptides of ASM1, and staphylococcal peptides can be clustered into
this group with some degree of certainty, the group including Thermoanaerobacter
thermosaccharolyticum, Clostridium perfringens and an Ornithinibacillus may also constitute a fifth

group with no currently experimentally validated member.

To investigate a diverse number of different identified glycocin families | chose several members of
the different families for investigation. Enterocin 96 (Ent96), Sublancin 186 (SunA) and Glycocin F
(GceF) with their respective GTs, EntS, SunS and GccA, were chosen from the experimentally validated
glycocins to be investigated further. Of the newly discovered sequences, the putative glycocins of
Laceyella sacchari and Gottfriedia acidiceleris of the Sublancin-like family, and Streptomyces platensis
of the Streptomyces/Enterocin 4-9-family were chosen. These new, putative glycocins were termed,
according to the nomenclature scheme!®®: Saccharicin (SacA, accession code WP_132219678.1 with
its cognate GT SacS, accession code TCW40592.1), Acidicin (AciA, accession code WP_088013405.1
with the cognate GT AciS, accession code WP_088013374) and Platicin (PItA, accession code
0SY44892.1 with the cognate GT PItS, accession code 0SY44890.1), respectively. Bases on sequence
similarity all of these GTs belong to the GT-family 2 and should therefore adopt a GT-A type fold.
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3.2.Heterologous expression of Glycosyltransferases

To determine the function of the glycocin glycosyltransferases and use them for the chemoenzymatic
synthesis of glycocins, first a protocol to obtain suitable amounts of protein had to be developed. As
every protein is unique in its own way, these protocols in part substantially differ from each other,

and are discussed in the following sections.

3.2.1. GccA

The DNA sequence for GccA was cloned into a pET-3CLIC vector and expression was attempted at first
in E. coli BL21 (DE3) Gold. While a vast amount of protein was produced under standard expression
conditions, the GT was present exclusively in the insoluble phase, indicating severe misfolding. This
problem has since also been reported elsewhere®. Several attempts to obtain soluble protein were
made, such as truncation of predicted domains, expression in Shuffle T7 or Arctic Express cells,
different expression temperatures as well as periplasmic expression via a pelB-signal peptide. All
attempts to produce soluble active GccA in sufficient amounts for further experiments proved

unsuccessful.

Expression with an MBP-tag, however, allowed for the production of a GccA fusion construct in a
soluble manner in E. coli Arctic Express (DE3) at 11°C. Startlingly, this fusion protein eluted from the
affinity chromatography column as a strongly opalescent solution. Cleavage of the tag resulted in the
immediate precipitation of the entirety of the GccA-protein of interest. Attempts to refold this protein
via rapid dilution from a 6 M guanidinium-hydrochloride (Gdn-Hcl) lead to up to 100 pg per litre of
culture when refolding into a buffer of 50 mM MES pH 5.5, 10% Glycerol. This soluble protein was
highly unstable however, precipitating within 4 hours. A desalting step was performed directly after
refolding in 50 mM MES pH 5.5, 10% Glycerol to remove trace amounts of Gdn-HCl. While this
dramatically increased the stability of the protein, attempts to concentrate the protein using
centrifugal concentrators failed. Taking all observed problems into account it was decided to not

continue with GccA.
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3.2.2. SacS

To characterise the putative GT, SacS from L. sacchari, the gene was amplified from genomic DNA and

cloned into pET-3CLIC.

The created construct expressed well in E. coli BL21 (DE3) Gold and the produced recombinant protein
was captured using immobilized metal ion affinity chromatography (IMAC). Removal of the imidazole
via size exclusion chromatography (SEC) against a standard buffer (Tris pH 7.5, 150 mM NaCl) lead to
pure homogeneous protein, which started to precipitate at concentrations above 10 mg/ml. This issue
could be alleviated by increasing the pH to 8.0 and the addition of 5% (v/v) glycerol to the buffer. With
the improved conditions, concentrations above 20 mg/ml could be reached, though precipitation still
occurred with a half-time of the protein t1/; of approx. 24 hours. The stability of this protein could be
dramatically increased by removal of the N-terminal His-tag prior to size exclusion. Even after 1 week
at room temperature, no precipitation was observed and concentrations of >50 mg/ml could be

reached.

The produced and purified wild-type SacS failed to yield diffraction quality crystals, as will be discussed
in detail in a later chapter (chapter 3.10). Modifications were designed to facilitate the structure
solution: A truncated GT SacS348, comprising the residues 1 to 348, and the SacSA-fusion construct,
with a C-terminal extension comprising a short linker sequence followed by the mature peptide

sequence.

5168 2 169

The former was designed based on the structure of Sun and the generated alphafold model of
SacS. This deletion construct lacks the predicted a-helical dimerization domain. Additionally,
SacS348noSt was created due to a reverse primer lacking the Stop-codon. This extended the C-term
of the recombinant protein by 44 amino acids with the following sequence:
RAFSSHMASMTGGQQMGRGSEFELRRQACGRTRAPPPPPLRSGC.

SacSA on the other hand extended the C-terminus of the GT by a short GSSG-linker, followed by the
sequence of the SacA4Ser peptide (see chapter 3.3). The 4Ser sequence was chosen, as it was
speculated that the disulphides of the wild-type peptide would prevent the peptide from binding to
the GT active site as well as hinder the folding process by the formation of wrong disulphide

connections.

Furthermore, a mutant of SacS, SacS(H200A) in which the putative, catalytic histidine is mutated to an

alanine was created by site directed mutagenesis. All of these SacS-variants could be easily produced
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in E. coli BL21 (DE3) Gold using the abovementioned protocol, established for the wild-type SacS.

(Figure 21).
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Figure 21 SDS-Page of pure Sac$ and its derivatives.

Interestingly, the fusion construct of SacS and SacA eluted later than the wild-type protein during SEC,

despite being a marginally larger protein. Estimating the hydrodynamic radius with the reported

separation properties of the used column

170

reveals the SacS to migrate akin to a protein of 100 kDa,

matching the theoretical value of the dimer, whereas SacSA migrates akin to a protein of 40-50 kDa,

indicating that this protein is present in a monomeric form.
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Figure 22 Size exclusion chromatogram of SacS and SacS-A fusion construct. Absorbance was detected at 280
nm. A major shift in retention time implies the presence of SacS-A as a monomer as opposed to the wild-type

dimer.
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3.2.3. SunS

A method to obtain SunS via heterologous expression in E. coli has already been described by Oman
et al. (2011)*. Initial attempts to obtain pure GT were performed by cloning the SunS-gene into a

pET-3CLIC vector and purifying the enzyme, following the published protocol*.

While SunS could be successfully produced that way, much of the protein seemed to be present in the
insoluble fraction of the lysed bacteria, indicating partial misfolding. Given that the small ubiquitin-like
modifier (SUMO) protein has often been reported to assist with expression, solubility and folding®’%,
it was attempted to increase the yield of correctly folded protein by adding an N-terminal SUMO-tag,
linked via a small GSSG linker. Furthermore, sequence analysis of SunS revealed the presence of rare
codons. Hence, this His-Sumo-SunS construct was produced in E. coli BI21 (DE3) Rosetta. After initial
purification using IMAC, the tag was removed by addition of the Ulp1 protease. Similar to the method
of Oman et al.*?, the usual reverse HisTrap step commonly used to remove the His-tag and the
His-tagged protease, was skipped for SunS, as this protein bound to the immobilized nickel even in the
absence of the N-terminal hexahistidine tag (Figure 23A). Therefore, the reaction mixture of the tag
removal was purified by size exclusion only. Fortuitously, this method afforded sufficiently pure SunS
(Figure 23B) in a yield of 30 mg/L culture. That amounts to an approx. tenfold increase, compared to

the initial attempt using the published protocol*.
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Figure 23 A) SDS-PAGE of SunS after sumo-tag removal showing the pre-digest mixture (Pre), supernatant post
digest (S), precipitate (P) as well as fractions of reverse IMAC corresponding to the flow-through (FT), wash (W)
and elution fractions (numbered). A band corresponding to SunS can be found in all fractions.
B) SDS-PAGE analysis of fractions collected from SEC purification of the proteolytic cleavage mixture of Sumo-
SunS. The bands corresponding to the protein of interest are indicated with an arrow.
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3.2.4. AciS

Similar to the other GTs described above, the first approach to express AciS was in form of a construct
with an N-terminal His-tag by cloning the gene in the pET-3CLIC vector. However, despite several
attempts, ligation of the amplified DNA into the vector failed. Thus, AciS was cloned into a pET-YSBL
vector instead. This vector is identical to the pET-3CLIC with the only difference being the absence of
the 3CLIC cleavage-site. Here the ligation using standard methods proved successful. Given the vast
number of rare codons in AciS, this protein was expressed in E. coli BI21 (DE3) Rosetta, and a moderate

amount of AciS could be detected after induction with IPTG.

However, while the protein was present in the lysate, retention on the His-trap column was poor and
the protein precipitated immediately upon elution. The instability could be rectified by reduction of
the pH of the purification buffers from 8.0 to 7.5 and the addition of 5% glycerol. However, this did

not improve the problem of low retention on the affinity column.

| speculated that the issue may be caused by an inaccessible His-tag. Therefore, | re-cloned the AciS
into the pET-YSBL vector making use of the option of a C-terminal His-Tag instead of the N-terminal
one via frameshift mutation. Indeed, after expression of this construct, its ability to bind to the column
was greatly improved. Since the SacS GT was greatly destabilized by the presence of a His-tag, the
inability to remove it for AciS was an issue. AciS-3C-His was therefore created via extension PCR
followed by intramolecular homologous recombination to introduce a 3C cleavage site between the

C-terminus of AciS and the His-tag.

This construct could be expressed equally well and retained its ability to bind to the His-trap column.
Up to a four-fold increase in yield (based on absorbance at 280 nm after HisTrap purification) could
be obtained by swapping the expression media to Autoinduction medium (described in section 3.8).
AciS displayed an increased 260/280 nm absorbance ratio, indicating the presence of nucleotides.
Thus, an additional step for the removal of protease, residual tag and the contaminating nucleotide
was achieved via ion exchange chromatography (Figure 24 A). AciS was present in almost all elution
fractions, though these contained a large amount of impurities. Contrary, the flow-through contained
almost pure AciS under these conditions (Figure 24 B). Therefore, the flow-through was collected,
concentrated and further purified using SEC (Figure 25 A). Fractions, containing AciS were collected
and concentrated to afford AciS in good yield (10 mg per litre of culture) and sufficient purity

(Figure 25 B).
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Figure 24 Chromatogram of AciS during ion exchange chromatography (A). AciS eluted primarily during the flow-
through at CV 10-35. A large peak of impurity can be seen eluting at CV 58. Samples of the mixture prior to

separation (Pre), the flow-through (FT) and fractions were analysed by SDS-PAGE (B). Bands corresponding to
the protein of interest are indicated by an arrow.
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Figure 25 A) Size exclusion chromatogram of AciS. B) Pooled fractions of AciS analysed by SDS-PAGE
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3.2.5. EntS

Similar to the SacS GT discussed above, the EntS gene was cloned from genomic DNA of E. faecalis into
a pET-3CLIC vector. As an approach to obtain pure EntS by heterologous expression has already been
published’?, | first attempted to adapt this protocol. However, in my hands, production levels were
poor, and the protein could only be obtained in low yield. Analysing the DNA sequence of the EntS
gene revealed many rare codons that could hamper the expression. Therefore, | attempted to express
the gene in E. coli BI21(DE3) Rosetta. Indeed, improved EntS production was observed in this strain

and yields of up to 160 mg of pure EntS per litre of culture could be obtained.

The standard purification protocol for EntS consisted of a His-trap affinity chromatography, followed
by tag-removal using 3C protease. Protease, His-tagged EntS and further impurities could be removed
by using a reverse His-trap approach, collecting the flow-through. In a subsequent polishing step using
SEC EntS eluted with a noticeable shoulder (Figure 26 A). SDS-PAGE analysis confirmed that both the
shoulder as well as the main peak contained highly pure EntS. Based on elution time the main peak
corresponds to the dimer, whereas the shoulder is likely to correspond to a higher oligomeric state.
Fractions containing the dimeric EntS were pooled, concentrated and re-applied to the SEC to obtain

dimeric EntS in high purity and yield.
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Figure 26 A) Size exclusion chromatogram of EntS. Absorbance was measured at 280 nm. EntS appears to elute
at min 70-80 in a peak with pronounced shoulder. Fractions from that area were analysed by SDS-Page (B)
revealing a band corresponding to EntS for all fractions.
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In an effort to elucidate the reaction mechanism of EntS, a mutant was generated replacing the
putative catalytic base to an alanine (see chapter 3.11.7). This EntSH214A was purified in a similar
manner as the wild-type enzyme described above. However, this mutant unexpectedly displayed an
increased ratio of absorbance at 260/280 nm, a property usually indicative of nucleotide impurities.
Thus, an additional purification step was introduced before the final gel filtration. Dialyzing EntSH214A
against a low salt buffer, followed by ion-exchange chromatography proved an effective method to
remove said impurity from the enzyme. It is unclear why this mutant appeared to co-elute with

nucleotide-based impurities, compared to its functional wild-type counterpart.
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Figure 27 Chromatogram of EntSH214A during ion-exchange chromatography. The peak corresponding to EntS
is marked with an arrow. A strongly UV-active peak elutes at approx. 25 CV, likely corresponding to a DNA-based
contaminant.
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3.2.6. PItS

Initial attempts to obtain PItS were performed with a construct in pET-3CLIC, introducing an
N-terminal His-tag, in E. coli BL21 (DE3) Gold. However, while the protein was produced, the purity of

the resulting protein was too low to be suitable for subsequent experiments, even after additional

steps using IEX and SEC (Figure 28).

A Fractions Fractions

1 23456 78
—

Figure 28 SDS-PAGE of IEX (A) and SEC (B) fractions of PItS. The protein of interest is indicated with an arrow.

Moving the His-tag to the C-terminus helped to remove the impurities but revealed 3 bands of similar
size after IMAC. Western blotting followed by staining with an a-His antibody revealed the identity of
all three of these bands to be PItS with intact C-terminus (Figure 29). Attempts to remove these

impurities via IEX or SEC were unsuccessful.
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Figure 29 SDS-PAGE of the affinity chromatography (A) of PItS-His and western blot of the pooled fractions (B)
stained with His antibody reveals N-terminal truncations in the purified protein. The size of the full-length PItS-
His is indicated with an arrow.
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An attempt to obtain a homogeneous protein sample was made by estimating the size of the
truncation based on the SDS-PAGE, and pre-emptively remove the unstable section at the DNA level.
To this end PItSA1-44 was created, lacking the first 44 amino acids. However, this construct proved to

be unsuitably unstable and poorly folded in E. coli.

Given the apparent difficulties with the His-PItS purification a different approach was investigated,
using another affinity-tag. The Strep-Tag-Il was chosen, due to its small size, superior affinity and
specificity, especially when compared to a His-Tag. The His-tag was replaced via an extension PCR of
the pET-3CLIC-PItS plasmid, followed by intramolecular Gibson assembly. Expression of this construct
occurred in E. coli BL21 (DE3) Gold, as described for the His-tagged protein. Surprisingly, the eluting
fractions of the StrepTrap affinity chromatography were heavily contaminated with a 70 kDa protein,
most likely DnaK (Figure 30A). As this protein acts as a chaperone in E. coli, it was attempted to reduce
this contamination by expressing Strep-tagged PItS in E. coli BI21(DE3) Arctic Express instead, to help
with protein folding. This expression strain contains two additional chaperones that allow for
expression at greatly reduced temperatures, lowering the chances of the protein misfolding that
would recruit DnaK. Indeed, greatly reduced occurrence of the contamination at 70 kDa could be
observed for PItS expressed in Arctic Express cells (Figure 30 B). However, this protein appeared to be
extremely sensitive to divalent metal ions, usually an essential cofactor for Leloir type transferases,
with up to 90% of it precipitating upon the addition, reducing the overall yield to a mere 100 pg per

litre of culture.
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Figure 30 Strep-PItS expressed in BL21 Gold (A) or Arctic Express (B) after affinity chromatography. FT
corresponds to the flow-through fraction, W to the was fraction and E to the pooled desthiobiotin elution
C) Fractions of the final SEC of PItS expressed as a Sumo-tagged construct.
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As this amount was insufficient for the planned structural studies, as well as the characterization of its
mode of action, an improved method of PItS production and purification was required. As the
SUMO-tag had proven successful in the SunS and AciS proteins mentioned above, PItS, including the
Strep-tag-Il and 3C cleavage site was cloned into a Champion pET-SUMO vector. While expression
levels of this construct were fairly low in TB-medium, usage of the autoinduction medium, similar to

AciS, increased the expression levels greatly.

Surprisingly, the initial affinity chromatography using immobilized nickel or cobalt already resulted in
nearly pure protein, the latter showing a more beneficial elution profile, requiring lower
concentrations of imidazole. Gratifyingly, the resulting GT fraction proved resistant to the addition of
divalent metal ions such as MgCl, or MnCl,, even at concentrations exceeding 5 mM.
The His-, Sumo- and Strep-tag were removed from PItS by incubation with 3C protease followed by
loading the cleavage mixture onto a His-Trap column to remove the cleaved Tag and the 3C protease.
The flow-through, containing PItS was concentrated and loaded onto a size exclusion column,

affording pure PItS in yields of 20 mg/L of culture (Figure 30 C).
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3.3.Chemical synthesis of the peptide aglycones

To determine the enzymatic properties of the GTs, it was necessary to synthesize sufficient amounts
of the acceptor peptide substrate first. Earlier work on SunS and EntS, have shown that the leader-
peptide of glycocins is not necessary for its function or glycosylation** . Therefore, | decided to

synthesize only the core peptide and variants thereof.

A list of all peptides synthesized in this study can be found in Table 3. Analytical data for the pure
peptides can be found in Annex I.

Table 3 Peptides synthesized in this study. Changes from the natural sequence are marked in red.

Peptide Sequence
Enterocin96 MSKRDCNLMKACCAGQAVTYAIHSLLNRLGGDSSDPAGCNDIVRKYCK
Ecm AVTYAIHSLLNRLGGDSSDPAG
EC(Cys)m AVTYAIHSLLNRLGGDCSDPAG
EC(Ala)m AVTYAIHSLLNRLGGDASDPAG
SunAm GKAQCAALWLQCASGGTIGCGGGAV

SunAmAllSer GKAQSAALWLQSASGGTIGSGGGAV
SunAmZ2Ser GKAQSAALWLQSASGGTIGCGGGAV

PItA GMSKAECTYLYNLITTGATSSHGCVPSSNYLDLYRSNCKGKGPKL
PltAallSer GMSKAESTYLYNLITTGATSSHGSVPSSNYLDLYRSNSKGKGPKL
PItA2Ser GMSKAESTYLYNLITTGATSSHGCVPSSNYLDLYRSNSKGKGPKL
Leader-TEV-SacA MDQLFKELKLEELENLYFQGFTAAQCAAFFVQCASGGTIGCGGMWHGRPAACDLYD
QYCK
SacA GFTAAQCAAFFVQCASGGTIGCGGMWHGRPAACDLYDQYCK
SacAallSer GFTAAQSAAFFVQSASGGTIGSGGMWHGRPAASDLYDQYSK
SacA4Ser GFTAAQSAAFFVQSASGGTIGCGGMWHGRPAASDLYDQYSK

The glycocin sequences were first evaluated in silico in order to identify sequence motifs known to be
problematic in solid phase peptide synthesis. Several potential motifs prone side reactions could be
identified. That includes typical reactions, known to occur during synthesis in an Fmoc-based strategy:
Cyclization reactions such as aspartimide or glutarimide formation, racemization of His and Cys,

oxidation or alkylation of Cys, Met and Trp, Asp-Pro cleavage and aggregation.

In order to prevent, or at least supress the occurrence of these side reactions several protective
measures were used during the synthesis: Deprotection of the N-terminal Fmoc was performed using
a piperazine-oxyma or piperazine-HOBt mixture. Given that both Histidine and Cysteine racemization
are exacerbated by the use of high temperatures, His coupling was performed at lowered
temperatures with similar approaches investigated for Cys. Boc-protected His and Ompe protected

Asp were used as required. Similarly, thioanisole was added to the deprotection cocktail as necessary.
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Concentration of the peptides was be performed at RT or lowered temperatures to avoid acid-

catalyzed side reactions.

3.3.1. Synthesis of SacA based peptides.

Initial synthesis and purification of the wild-type SacA peptide using only standard couplings for the
first 20 amino acids and double couplings for all subsequent reactions, were successful in generating
pure peptide, albeit only after challenging chromatographic separation and only in low yield (1.8%).
Furthermore, wild-type SacA showed only low solubility in aqueous media. Hence two approaches
were explored to create a more soluble peptide, while retaining the wild-type sequence.
A minimal peptide of SacA was prepared, based on published data for the highly similar Sublancin
18674, including only the N-terminal helix and the loop until the +3 position from the glycosylation site.
In SunA this is sufficient for recognition and decoration with a hexose. However, contrary to the
Sublancin minimal peptide, the designed SacA minimal peptide displayed insufficient solubility for

chromatographic purification.

The second method explored was to extend the sequence with the natural, N-terminal leader peptide.
This sequence is highly enriched in glutamates and the resulting charge density should therefore
confer greatly increased solubility in agueous media at a basic pH. Given that the glycosylation
happens before the transport through the membrane, the leader peptide should not influence the
reaction with the substrate. Nevertheless, an ability to cleave off the leader peptide would be
desirable. An analysis of the sequence showed that the leader sequence shows similarity to the TEV
protease cleavage site (Figure 31). Thus, the peptide Leader-TEV-SacA was designed, which displays

the TEV recognition sequence in lieu of the natural double-glycine cleavage site.

1 10 20 30 40 50 60
Leader-SacA MDQLFKELKLEELEQYAGNGFTAAQCAAFFVQCASGGTIGCGGMWHGRPAACDLYDQYCK
Leader-TEV-SacA MDQLFKELKLEELENLYFQGFTAAQCAAFFVQCASGGTIGCGGMWHGRPAACDLYDQYCK

Figure 31 Alignment of the wild-type Leader-SacA peptide with the designed degree of conservation is shown in
a gradient from most conserved (white) to not conserved (red).
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As cysteine containing peptides were heavily prone to aggregation and sensitive to oxygen, several

peptides with Cys-to-Ser substitutions were prepared as well.

SacAallSer replaces all cysteines for serines, to afford a highly soluble and stable peptide that would,
due to its inability to form disulphide bonds, retain its extended, linear form.
However this peptide would also lack the cysteine for the S-glycosylation reaction. Therefore, | also
prepared SacA4Ser, which replaces only the Cys involved in disulphides with serines to retain its linear
shape, while the Cys in the interhelix loop would still be available as acceptor in the glycosylation

reaction.

In an attempt to improve the yield of the final product, different deprotection cocktails were explored,
composed of either 94% TFA, 2.5% EDT, 2.5% H,0, 1% TIS or 94% TFA, 2.5% EDT, 2.5% H.0, 1% TIS, 1%
thioanisole. The addition of thioanisole effectively prevented the occurrence of a large amount of side
product (Figure 32). Usage of the thioanisole containing cleavage cocktail effectively doubled the yield

of the prepared SacA peptides.

Another approach to optimization was the use of Fmoc-His(t-Boc) and Fmoc-Asp(Ompe) during the
synthesis to reduce the amount of histidine racemization and aspartimide formation, respectively. Use
of these protecting groups as opposed to the standard Fmoc-His(Trt) and Fmoc-Asp(OtBu) did not

result in a detectable increase in purity of the crude peptide.
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Figure 32 Deprotection of SacA4Ser in the presence (black) or absence of thioanisole in the deprotection cocktail
(A). Residual thioanisole elutes at min 16.4. A zoomed in view of the peptide peak (B) reveals a large side reaction
inhibited by the addition of thioanisole.
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Further optimization experiments for the wild-type sequence revealed that one major side product
was located within the first 10 amino acids, in particular the C-terminal Cys-Lys pair did not react very
well. And attempt to improve the reaction rate by performing a double coupling step at 90°C, led to
several side-product species instead, indicating that the Cys coupling may be temperature sensitive.
While many different temperature-sensitive side reactions of Cys have been reported, as mentioned
in chapter 1.4, these usually affect the very C-terminus of the peptide, with other positions generally
considered to be less at risk. Nevertheless, coupling this Cys39 at 50°C for 10 min instead of 90°C
noticeably improved the purity of the peptide product (Figure 33), further corroborating the

temperature sensitivity of Cys to a Lys-Wang type resin.

_Double coupling
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Figure 33 Chromatogram of the crude SacA30-40 partial peptide with Cys(39) either single (black) or double
coupled (red). Absorbance was measured at 220 nm and intensities were normalized. The use of double
coupling for cysteines resulted in the emergence of three distinct side products.

Other Cys couplings within the SacA sequence also seemed to suffer from incomplete couplings.
Since the resulting Cys-deletion products proved difficult to separate from the main product, | chose
to introduce an acetylation step with acetic anhydride after each Cys coupling. Attempts to couple all
cysteines in a similar manner to Cys39 at 50°C with subsequent capping resulted in the emergence of
an increased amount of secondary product. Analysis of these products with mass spectrometry

revealed masses of 2963 and 2316 amu (Figure 34). These masses correspond to a failure of cysteine
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coupling and subsequent acetylation at Alal5 and Gly23, respectively. The reason for the inefficiency
of the Cys-Ala, and Cys-Gly couplings is currently unknown but may have been caused by aggregation
of the peptide chain. Increasing the temperature of these Cys couplings back to 90°C and performing
a double coupling step greatly increased coupling efficiency without showing the detrimental side

effects observed for the Cys39-Lys40 pair.
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Figure 34 Chromatogram of crude SacA-peptide synthesized via cysteine single couplings at 50°C (A). The side
product peak at min 15 was collected and analysed using mass spectrometry (B). The mass indicates a mixture of
truncated and acetylated peptide with deconvoluted mass of 2316 and 2963 amu, respectively.

All of the synthesized and deprotected SacA-peptides, however, were still heavily prone to
aggregation as a crude peptide, a problem that was only aggravated for the pure species. As
mentioned in 1.4, the addition of fluorinated solvents, such as TFE or hexafluoroisopropanol (HFIP) is
often recommended in such cases. Surprisingly, addition of HFIP to a solution of SacA caused
immediate precipitation of the peptide as a white powder. This implied that these peptides interacted
with fluorinated solvents to form insoluble aggregates or salts. Indeed, removal of residual TFA after
purification increased the solubility of SacA peptides by several orders of magnitude. This effect was
less pronounced for the Leader-TEV-SacA peptide, which remained largely insoluble in water. Taken
together all variants of SacA could be synthesised under optimised conditions with yields ranging from

3.8 to 10.0 % final product.

55



3.3.2. Synthesis of SunA derived peptides

The previously mentioned minimal sequence of Sublancin 1867* was prepared. Using standard
methods, | obtained the desired peptide in low yield (0.9%), primarily due to the propensity of the
crude peptide to form aggregates that proved resistant to treatment with reducing agent or

fluorinated solvents such as HFIP.

Similar to the SacA peptide, two mutants were prepared to increase the solubility and stability of the
peptide towards oxidation: SunAm2Ser and SunAmallSer. The former replacing Cys5 and Cys12 with
serines, the latter replacing all cysteines that way. These peptides were much less prone towards
aggregation as compared to the wild-type and could be prepared in moderate yield (8% and 15%,

respectively).

3.3.3. Synthesis of AciA

The predicted glycocin of G. acidiceleris, was synthesized using a standard coupling strategy, afforded,
after deprotection, a crude peptide mixture that resisted all attempts at solubilisation in organic or

aqueous solvents. Thus, work with this peptide was discontinued.
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3.3.4. Synthesis of Ent96 derived peptides

Since extensive work of Nagar&Rao* has already identified the minimal recognition motif of the EntS
protein, first attempts were to synthesize the published sequence. However, the use of standard
building blocks and methods proved unsuccessful with large amounts of side reactions occurring

(Figure 35 A).

A B
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Figure 35 Chromatogram of crude Ecm peptide prior to optimization efforts during synthesis (A) and after
optimization of the synthesis procedure (B). For clarity a zoomed in view is shown on the bottom panels.

For ease of synthesis, the minimal peptide of Ent96, was extended by a C-terminal Ala-Gly motif, as
C-terminal Pro residues have been shown to be problematic, leading, to increased diketopiperazine
formation and loss of the peptide chain'’3. Additionally-His(Boc) and Fmoc-Asp(Ompe) were used to
reduce the occurrence of the aforementioned side reactions of racemization and cyclization,
respectively. The combination of these measures allowed for the successful synthesis (Figure 35 B)

and pure Ecm could be isolated in good yields (27%). An analogue to Ecm was designed with an S17C
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mutation in the glycosylation site to observe differences between the O- and S-glycosylation of EntS.
Using the same optimized method, synthesis of this mutant was successful, albeit with a much lower
yield (14%). A final mutant of this peptide, EC(Ala)m, harbouring a S17A mutation was designed that
would lack the nucleophile and therefore be an incompetent acceptor for an EntS-catalysed
glycosylation. Synthesis and purification were performed congruent to the other Enterocin 96 minimal

peptides leading to a good yield (29%).

The optimized protocol for Ecm together with the optimizations, developed for SacA was used to
synthesise full-length Enterocin 96. Here, cysteines were coupled at 50°C and followed by acetylation
of free N-termini. Fmoc-His(t-Boc)-OH was used to reduce racemization reactions and Asp32 was
introduced with an Ompe side-chain protecting group. Deprotection was performed similar to SacA in
the presence of thioanisole and the peptide was subsequently concentrated at room temperature.

This way the 48-mer peptide could be prepared in moderate yield (3%) and high purity.

58



3.3.5. Synthesis of PItA and derived peptides

Initial efforts to synthesize the identified PItA were performed by splitting the peptide into three
blocks with test cleavages in between to analyses the synthesis progress. Already during reaction
control of the first block of 20 amino acids, PItA(25-45), a large amount of undesired side-product

could be seen (Figure 36).

PItA(25-45)

Unknown side-product

7 8 9 10 11
Time (min)

Figure 36 Chromatogram of the crude PItA(25-45) partial peptide synthesized in a single block without additional
washing steps.

In an attempt to identify the problematic site within the peptide, the size of contiguously synthesized
blocks was reduced to 10. Surprisingly, even though the coupling methods, amino acids and protecting
groups remained the same between these synthesis attempts, the aforementioned problem was not
present in the peptide synthesized in smaller blocks. As each reaction control is accompanied by a
thorough wash with N,N-dimethylformamide (DMF) and dichloromethane (DCM), | wondered, if the
impurity may stem from side reactions occurring due to incomplete removal of coupling reagent or a
thus far unknown side reaction product during the microwave cycles. Thus, an additional wash step
was introduced following each coupling step. This method proved successful at obtaining good purities

and acceptable yields (3 %) even at contiguous blocks of 25 amino acids.

As with SacA and SunAm, two different Cys-to-Ser mutants of PItA were created: PItA2Ser (C7S, C38S)
and PltAallSer (C7S, C24S, C38S). For PItA2Ser the remaining cysteine was coupled at 50°C and
followed by a capping step to reduce potential side reactions. Contrary to SacA, no cysteine deletion

sequence was detected at that point and PItA2Ser could be isolated in acceptable yields (4.6 %).
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3.3.6. Stability of the synthesized peptides

)

5 10 15 5 10 15
Time (min) Time (min)

Figure 37 Chromatogram of pooled fractions of SacA4Ser (A) and after one month of storage at -80°C (B).
Absorbance was detected at 220 nm.

While the minimal sequences of enterocin, Ecm and EcmCys proved to be fairly stable, all other
synthesized peptides proved to be highly prone to ageing. For the wild-type SacA peptide, storage at
-80°C for one week was sufficient to introduce a variety of additional species that could be separated
via HPLC (Figure 37). However, these additional species proved to be hardly detectable via ESI-MS. A
potential side product may correspond to a cis/trans isomerization reaction of proline, which has been

reported to be in a dynamic equilibrium, even in cyclic disulphide-bridged peptides’4.

For the degradation of SacA4Ser a single side-product mass of -18 amu could be identified after
prolonged storage (Figure 39). This is indicative of aspartimide or glutarimide formation and

constitutes a common side reaction for peptides, as described further in 1.4.

[M+4H]*

[M+4H-18] I

. L LA L |
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Figure 38 Mass spectrum of SacA4Ser after extended storage at -80°C reveals a second peak at
an m/z of 1046.23, corresponding to a +4 charged SacA4Ser species with a -18 amu modification.
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3.4.Determination of cosubstrates

In an attempt to identify the natural sugar donors of the respective GTs, | used isothermal titration

calorimetry (ITC) to determine the K4 values for the nucleotide and the respective nucleotide sugar.

An initial attempt with UDP, because UDP-Glc as the most commonly found sugar donor for Leloir-
type GTs, failed. As mentioned previously, the GTs of involved in the biosynthesis of glycocins were
predicted to belong to the GT-family 2, a Leloir-type glycosyltransferase where the nucleotide binding
is dependent on a metal cofactor (see chapter 1.3). Hence, | speculated that the metal cofactor may
have been lost during purification. Indeed, binding to UDP could be detected in the presence of
1 mM magnesium-ions in the buffer. An increase in affinity of approx. 50-fold could be observed when
the magnesium was substituted for manganese at identical concentrations (Figure 39). Considering

this observation, all further affinity experiments were performed in the presence of 1 mM MnCl,.
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Figure 39 Baseline subtracted data (top) and integrated peak area with fit assuming an independent set of sites
(bottom) of an ITC measurement titrating UDP into SacS. Measurements were performed in the absence divalent
metal salts or in the presence of 1 mM MgCl; or 1 mM MnCl>. No binding could be detected in the absence of
divalent metal ions. Binding parameters are shown in the bottom right corner of the fit.
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| performed the binding experiments for all four commonly used nucleotides and a number of
potential sugar donors for four out of five GGT’s at a standard temperature of 25°C (Table 4). The
binding of UDP-GIcNAc to EntS had to be performed at 37°C, as the enthalpy change AH at 25°C was
insufficient for reliable curve fitting. For PItS no values could be obtained, due to the instability of the
protein in the ITC experimental setup. In all cases, glucose seems to be the preferred sugar to be
transferred. Interestingly, SacS has an unusual high affinity for ADP-Glc, outperforming UDP-Glc by
nearly an order of magnitude. This is surprising, given that ADP on its own binds with lower affinity
than UDP. Thus, | also tried ADP-Ribose as substrate. Here a much higher K4 value was determined,
pointing to a strong influence of the carbohydrate moiety on the donor affinity in the case of SacS.
Due to the prohibitive costs, ADP-heptoses could unfortunately not be investigated. Overall, it was
observed that most GGT’s are quite specific for their donor substrates, with only one or two donors
to be accepted with nanomolar affinities (Table 4). SacS proved to be the most promiscuous GGT,
being able to bind all nucleotides and most sugar-nucleotides with reasonable affinities. In contrast
AciS showed surprisingly high selectivity with regards to the sugar moiety, given its sequence similarity
to both SunS and SacS. EntS, as member of a different glycocin-family showed different affinities, with

a much higher selectivity with regards to both nucleotide as well as carbohydrate moiety.

Table 4 Affinities of GTs towards several nucleotide and nucleotide sugars in the presence of 1 mM MnClz

Ligand  Ka [nM] SacS Kd [nM] SunS Ka [nM] AciS Ka [nM] EntS
UDP 110+ 30 240 £ 100 420 +50 2500 + 1100
ADP 260 £ 60 1600 + 400 1500 + 220 87700 + 16400
GDP 1100 + 200 6200 £ 1700 8850 £ 970 77400 + 8000
CDP 1300 + 300 5300 £ 300 4900 * 1800 182000 * 60000

UDP-GIc 240 £40 200 £ 15 140 + 80 380 £ 60

UDP-GIcNAc 2500 % 950 2000 £ 230 26300 + 4500 4700 £ 130*

UDP-Gal 2200 £ 400 1800 + 150 16200 * 740 8700 £ 1300

UDP-Xyl 6400 £ 1500 14000 * 2500 24600 + 500 12400 * 3300

GDP-Man 1200 £ 350 1600 + 980 11400 * 450 23000 + 12000

ADP-Rib 1300 + 760 44000 £ 5600 26200 + 2700 51000 + 33800

ADP-GIc 35+25 720 £ 230 1300 + 230 8500 + 4800

* Experiment performed at 37°C
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3.5. Glycosylation of synthetic peptide substrates

After successful production of both the GT (chapter 3.2) as well as their proposed glycocin acceptor

peptides (chapter 3.3), the glycosylation pattern facilitated by the GTs could be investigated.

3.5.1.Glycosylation of SacA

Figure 40 Schematic representation of the SacA peptide. Cysteines forming the predicted disulphides are shown
in yellow.

To confirm that SacS is able to glycosylate its predicted glycocin, SacA, the wild-type peptide was
dissolved in aqueous buffer and incubated together with SacS, MnCl, and UDP-Glc as the most likely
glycosyl-donor, given its excellent affinity to the GT (chapter 3.4) and availability in most organisms®,
As the predicted glycosylation site required the presence of a free sulfhydryl group, this reaction was
carried out under reducing conditions (10 mM TCEP). A pH of 8.0 was chosen, as SacS had shown
increased stability under these conditions (chapter 3.2.2). Unfortunately, the wild-type SacA peptide
proved highly unstable at this pH, precipitating within 15 min. In order for efficient glycosylation, it
was necessary to outspeed the aggregation of the peptide. Therefore, the reaction was performed at
a comparatively large concentration of SacS (5 uM, 0.05 eq.), to that of SacA (100 uM). Nevertheless,
precipitation of the peptide occurred during the time course of the reaction. While some of this
precipitate could be re-dissolved upon acidification to pH 3, the vast majority of it remained insoluble.
Investigation of the acidified supernatant of this reaction with RP-HPLC revealed a shift in retention

time from 13.09 min to 12.63 min for the peptide (Figure 41). Mass spectrometry revealed the
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expected mass of the glycosylated peptide, lacking any disulphide bridges, likely caused by the high

concentration of reducing agent.
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Figure 41 Chromatogram of the SacA glycosylation reaction with SacS (A). The peak at 12.63 min was collected
and analysed via MS (B), showing a mass/charge distribution series indicative of [SacA+162+XHJ*X*.

Interestingly two further peaks were obtained during the analytical HPLC of the reaction mixture,
eluting at min 4.63 min and 15.75 min, respectively. Collection of these peaks and analysis via mass
spectrometry did not result in any discernible signal, despite the pronounced UV-activity.
Given that these peaks are dependent on the presence of the peptide (Data not shown), it is presumed
that these peaks correspond to aggregated forms of SacA which, owing to their size, may be difficult

to ionize.

With proof in hand that SacS is indeed active towards the SacA peptide, | proceeded to find the optimal
reaction conditions for subsequent experiments. While the presence of salt negatively impacted the
solubility of the peptide and especially the emergent, glycosylated species (Data not shown), the
choice of pH was, at first, difficult to estimate, given that the SacS enzyme remained stable and in
solution in a pH range of 2-12. Thus, a similar reaction as described above was performed in different
buffer systems ranging from pH 5.0 to 9.0. To avoid the inherent instability of the SacA-peptide
described above, | made use of the SacAallSer peptide that showed greatly improved solubility,
especially at basic pH. A change in retention time compared to a control barring any GT was considered
indicative of glycosylation. To estimate the efficiency, the glycosylation was quenched after 1h.
No glycosylation could be observed at acidic pH, with the concentration of glycosylated species

increasing with higher pH (Figure 42). The reaction at pH 9, however, displayed a third peak, indicative
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of an unknown side reaction. Given that many different base catalyzed reactions can occur for this
peptide, this behaviour is not entirely surprising. Thus pH 8.0 was considered to be the optimal pH for

SacS activity measurements.
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Figure 42 Reaction of SacAallSer with UDP-GIc within 1h at different pH. Absorbance was measured at 220 nm
and intensities were normalized. The product peak is labelled with an arrow. A peak corresponding to an unknown
side product arises at pH>8.0.

Given that SacS displayed extraordinary affinities to most sugar nucleotides, compared to the other
investigated GTs (see 3.4), | wondered if this promiscuity would translate to glycosylation activity.
Similar to the determination of optimal pH, several reactions of SacS and SacA were set up with
different sugar-nucleotides as donor, the reaction mixture lacking any sugar-nucleotide was used as a
control. After 1h, shifts in retention time were observed for ADP-Glc, UDP-Glc and UDP-GIcNAc,
indicating that these are the preferred sugar-donors of the SacS enzyme (Figure 43A). Unfortunately,
a peak with similar retention time to the glycosylated peptide can be observed for all peptides
irrespective of the sugar donor or presence of GT. This peak is likely caused by peptide aging during
storage (see chapter 3.3.6) and made the evaluation of less efficient sugar donors problematic.
Therefore, the glycosylation efficiency of SacS using UDP-Gal, UDP-Xyl, ADP-Rib and GDP-Man was
evaluated after 24 hours reaction time. This resulted in glycosylation with UDP-Gal and UDP-Xyl, but
not GDP-Man or ADP-Rib (Figure 43 B).
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Figure 43 Glycosylation of SacAallSer with different nucleotides within 1h (A) and 24 h (B). While only UDP-Glc
(orange) and UDP-GIcNAc (light green) show a shift in retention time within 1h, this shift can also be detected for
UDP-Xyl (light blue) and UDP-Gal (dark blue) after 24 h.
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Surprisingly, when the glycosylation was performed using SacS348 mutants in lieu of the full-length
protein, residual glycosylation could be observed (Figure 44). The peak corresponding to the aglycone
is larger than that of the glycosylated peptide indicating a much slower speed of the reaction,
compared to the wild-type enzyme, most likely due to the lowered affinity towards the acceptor

peptide.
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Figure 44 Chromatogram of the glycosylation of SacA4Ser with UDP-Glc after 24 hours using either SacS348 (red),
SacS348noSt (green) or wild-type SacS (blue) as catalyst. A corresponding mixture lacking any enzyme (black)
was used as control.
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3.5.2. Glycosylation of SunA minimal peptide

Figure 45 Schematic representation of the Sublancin peptide. Cysteines forming disulphides are shown in yellow.
The reported minimal peptide is shown in red.

The properties of the SunS GT have been already investigated*> 7*. Using the reported procedure,
S-glycosylated SunAm peptide could be obtained. In a similar manner, the SunAm2Ser peptide could
be glycosylated as well (Figure 46), indicating that the cysteines involved in disulphide formation are
not critical for peptide recognition. Consistent with previous reports*?, SunS failed to glycosylate the
SunAmallSer peptide. No change in either mass nor retention time could be observed, even at high

amounts of sugar-donor and transferase.

1205.61617

804.17085

Il. Lb, L
1000
m/z

Figure 46 Mass spectrum of SunAm2Ser-Glc, deconvoluted mass: 2409.218, calculated mass: 2409.517.
Additional peaks correspond to +Na peaks.
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3.5.3.Glycosylation of Enterocin 96 and its minimal recognition sequence

Figure 47 Schematic representation of Enterocin 96. Cysteines predicted to be involved in disulphide formation
are shown in yellow. The Ecm minimal peptide sequence is shown in red.

The glycosylation of Enterocin 96 and peptides derived from it, has already been reported
elsewhere'’?. Given earlier observations about the metal-depended affinity, manganese was
substituted for the magnesium compared to the published procedure. Using this protocol, the minimal
peptide Ecm could effectively be glycosylated. Surprisingly, when the glycosylation reaction of Ecm
was stopped early by the addition of HCI, it could be observed that the monoglycosylated Ecm peptide
was present in much lower concentration than both the diglycosylated and the unglycosylated peptide
(Figure 48). This may indicate that the second glycosylation step is much more efficient than the first.
This is in stark contrast to the data reported for full-length Enterocin 96, where the monoglycosylation
noticeably preceded the extension of the carbohydrate. A possible explanation for this discrepancy
may be a lowered binding affinity of the used minimal peptide towards the enzyme, which may
noticeably improve with the addition of the glucose moiety. Unfortunately, the affinities of the Ecm
peptide were too low, and the heat of dilution too high too high to reliably determine the affinities

using ITC.
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Figure 48 Glycosylation of the Ecm minimal recognition sequence after 1 hour. Zoomed in on the area of Ecm
elution. Glycovariants of Ecm elute at 9.9 min (diglycosylated), 10.02 min (monoglycosylated) and 10.21 min
(nonglycosylated).

Consistent with the results published by Nagar&Rao*, EntS was also capable to glycosylate the S33C
mutant of Ecm, though the reaction had to be performed in the presence of 1 mM TCEP to prevent
peptide aggregation. This reaction occurred noticeably slower, with no glycosylated product
observable within 1 hour. Extending the time to 24 hours allowed for the efficient production of

EC(Cys)m-GlcGlc, however.

Similar to the Cys-mutant of Ecm, the glycosylation of the full-length peptide Ent 96-aglycone was
performed under reducing conditions to avoid aberrant formation of disulphides and the mature,

diglycosylated Ent 96 glycocin could be isolated by HPLC in a similar manner.
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3.5.4. Glycosylation of PItA

Figure 49 Schematic representation of the PItA peptide. Cysteines predicted to form disulphides are shown in
yellow.

Given that PItS proved to be unstable under the conditions of ITC, no previous data were available to
predict the natural co-substrate of the enzyme. Thus, a screen of several sugar nucleotides was

performed, equivalent to the one described above for the SacA peptide.

Interestingly, PItS proved much more selective in its choice of sugar nucleotide, showing no reaction
with any sugar donors except for UDP-Glc, ADP-Glc and UDP-GIcNAc within 16 hours (Figure 50). Both
the Glc and GIcNAc decorated glycoforms of PItA could be produced in vitro in this manner for all of
its mutants. Given that the in vivo produced PItA (described in detail later, see 3.8) was exclusively

decorated with a HexNAc, the natural sugar donor is most likely UDP-GIcNAc.
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Figure 50 Chromatograms of PItA incubated with PItS and different sugar-nucleotides. Zoomed in between min
9.5-11 for better visibility of shifts in retention time. Only ADP-Glc (red), UDP-GIc (light green) and UDP-GIcNAc
(dark green) showed noticeable shifts in retention time indicative of glycosylation. Incubation with PItS lacking
any sugar donor was used as control (black).
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3.6. Acceptor peptide specificity

For GGTs there have been reports of extraordinary promiscuity towards the acceptor peptide
sequence. For example, ThuS is reported to accept the sublancin peptide as well as peptides
containing sequences originating from y-synuclein or cyclic AMP-response binding protein, with little
similarity to the natural substrate beyond an N-terminal helix®.
Thus, | have investigated the ability of the GTs described in this work to glycosylate each other’s
peptides (Table 5). The acceptor peptide was incubated with 0.1 eq of GT and 20 eq. of the preferred
sugar donor. After incubation for 24 h the reaction was quenched with hydrochloric acid and the
mixture analysed with RP-HPLC. Given the inherent instability of several of the wild-type peptides,

their much more stable mutants SacA4Ser, PItA2Ser and SunAmallSer were used in these experiments.

Table 5 Glycosylation of peptides by different GTs. V/indicates glycosylation, (V) indicates weak glycosylation, X
indicates no observable reaction. ND is not determined.

SacS SunS AciS EntS PItS
SacA4Ser v v V) X X
PItA2Ser X X X X v
Ent96 X X X v v
SunAmallSer X X X X v
SunAm?2Ser ) v X X ND
SunAm X v X ND ND

Given the unique sequence of PItA, it is unsurprising that none of the other GTs were able glycosylate
this peptide, whereas all SunS-like GTs were able to decorate SacA4Ser, albeit only to a minor extent
in the case of AciS. Similarly, in agreement with published data, no SunS-like glycosyltransferase was
capable of glycosylating Ent96. However, surprisingly, PItS was capable of catalysing a reaction for
both Ent96, as well as SunAmallSer. Interestingly, despite the pronounced sequence similarity
between SunA and SacA within the minimal recognition sequence of the former, SacS was unable to
glycosylate SunAmallSer. That is, despite evidence that SacA is, in fact capable of O-glycosylation in
case of SacAallSer (Figure 43). Changing the nucleophilic species back to a sulphur atom in SunAm2Ser
allowed both SunS and SacS to glycosylate this peptide (Figure 52 A). EntS and AciS were still unable

to glycosylate this SunA-derived peptide.

73



A SacAd4Ser B Ent 96

10.5 11.0 115 12.0 1.5 12.0 125 13.0 13.5
Time (min) Time (min)
C SunAmallSer D PItA2Ser

T T f f T
9.0 95 10.0 10.5 1.0 10.0 10.5 11.0 1.5

Time (min) Time (min)

Figure 51 Chromatograms of the peptides SacA4Ser (A), Ent 96 (B), SunAmallSer (C) and PItA2Ser (D) with
different GTs. 1 mM UDP-Glc or UDP-GIcNAc in the case of PItS was used as sugar-donor. The reaction mixture
lacking any GT was used as control.

To investigate this phenomenon further, the SunAm wild-type peptide was incubated with all
SunS-like GTs investigated in this study. While, as described earlier, SunS was capable of glycosylating
this peptide, AciS and SacS did not cause a shift indicative of a hexose addition (Figure 52B).
Surprisingly, SacS caused a different modification with an increase in hydrophobicity. It is so far unclear

what this apparent shift represents.
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Figure 52 Chromatogram of the SunAm peptide incubated with UDP-Glc and either SunS, SacS or AciS.
Glycosylation could only be observed for SunS. A different, enzyme-dependent reaction occurred with Sacs.
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3.7.Reaction kinetics for SacS

Initial attempts to determine the reaction kinetics of SacS were performed using endpoint analysis,
detecting the amount of released UDP indirectly using a Malachite green phosphate assay (6.15.2).
However, the detection limit of that assay was too high to obtain initial rates, when peptide in the low

micromolar concentration range was used.

Thus, an LC-UV assay to determine the ratio of glycosylated peptide to peptide aglycone was
developed. However, the detection of peaks at low conversion rates from aliquots of the reaction
mixture, necessary to determine accurate initial rate constants, proved to be unreliable for an
accurate determination of the enzymatic parameters.
To circumvent this, the reactions was quenched, concentrated in vacuo, and redissolved in dilute
hydrochloric acid. The use of the full reaction mixture allowed the detection of the desired substrate
at a good signal to noise ratio. Unfortunately, the wild type SacA tended to precipitate at basic pH.
Thus, the much more soluble 4Ser-mutant was chosen for the assay. Still, | could observe a large drop
in reproducibility of the reaction speed at peptide concentrations equal or greater than 100 uM,
followed by a further drop in speed at even higher concentrations (Figure 53 A). This is most likely
caused by aggregation or even precipitation at concentrations above 100 uM. Thus, for the
determination of the kinetic constants only the concentration-range from 12.5 to 100 uM was
included (Figure 53 B). For the 4Ser variant a K, value of 27.5 uM and a ket of 6.04 s was obtained
after non-linear fitting in Origin. When | attempted to investigate the reaction kinetics of SacS for O-
glycosylation, using the SacAallSer peptide under the same conditions as for the S-glycosylation
mentioned above, | failed to observe any glycosylation. Adjusting the enzyme concentration allowed
the determination of the kinetic constants in a in a similar manner to the S-glycosylation described
above, | obtained a Ky, value of 130 pM and a ket of 0.03 s, Due to the higher solubility of the AllSer
mutant compared to the peptide harbouring a cysteine, data at higher concentration ranges could be
obtained. Nevertheless, even at the highest concentrations the characteristic plateau could not be
obtained (Figure 53 C). Unfortunately, even this peptide substrate was insufficiently soluble to obtain

values for higher concentrations under these conditions.
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Figure 53 Reaction rate of SacS for a given concentration of the SacA4Ser peptide (A) and the corresponding non-
linear fit (B). Non-linear fit for O-glycosylation of the SacAallSer peptide (C). Error bars represent the standard

deviation.
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3.8. An in vivo production method for glycocins

The chemoenzymatic peptide synthesis for full length glycocin usually resulted only in small amounts
of peptide, due to the aforementioned challenges in the peptide synthesis and purification process
(chapter 3.3). | envisioned, that a broadly applicable, fully biological way to produce said mature
glycocins may be of considerable use to analyse their biological function and the in vivo occurring
glycosylation specificity. Indeed a similar approach has been reported already for GecF**, Sublancin®?,

and Enterocin 967 though these either require the use of non-standard expression systems, or suffer

from low vyields or purification conditions that are not applicable to other glycocins, respectively

The main problem of the synthetic peptides was their tendency to aggregate and form insoluble
precipitates. Multiple solubility enhancing tags are known and used in recombinant protein
production. | chose the MBP-tag, as it is a known, strong facilitator of solubility!’® that would allow
for easy, orthogonal purification as well. A similar approach has already been reported for Ent 96,
which could be recombinantly produced as a chitin-binding-domain (CBD) -tagged protein”. Contrary
to the approach to generate Ent 96 which used an intein-based strategy for tag-removal, which could
disrupt the disulphide folding of the glycocins, | envisioned a protease cleavage site remove the tag.
The TEV protease was chosen, due to the similarity of the cleavage sequence ENLYFQ|G to the natural
leader sequence of most glycocins with its double-glycine motif. It has been shown that the GGT is the
only essential enzyme to generate functional glycocins. Therefore, a Duet-vector with two open
reading frames was chosen, modified with the MBP-Tag in orfl for the glycocin and the second orf

reserved for the GGT (Figure 54).

T7 Terminator Ori

Glycosyltransferase )
ycosy Streptomycin

resistence

T7 Promotor

MBP-Glycocin
Lacl

T7 Promotor

Figure 54 Schematic representation of the pGlycocin expression vector.
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Initially expression was attempted in TB medium, similar to the expression of the Gtases alone
(chapter 3.2). While the SacA and PItA expression could be detected under those conditions, attempts
with AciA and SunA resulted in low yields after MBP-trap affinity purification, as well as a protein that
was approximately 4 kDa too small, a size that corresponds to the mass of the glycocin. Additionally,
the purified product proved resistant to treatment with TEV-protease, leaving the conclusion that
either translation terminated before the glycocin was expressed, or the peptide was cleaved off from

its MBP-tag prematurely in cellulo.

Since glycocins are usually expressed during the late-log to stationary phase of growth in their native
hosts®, it was speculated if expression during a similar phase within E. coli may be beneficial to the
production of these peptides. Thus, | adapted an autoinduction medium from Studier 20147,
Indeed, expression levels showed a marked increase, while an additional band could be detected after

MBP-trap, with a size corresponding well to the desired MBP- glycocin-construct (Figure 55).
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Figure 55 The eluting fraction of the MBPtrap contains both MBP-Glycocin as well as MBP alone. Exemplified
using SDS-Page of the MBP-AciA construct.
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Direct capture of the thus released glycosylated glycocin proved difficult, however, as no peptide of
the corresponding size eluted from a size exclusion column and the glycocin could also not be detected

in the flow-through of an MBP-trap column designed to retain the cleaved tag.

A B
i — Absorbance
oligomer et
600 -
kDa
W tetramer
— L 10
116 d- 4 v
——
6 - 5400 s §
< monomer R
E £
= v -
45 .-' 8 >
c d. "6 ;
® imer 2
35 .. £ 2004 v S
: . B
< ES)
0..
L2
- T » T
0 50 100 150

Time (min)

Figure 56 Size exclusion chromatogram of MBP-SacA. The fusion protein elutes in two bimodal peaks, owing to
the resolving power of the column. The first peak constitutes of a mixture of polymer and tetramer, the second of
mono- and dimer.

Given, that SacA expressed in the absence of its cognate GT tended to form soluble oligomers (Figure
56 A), | speculated that oligomerisation may be responsible for the marked absence of eluting SacA-
Glc in the previous purification attempts. Indeed, when injecting the MBP-SacA onto a size exclusion
column, several peaks, corresponding roughly to the mono-, di-, tetra-, and higher oligomers could be

detected (Figure 56 B).

Concentrating the monomeric fraction, followed by treatment with TEV protease allowed for the
separation of the glycocin from the tag and the protease via SEC (Figure 57), whereas treating the

multimeric fractions in a similar manner did not.
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Figure 57 Representative chromatogram of glycocin isolation after TEV digest. Absorbance was measured at
220 nm.

Hypothesizing that the oligomeric state may be caused primarily by incorrect disulphide connectivity,
due to the lack of the oxidoreductases usually found in glycocin synthesis operons, the multimeric
fractions were exposed to a denaturing, highly reducing buffer in an attempt to perform an oxidative
refolding. Indeed, after dialyzing the denatured MBP-SacA-Glc back against a volatile buffer allowed
for the isolation of further monomeric MBP-SacA-Glc. This protein could likewise be digested by
treatment with TEV protease to obtain additional mature glycocin. Using this methodology, it was
possible to obtain SunA, as well as PItA. In contrast, the eluted fraction of MBP-AciA was severely
contaminated with the MBP-protein alone, without the desired glycocin, making it challenging to be
further purified. | noticed that AciA, akin to most Sublancin-like glycocins, contains an amino acid
stretch highly enriched in aromatic amino acids, which should increase the hydrophobicity of the
construct considerably and thereby allow for purification using hydrophobic interaction
chromatography (HIC). Indeed, using this method it was possible to separate the MBP-AciA from the
MBP lacking the glycocin and a pure solution of the MBP-TEV-AciA fusion construct could be produced
(Figure 58).
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Figure 58 IEX could be used to separate the MBP from the MBP-AciA construct (A). Indicated fractions and the
mixture prior to IEX separation (Pre) were analysed by SDS-PAGE (B).

However, while this protein could be cleaved by the TEV protease, no AciA appeared to elute from the
SEC column. Wondering if this phenomenon may be explained due to the “stickiness” of AciA,
interacting with to the column material, organic solvent was added to the elution buffer. Indeed,

addition of 30% MeCN caused elution of AciA from the column.

Analysis of the eluting fractions from the SEC by RP-HPLC revealed several undesired side products for
all of the purified glycocins, albeit at varying degrees (Figure 59). For SunA the major contaminant

could be identified to be the GlcNAcylated glycovariant of the Glycocin.
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Figure 59 RP-HPLC chromatograms of glycocins eluting from the size exclusion. Absorbance was measured at
220 nm.

Thus, to ensure highly pure glycocins a preparative HPLC using a Water-MeCN gradient, containing
0.1% formic acid was chosen for the subsequent, final purification, akin to the purification of the
glycosylated peptides that were produced in vitro (chapter 3.5). Mass spectrometry was used to verify
the purified glycocin (Figure 60). In the case of Sublancin the reported mass corresponding to the
glycosylated peptide containing two disulphides®? could be detected. In the case of AciA and SacA the
mass difference to the theoretical mass was +158 amu corresponding to a single hexose and the
formation of two disulphide bonds. For PItA, a difference of +201, indicating a HexNAc modification

as well as a single disulphide. The final amount of the isolated, pure glycocins are listed in Table 6.
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Table 6 Yields obtained for each glycocin.

Glycocin Average yield per litre of culture Glycosylation

SunA 3mg S-Glc

SacA 5mg S-Glc

PItA 0.6 mg S-GlcNAc

AciA 0.08 mg S-Glc
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Figure 60 Mass spectrum of SacA (A), SunA (B), PItA (C) and AciA (D) obtained after HPLC purification.
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3.9. Antimicrobial activity

To investigate the potential antimicrobial activity of the chemoenzymatically synthesized glycocin-

peptides, | first performed an agar-well diffusion assay.

First attempts were performed using the full-length Enterocin 96 peptide against Listeria

monocytogenes, known to be susceptible for this peptide®, as a proof of concept.

Given that all other glycocins so far could be inhibited by addition of the hexose, with which they are
decorated, an additional well was filled with a mixture containing 25 uM Enterocin 96 and
500 mM glucose. Surprisingly, the activity of Enterocin 96 was not inhibited in the presence of glucose
(Figure 61). Taken together with the ability of this peptide to inhibit in its reduced form, contrary to
all other glycocins described thus far, indicated that the mechanism of action of Enterocin 96 is

substantially different from other glycocins.

Enterocin 96 aglycone

Enterocin 96 Enterocin 96 + Glucose

Figure 61 Agar well diffusion assay of Enterocin 96 in a plate of L. monocytogenes. Zones of inhibition can be

seen surrounding wells of glycosylated enterocin 96, regardless of glucose addition.
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A similar Agar-well diffusion assay was performed for the SacA and PItA peptides with the following

bacteria:

- Bacillus subtilis

- Bacillus amyloliquefaciens

- Alkalihalobacillus plakortidis

- Streptomyces Platensis

- Laceyella putidus

- Listeria monocytogenes

- Staphylococcus aureus subsp. Rosenbach
- Streptococcus suis

- Acinetobacter baumanii

- Pseudomonas aeruginosa

- Salmonella enterica serovar Typhimurium

PItA showed no discernible activity against any of these strains in this assay, whereas SacA did produce
azone of inhibition for L. putidus. This result, however, could not be replicated, possibly due to peptide
aging or variations in the media, as L. putidus grew substantially different depending on the supplier,
the media components were sourced from. This result could also not be replicated using a broth-
dilution assay. The amount of added peptide had no discernible impact on the growth of L. putidus.
Two explanations for the apparent inactivity of SacA, given its high sequence similarity to the

reportedly highly active SunA, seem plausible.

Firstly, looking at the gene cluster responsible for SacA production, there are no discernible candidates
for an immunity protein that usually is present in such clusters. While a multidrug exporter is located
directly downstream of the SacA production cluster, this protein is highly conserved between all
domains of life. Without the presence of a protection mechanism against the own peptide, evolution

would eventually lead to a modification of said peptide to become inactive.

A different explanation may be the high sugar content found in the medium used for
Thermoactinomycetales. Given that glycocin activity is inhibited by the hexoses, they are decorated
with, growing the target strains in media with moderate to high carbohydrate concentrations such as

GYM or Oat flake agar, may explain the lack of activity.
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3.10. Crystallization of glycosyltransferases

In order to explain the various differences in activities of the GGTs and characterise their reaction

mechanism | crystallised the recombinant GGTs.

Remarkably, while the unstable, His-tagged variant of SacS readily crystalized in a multitude of

different conditions (Figure 62).

Figure 62 Crystals of His-SacS grown in 600 mM NaOAc, 100 mM HEPES pH 7.5 (A), 270 mM sodium formiate,
100 mM Tris pH 8.5 (B), 20% PEG 3350, 20% Glycerol (C).

Unfortunately, crystals obtained from His-SacS did not diffract X-rays to a noticeable amount, even
after extensive attempts to optimize the crystals, for example by using different crystallization
temperatures, different nucleotides, nucleotide sugars or SacA variants, different protein
concentrations, crystal dehydration or change of the crystallization method to microbatch-under-oil.
While changing the protein concentration to below 5 mg/ml and lowering the temperature from
293 to 278 K resulted in diffraction, the resolution limit of these crystals was at approx. 15 A, making
them unsuitable for structure determination. Given the destabilization of the protein by the His-tag in
the absence of imidazole, His-SacS was desalted into an imidazole-based buffer prior to crystallization
under similar conditions. This attempt afforded crystals that diffracted to 7-8 A resolution. While
noticeably better than previous attempts, the obtained resolution is still insufficient for structure
determination.

As the His-tag was clearly involved in an interaction detrimental to crystal quality, further attempts
were made to crystallize the SacS without the N-terminal His-tag. The much more stable SacSAHis did
not crystallize in the initial screens. Seeding with crystals obtained from His-SacS also did not yield in

any crystals.
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At 313 K it was possible to obtain crystals of SacSAHis in the presence of UDP and SunA4Ser-Glc.

However, these crystals proved hardly reproducible and also did not diffract beyond 6 A.

With the advances in protein structure prediction with alphafold2®, and the published structure of
SunS*®, it was possible to predict the domains of SacS. Furthermore, it was shown the crystals of the
catalytic domain of SunS diffracts to noticeable higher resolution than the full-length protein. Thus,
SacS348, lacking the C-terminal dimerization domain was designed. While the Sac$348 mutant did not
afford any crystals during initial screens, the Sac$348noSt mutant with an elongated C-terminus
readily afforded reproducible, diffraction-quality crystals under a condition containing 140 mM TMAO,
60 mM Li,SO4, Tris pH 7.5, 14% PEG monomethyl ether (MME) 5000 and 7.5% PEG 3350 (Figure 63 A).

Figure 63 SacS348noSt crystalized in the presence of 1 mM ADP-Glc in 140 mM TMAO, 60 mM Li2S0s, Tris pH 7.5,
14% PEG-MME 5000 and 7.5% PEG 3350 (A), SacS348 crystalized in the presence of 1 mM ADP-Glc in 100 mM
Bis-Tris pH 6.5 2 M ammonium sulphate (B), SacS348 streak seeded (C) under the same conditions.

While it was possible to solve the structure using a dataset with a maximum resolution of 3.5 A
(performed by Christian Roth, MPIKG), a higher quality dataset was required to gain insight into
substrate binding and build a better model. Therefore, crystals of SacS348noSt were crushed and used
for crystal seeding in a microseed-matrix screen. While seeding with these crystals gave 105 hits for
crystallization in new conditions for SacS348noSt, few of these proved reproducible and none
improved the diffraction quality. Seeding also resulted in growth of crystals of SacS$348 in 4 different
conditions, which were reproducible. Crystals of Sac5348 obtained this way in a solution of Bis-Tris
and ammonium sulphate, in the presence of ADP had the tendency to fuse into each other to form
helical crystal bundles (Figure 63 B). Using streak seeding instead of transfer of seed crystals in a
suspension of mother liquor, it was possible to obtain single crystals, though the tendency of growing
into each other remained (Figure 63 C). With these crystals, one dataset up to a resolution of 2.1 A
could be obtained. Unfortunately, due to the presence of a second crystal lattice, data beyond 2.45 A

had to be excluded.
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As the ability to bind to the natural acceptor peptide is largely predicated on the correct formation of
the dimer for ThuS'®® and EntS (see 3.11.5), the lack of the dimerization domain of SacS348 did
constitute a problem. While the residual glycosylation activity indicates the general possibility of
peptide binding, limitations of the acceptor peptide solubility were likely to render a stable ternary
complex of the GT impossible at the thusly reduced affinity. Encouraged by the observation that SacS
can glycosylate SacA, even with large, N-terminal tags, and the position of the solved EntS-Ecm crystal
structure (see chapter 3.11.5), a C-to-N fusion of SacS with SacA4Ser was designed with a simple GSSG-
linker in between the protein and its cognate peptide (see chapter 3.2.2). Similar to the SacS
experiment previously, this protein crystallized in a multitude of conditions while His-tagged, whereas
crystallization without His-tag did not occur under standard crystallization conditions, even when
seeded with crystals obtained from SacS348. Given that the SacSA-fusion protein appeared to elute
from SEC as a monomer and that a sequential binding mode has been reported for many Leloir-type
GTs (chapter 1.3), | hypothesized that the C-terminal acceptor peptide may be unable to enter the
catalytic site and interfere with the dimerization instead. Indeed, incubating the SacSA-fusion protein
at 50°C for 30 min in the presence of ADP or UDP resulted in a protein solution that readily underwent
crystallization in conditions (Figure 64). Whether these crystals are of diffraction quality remains to be

determined.

A

Figure 64 SacSA-crystals grown in 100 mM Bis-Tris pH 6.5, 200 mM NaCl, 25% PEG 3350 (A)
or 100 mM HEPES pH 7.5, 22% sodium polyacrylate 5.1K (B) after incubation at 50°C
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Initial attempts to crystalize EntS in the presence of UDP and MnCl, were successful in generating
crystals in various conditions containing poly(ethylene glycol) (PEG) and salts of organic acids (Figure

65).

Figure 65 EntS crystals grown in the presence of 1 mM UDP and 1 mM MnClz in 20 % PEG 3350 supplemented
with either 200 mM sodium potassium tartrate (A), 200 mM sodium malate (B) or 200 mM sodium acetate (C).

However, these crystals were usually accompanied by large amounts of non-crystalline precipitate,
were difficult to reproduce reliably and similar to SacS, did not diffract x-rays to a noticeable extent.
Methods to improve the crystals, such as changing pH, temperature or protein concentration failed to
improve the crystal quality. However, it was possible to use these crystals as seedstock for matrix
seeding. This led to a number of new conditions, usually still involving PEG and carbonic acid salts.
Nevertheless, despite extensive attempts to improve the crystal quality, these crystals failed to diffract
to an observable extent as well. Addition of the glycosylated acceptor peptide to the crystallization
mixture, noticeably improved the crystal quality, diffracting up to a resolution of 15 A. Suspecting the
main cause for this low diffraction to be insufficient stability of the crystals, cross-linked protein
crystals (CLPC) were generated from these according to the protocol of Yan et al (2015)*78. While this
procedure did not immediately show any improvement in crystal quality, these cross-linked crystals
proved to be excellent seed crystals for another round of matrix seeding. In this round another 49
different conditions have been identified. Most notably crystals were growing in a NaF, PEG condition

(Figure 66 A), which grew in an easily reproducible manner and diffracted up to 6 A.
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Figure 66 EntS-Ecm-GlcGlc cocrystal seeded from CLPC in NaF, PEG 3350 (A), Cocrystal seeded from NaF to KF (B)
and EntS-EC(Ala)m cocrystal seeded from NaF crystal (C).

Using streak seeding from these crystals and changing the crystal setup temperature to 4°C prior to
incubation at 293 K for crystal growth, allowed for the reliable generation of crystals in conditions
containing PEG 3350 and either NaF, KF, or NH4F (Figure 66 B). Here | was able to observe that crystals
grown in the presence of KF regularly diffracted beyond 4 A, whereas it was much rarer for crystals
grown in the presence of other fluoride salts to diffract that well. Thus, | assumed sodium- and
ammonium-ions to have a detrimental effect on crystal quality. Indeed, replacing the NaCl in the SEC
buffer for KCl, it was possible to generate crystals diffracting beyond 3 A resolution. Interestingly, EntS
in complex with the EC(Ala)m peptide instead of the diglycosylated variant did not grow diffraction
quality crystals under the same conditions. As all previous, successful attempts to generate EntS
crystals had involved a PEG and organic acid salt, another screen optimizing such conditions with
Ec(Ala)m was set up. Indeed, more than 20% of the investigated conditions afforded crystals, most of
them at pH 7.5-8.0 with the best reliability when using MMT buffer. Additionally, while crystals did
appear under condition including high molecular weight PEGs, crystals grew much more frequent in
conditions involving low molecular weight PEGs. Unfortunately, all attempts at cryo-protection, such
as the addition of glycerol, ethylene glycol, low Mw PEGs, or cryo-protecting salts, caused the obtained
crystals to disintegrate. A method recommended by Hampton research!”, involving the addition of
glucose and cryoprotection in a stepwise manner was attempted. While crystals still readily
disintegrated when transferred into a solution containing 30% glucose, they remained intact with 15 %
glucose as cryoprotectant. In order to reduce the amount of crystal handling, 15 % glucose was added
to the crystallization mixture. EntS at 8 mg/ml in a buffer of 20 mM MMT pH 8.0, 150 mM KCl,
1mM EC(Ala)m, mixed in a 1:1 ratio with the optimized mother liquor consisting of 100 mM MMT pH
8.0, 200 mM KSCN, 24% PEG 1500, 30% Glucose, afforded crystals (Figure 66 C) which diffracted up to
2.6 A
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In order to obtain a complex with unhydrolyzed donor, the EntS(H214A) mutant that should not be
hydrolytically active was seeded with the previously diffracting crystals in an extensive crystallization

screen. However, this mutant did not crystalize under any of the attempted conditions.

All attempts to generate SunS crystals from SunS dissolved in a Tris-based buffer through use of
commercial screens failed. While the crystal structure of SunS and the required conditions for these
have been published'®, they appeared irreproducible until the size exclusion buffer was changed to a
HEPES-based buffer. With the addition of 1 mM SunAm-Glc and incubation at 277 K it was possible to
generate diffraction-quality crystals, diffracting up to 2.6 A. Unfortunately, while the obtained
electron density shows the presence of a ligand at the position the acceptor peptide would be

expected, the quality of this density was insufficient to determine its identity as the acceptor peptide.

PItS crystals grown initially from a solution of 20 mM Tris pH 7.5, 150 mM NaCl failed to produce single
crystal in any condition. Instead, a frequent occurrence was the presence of spherical crystallites,
which afforded a powder-diffraction pattern when introduced into the X-ray beam. Seeding with
smashed crystallizes did not improve the diffraction behaviour in any noticeable way. Encouraged by
previous results of both SunS and EntS emphasizing the importance of the initial buffer during
crystallization, | used differential scanning fluorimetry (DSF) to obtain a more favourable initial buffer
for PItS crystallization. While these experiments suffered from a low signal:noise ratio, a few key
details could be observed (Figure 67): PItS was much more stable at pH 8.0 than 7.5, Bicine was
superior to Tris, Glycerol and the addition of DTT greatly improved the stability, agreeing with previous

observations of the oxygen-sensitivity of PItS.
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Figure 67 Normalized absorbance spectrum of PItS stained with SYPRO Orange at different temperatures (A) and
the corresponding melting temperatures based on maxima of the first derivative.

Changing the PItS buffer to 20 mM Bicine pH 8.0, 100 mM KCI, 2 mM DTT, 5% Glycerol afforded large
single crystals of PItS in complex with MnCl; and UDP-GIcNAc within two days in a Tacsimate-based

crystallization condition as well as a succinate, malonate and tartrate-PEG condition (Figure 68).
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Figure 68 PItS crystals grown in 35% Tacsimate pH 7.0 (A), 100 mM HEPES pH 7.0, 1.1 M sodium malonate, 0.5 %
Jeffamine® ED-2001 (B), 800 mM sodium succinate pH 7.0 (C) or 100 mM Tris pH 8.5, 700 mM sodium potassium
tartrate, 0.5% PEG MME 5000 (D).

Similar to EntS, these crystals did not tolerate standard cryo-protecting approaches. While most
crystals obtained from the Tacsimate-condition rapidly disintegrated after transferring themtoa3 M
sodium malate solution, some appeared to retain their structural integrity. Fortuitously, these did

diffract up to a resolution of 3.0 A and the structure of PItS could be solved.

During the crystal harvesting it became apparent that the crystallization drops of PItS formed a “skin”
on the air-water interface that greatly hampered the isolation of the crystals. | speculated that this
skin might either consist of oxidatively damaged protein or be formed by denatured protein due to
the hydrophobic air-contact. Therefore, | attempted to crystalize this protein either in the presence of
large amounts of reducing agent by supplementing the reservoir solution with 1% mercaptoethanol
or by removing the air-water interface by growing the crystals in a microbatch-under-oil. While
growing PItS crystals under oil did not help, the addition of mercaptoethanol stopped the
skin-formation, even after a week. Growth at lowered temperature further improved this behaviour.
Simultaneously, attempts were made to improve the crystal quality by increasing or decreasing the
precipitant and protein concentrations. It remains to be seen if these crystals show better order and

diffract to higher resolution.

PItS crystals in complex with UDP and PItA2Ser-GlcNAc interestingly did not grow under the same
condition. It was possible to observe crystal growth under a tartrate-based condition, which
underwent similar optimization processes as PItS + UDP-GIcNAc. Whether these crystals diffract x-rays,

needs to be determined.
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3.11.

Crystal structures of Glycocin Glycosyltransferases

After extensive attempts | could obtain datasets for all of the investigated GTs with the exception of

AciS.

Table 7 X-ray data collection and model refinement statistics

SunS PItS EntS+ EntS+ Sac5348
EcmGlc EC(Ala)m
Wavelength 0.9184 0.9184 0.9184 0.9184 0.9184
Reflections 561099 214022 197656 273765 127063
Unique 29334 38934 29922 40390 29748
Space group P3:121 C121 P12:1 P12:1 1121
Cell dimensions
ab,c 118.673, 174.726, 75.2772, 74.8696, 98.568,
119.673, 150.529, 94.5595, 94.5989, 52.516,
108.854 80 92.8093 92.9751 166.811
by 90, 90, 120 90, 107.60, 90, 100.605, 90, 101.181, 90,106.933,90
90 90 90
Resolution 40.11-2.55 57.76-3.00 34.45-2.85 52.75-2.57 47.19-2.45
(2.59-2.55) (3.06-3.00) (2.90-2.85) (2.61-2.57) (2.55-2.45)
Completeness | 100 (100) 99.02 (96.13) 100 (99.27) 99.21(97.29) 97.9(98.4)
1/a(1) 7.91(0.22) 5.09 (0.26) 10.34 (0.41) 10.65 (0.28) 6.1(2.3)
CCiy2 0.991 (0.404) 0.990(0.287) 0.994 (0.473) 0.999 (0.322)  0.989 (0.890)
Rperge 0.212 (4.703) 0.227 (3.125) 0.146(2.145) 0.121(3.309) 0.113(0.414)
Multiplicity 19.13 (19.04) 5.50(5.67) 6.61 (6.53) 6.78 (7.01) 4.3 (4.4)
Refinement
Resolution 40.14-2.55 57.76-3.00 34.45-2.85 52.74-2.57 47.19-2.45
Ruork/Rfree 0.21/0.27 0.23/0.27 0.22/0.27 0.22/0.28 0.20/0.28
Number of GT | 1 2 2 2 2
monomers
Average B
factors
GT 79.19 43.51 101.05 96.05 41.78
Peptide - - 142.65 147.68 -
Ligands 63.84 35.61 84.14 30.0 66.52
lons 73.71 101.15 69.1 40.6 59.59
Solvent 60.73 94.29 66.46 74.76 33.23
RMS deviations
Bonds 0.0122 0.0125 0.0050 0.0055 0.0114
Angles 1.902 1.527 1.314 1.267 1.933
Ramachandran
Favoured 378 (90%) 762 (88.4%)  838(90.99%) 830 (90.51%) 627 (95%)
Allowed 29 (6.9%) 68 (7.89%) 52 (5.65%) 59 (6.43%) 24 (3.64%)
Disfavoured | 13 (3.1%) 32 (3.71%) 31 (3.37%) 28 (3.05%) 9 (1.36%)
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3.11.1.0verall fold

All GGTs show a similar, conserved fold, in agreement with the observed sequence similarity ranging

from 36-59% (Figure 69). This fold is composed of a variable N-terminal region, a GT-A type

Rossmann-fold, a TPR-like domain and a C-terminal dimerization domain.
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Figure 69 Alignment of the GTs. Degree of conservation is colour-coded with no (white), low (green), medium
binding are framed in orange, amino acids predicted to be involved in catalysis are framed in blue.
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Figure 70 Domain architecture of the investigated GTs. N-terminal domain in orange, catalytic Rossmann fold in
yellow, TPR-like domain in green and helical dimerization domain in blue A) Sac5348, B) SunS, C) EntS, D) PItS.

The N-terminal domain ranges from amino acid 1-59 for SunsS, 1-71 for EntS, 1-62 for PItS and 1-58 for
SacS and typically consists of three a-Helices and up to three B-sheets. The Rossmann-like fold is
characterized by an a/B/a sandwich surrounding a seven membered B-sheet, which ranges from
residue 59-223 for SunS, 72-239 for EntS, 63-232 for PItS and 58-227 for SacS. This canonical GT fold
is followed by a TPR like domain, consisting of 5 a-helices and ranging from 224-322 for SunS, 244-345
for EntS, 235-341 for PItS and 220-327 for SacS. The Sugar nucleotide binding site located at the
interface of the Rossman-like fold and the TPR-like domain, with a small cleft, constituting the
(putative) peptide binding site in between. This cleft extends towards Helix al of the dimerization
domain, which consists of 4 a-helices and ranges from amino acid 321-422 for SunS, 346-446 for EntS,
and 342-442 for PItS. While the electron density did not allow unambiguous placement of amino acids

443-456 of PItS, though it appears likely that these are part of the dimerization domain as well.
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Figure 71 Secondary structure of GGTs. N-terminal domain is marked in red, GT-domain in yellow, TPR-like
domain in green and dimerization domain in blue. 8-strands are marked with arrows, a-helices with cylinders
and 3ic-helices with stylized helices. The DXD motif and metal-coordinating His are marked in purple.

The putative catalytic base is marked in dark red.
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As stated previously, the overall fold of the GTs appears highly conserved, with the Rossmann-like
domain and TPR-like domain superimposing with an R.m.s.d. of 0.32-0.35 A (Figure 72 A). Similarly,
the TPR and the dimerization domains can be superimposed (Figure 72 B) with an R.m.s.d. of
2.27-2.83 A. Only EntS shows a distinctly different orientation of helices a4 and a5 in its dimerization

domain.

Figure 72 A) superimposed image of the catalytic and TPR-like domains. Average RMSD is 0.32-0.35. B)
Superimposed image of the TPR-like and dimerization domains. RMSD is 2.27 and 2.83 and 2.27 for EntS, PItS
and SunS respectively. EntS in blue, SunS in green, PItS in yellow, SacS in Red. C) Overlay of the EntS (blue) and
PItS (yellow) enzymes. While the GT-domain and TPR-like domain align, a pronounced difference in orientation
of the dimerization domain can be seen.

However, if the entirety of the protein is alighed against each other, a major difference of PItS is
revealed: Due to its slightly longer TPR-like domain with an additional helix, the dimerization domain
of PItS is twisted by several degrees with regard to the substrate binding domains, when compared to
EntS, or SunS. Given the dimerization domain is essential for substrate binding in all known GGTs, this
“twist”, may have a profound effect on the activity of PItS.
With the crystal structures of the monomers in hand, a model of the functional dimer was be created
from using PISA, The resulting Van-der-Waals surface of the dimer revealed a large pocket, formed
by two dimerization domains and one TPR-like domain, which leads into either a narrow groove in the
case of PItS or a channel in the case of the other GGTs, both of which lead towards the GT-A type fold.
In the cocrystal of EntS with the Ecm peptide this pocket appears to bind the N-terminal helical region
of the peptide, with the disordered loop binding in the channel. A second pocket on the opposite side
of the GT-A type fold is the sugar-nucleotide binding site. The L7 loop creates a lid over the

diphosphate and the resulting groove connects the donor substrate binding site towards the inner
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opening of the peptide channel (Figure 73). The modes of sugar-donor and —acceptor binding are

described in the following sections (chapters 3.11.4 & 3.11.5).

Helix binding pocket

Peptide channel

Nucleotide binding pocket

Helix binding pocket

Peptide channel

Nucleotide binding pocket

Helix binding pocket

Peptide pocket Peptide pocket

Nucleotide binding pocket Nucleotide binding pocket

Figure 73 Surface model of the dimers of EntS (A), SunS (B) or PItS (C) with the Nucleotide shown as cylinders
and the acceptor peptide as cartoon (pink). Domains of the enzymes are coloured with the N-terminal domain
in red, the GT-A fold domain in yellow, the TPR-like domain in green and the dimerization domain in blue. The
dimerization partner of the respective enzymes is shown in grey.
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3.11.2.The GT-A fold domain

As mentioned above, the catalytic domain follows the canonical GT-A type fold, composed of a
7-stranded, twisted B-sheet of a 3214657 topology, where all strands except for B6 are parallel. Strand
B4 and B4’ enclose a loop, where the signature metal-binding DXD motif (here DAD) is located, with
the B4’ strand forming a second B-sheet with 37, B5 and a strand that is located within the variable
region of the GT-A fold. The B7 strand appears to cross over the B5 strand to give this sheet the
topology 5’574’. The last amino acid of 7 is usually a His, which helps coordinate the metal ion. The
catalytic His residue is located in the loop of a B-turn region (Figure 74 A). While the strand 5 in EntS
is contiguous, B7 displays a bulge that separates the strand in two (Figure 74 B). A similar bulge is

found for strand B5 in PItS, SacS or SunS (Figure 74 C).

PItS SacS SunS

Figure 74 (A) Common topology of GGT Rossmann-fold domains with EntS as example. (B) Organization of helices
and strand in space of EntS. (C) In the structures of PItS, SacS and SunS, strand 85 and 87 show a distinct bulge,
separating these strands into two.
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3.11.3.Dimerization domain

The dimerization domains consist of 5 a-helices. This domain of each monomer is rotated against the
other dimerization domain by 180°, resulting in each helix being mirrored by its dimerization partner

in an anti-parallel manner (Figure 75). These helices form a six helix-bundle with Helix 2 and 2* stacked

almost on top of each other.

A

Y' 325

F' 341

N' 348
V' 426
s 448

V 426

N 348

Y 325 N 348,
426

S 448

Figure 75 Dimerization domain of SunS (green), EntS (blue) and PItS (yellow). Dimerization partners are shown in
grey (A) and a top-down view of the helices (B).

While for both SunS and PItS helix 5 is located pointing back at the GT-domain, for EntS there is a
noticeable kink between helix 4 and 5, the latter pointing outwards at an almost 90° angle to interact
with its dimerization partner. While a similar kink is also present in PItS, it is far less pronounced and

the helix 5 interacts only in a very limited manner with helix 5*.
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3.11.4.Donor binding

As mentioned previously, the affinity and specificity of the investigated GGTs for the nucleotides and
nucleotide-sugars varies substantially (Table 4). A detailed view of the nucleotide binding sites reveals

a few, key differences, described in detail below.

3.11.4.1. Nucleotide

Binding of the pyrophosphate and ribose moiety of the nucleotides occurs highly similar in all
investigated GTs (Figure 76). The Mn? ion is coordinated by the C-terminal Asp of the DXD motif, and
a His residue located in B7, with two further coordination sites serving as attachment points for the
pyrophosphate. Further interactions of the phosphate moiety include a salt bridge to nearby Arg and
Lys residues, with the latter predominantly interacting with the B-phosphate. A further interaction of
this phosphate group is a hydrogen bond to a nearby Tyr residue. Interactions with the ribose appear
equally conserved, with O3 forming a hydrogen bond with the backbone amide of the DXD-motif Ala
as well as the backbone carbonyl of the lle, Leu or Met residue for EntS/SunsS, PItS or SacS, respectively.
02 is in turn bound by interactions with a nearby Glu residue, as well as a backbone amide that further
interacts with the nucleobase. Here the most apparent differences in binding can be found. The
pyrimidine or purine ring in SunS or SacS, respectively, is sandwiched between Y62 and W111,
indicating m-mt stacking interactions. Contrary, EntS harbours a lysine instead of Tyr with a hydrogen
bridge forming between the positively charged Lys and the Uracil carbonyl. Interestingly, PItS has a
substitution in the same position, with a cysteine, likely engaging in an S-it interaction (Figure 76 C). A
conserved hydroxyl group of either a Ser (for SunS and PItS) or a Thr (for EntS) interacts with the
carbonyl or amide of Uracil, which may help confer the necessary nucleotide specificity. Interestingly
this Ser is also present in the same location for SacA, possibly forming a hydrogen bridge with an ADP

amine, with a distance ranging from 3.3-4.2 A, depending on the molecule in the asymmetric unit.
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Figure 76 Nucleotide binding of GGTs. A) Sac5348 B) SunsS, C) EntS and D) PItS. Nucleotides and amino acids within
a 4 A radius are shown as cylinders. Hydrogen bonds (black) and metal coordination is shown as dashed lines.

Given the unusually high affinity of SacS (chapter 3.4) to ADP-Glucose, compared to the other
investigated GTs, the nucleotide binding pocket was examined more closely, for differences to Suns,
which shows a high sequence similarity to SacS. As mentioned above, the binding pocket of SacS is
highly similar to that of SunS with most amino acids within 4 A of the bound nucleotide being virtually
identical (Figure 76). A notable difference is the sulphur-atom of M67. As mentioned above, the other
GTs rely on hydrophobic interactions via leucine or isoleucine in this position instead. This methionine
may undergo S-it interactions, further increasing the binding-energies of the nucleotide. As this Leu-
to-Met substitution appears to be the only discernible difference between SacS and Suns, it is likely
to be the cause of the former’s ADP preference. Considering that the preference is much stronger for
the sugar donor ADP-Glc, it is likely that the basis for the nucleotide preference is caused by subtle

differences in the positioning and interaction of the sugar residue instead.
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3.11.4.2. Carbohydrate-donor - Glucose

| was able to obtain a cocrystal structure of EntS in complex with UDP-Glc and the Ser-to-Ala mutant
of its acceptor peptide. The electron density of the glucose moiety is poorly resolved. This is most
likely caused by partial hydrolysis of the UDP-Glc molecule with water as the aberrant
glycosyl-acceptor, which is commonly reported for Leloir-GTs (chapter 1.3). Nevertheless, while the
exact conformation of the glucose is not entirely clear, the difference electron density allows a likely
placement of the glucose with reasonable confidence. Given the diffuse electron density, two

conformations of the glucose are possible (Figure 77).

In the first possible conformation the glucose is recognized primarily via hydrogen bonds with E215
forming a hydrogen bond to the vicinal diol of 03 and O4. 03 is further held in place by a hydrogen
bridge with R135. 02 forms a hydrogen bridge with D151, while C6 may be involved in a hydrophobic
interaction with 1213. In this conformation F131 may promote the sugar-binding, being located at the

hydrophobic face of the sugar.

R 135

R 135

E 215 D 151

Q197

R 251

Y 240
Y 240

Figure 77 Possible modes of glucose binding of EntS. The Glc and a-phosphate of the sugar-donor as well as
amino acid side chains within 4 A of the Glc moiety are shown as sticks. The electron density is shown at 0.05
e/A
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While the second, possible conformation is very similar overall, a few key differences exist. Here E215
interacts with 04 and 06 instead, while R135 interacts with the vicinal diol of O3 and 04. 02 interacts
with Q197 instead of a main chain carboxylate. Instead of being located at the hydrophobic face of
the carbohydrate, F131 is located more towards the side of the sugar in this conformation and would

interact primarily with the C5/C6 of the sugar.

In both of these conformations the O2 of the glucose is forming a hydrogen bond with a side chain.
Q197 of these residues is poorly conserved between the investigated GTs and may explain the
reported inability of EntS to use UDP-GIcNAc as sugar-donor. Other GTs have in its position a Thr or
Leu with the loop further distant from the sugar moiety, allowing for a greater steric flexibility for 02
substitutions, especially PItS (see 3.11.4.3). D151 on the other hand is highly conserved between GTs,
which would require the mode of sugar binding for EntS to be substantially different from the other
GTs. Indeed, the glucose conformation in the bound state of SunS and ThuS has been reported to
closely resemble the 2™ conformation seen here'®®. Furthermore, the lack of the C6-OH in UDP-Xyl
severely reduces the affinity of EntS towards the sugar-nucleotide (chapter 3.4), indicating direct

involvement of these atoms, making the 2™ binding mode more likely overall.

3.11.4.3. Carbohydrate donor - N-acetyl glucosamine

In vivo production of PItA lead to the identification of UDP-GIcNAc as the preferred sugar donor for
PItS (chapter 3.8). Based on the crystal structure it is so far unclear as to why PItS appears to prefer
UDP-GIcNAc over glucose in vivo, as there are limited potential interaction partners in the immediate
surroundings of the N-acetyl group (Figure 78 A). A possible interaction may be R194 with the carbonyl,
however the distance of 3.9 A is outside the range of usual hydrogen bonds. A nearby Glu, E148, may
facilitate this interaction by forming a hydrogen bond network with R194 and may help bind the 3.6 A
distant acetyl group through a water molecule. No electron density within the range indicative of an
ordered water molecule could be found, however, though that may be due to insufficient resolution
and data quality. A nearby Leu (L192) with a distance of 3.7 A may constitute a hydrophobic interaction
with the CH3-tail of the N-acetyl moiety. Interestingly, it is possible to see the nitrogen of the GIcNAc
positioned directly above a phosphate group of the nucleotide-diphosphate, a phenomenon often
described for Leloir-GTs and thought to contribute to the glycosylation activity by stabilizing the

charge of the phosphate, similar to the nearby, basic sidechains of K244 and R247°,
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H231

Figure 78 A) GIcNAc-binding of PItS. The GIcNAc and the a-phosphate of the sugar donor as well as amino acid
side chains within 44 of the GIcNAc moiety are shown as sticks. B) The GIcNAc binding residues of PItS (gold)
overlaid with the proposed Glc (green) binding residues of EntS (blue).

Notably, while most interactions with the other hydroxyls, and the nearby phenylalanine appear to be
similar in their position compared to the second proposed EntS-Glucose binding mode (see above),
there are a few differences (Figure 78 B). The OH6-group is in position to form a hydrogen bond with
the backbone carbonyl V208 (I 213 in EntS). Recognition of O3 appears to occur via D145 of the DXD
motif of PItS and R194. Neither of such interactions are present in EntS. R229 forms a hydrogen bridge
with O4. This interaction in addition to the 1.8 A distant E210 is likely cause for the observed

preference of Glc > Gal. A similar function is performed by R135 and E215 in EntS.
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3.11.5.Acceptor peptide binding of EntS

Only for EntS a complex with the respective acceptor peptide could be obtained. The Ecm minimal
peptide is held in place by interactions primarily located within the TPR-like and dimerization domain.
Here helix a4 of the TPR interacts with the helical region of the acceptor peptide (amino acid 1-12)
together with helix al of the dimerization domain. Interactions with the flexible part of the peptide
(13-23) are formed primarily by al and a2 of the TPR-like domain as well as a loop between strands
B5’ and B6 of the Rossman-fold. The loop of the B-hairpin containing the H214 residue sticks out of

the GT-A fold in the same plane as the glycosylated loop of the acceptor peptide.

Figure 79 Position of the acceptor peptide EC(Ala)m (pink) in the EntS dimer. GT-A fold is shown in yellow, TPR-
like domain in green, dimerization domain in blue. The dimerization partner is shown in grey. A) the helical region
of EC(Ala)m binds to a pocket composed of al and a2* of the dimerization domains, as well as a4 and a5 of the
TPR-like region. B) The loop containing the glycosylation site enters a pore in the EntS protein enclosed by the
loop L1* of the dimerization domain, a2 of the TPR-like region and 85’ of the GT-A fold. The loop is sandwiched
between TPR-al and the GT-A-85" until it reaches the 8-Hairpin of the GT-A region.
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Figure 80 Amino acids of EntS (blue) or its dimerization partner (grey) within 4 A distance from the acceptor
peptide (pink). Hydrogen bonds are shown in dashed lines and involved amino acids of the GT are labelled.

A salt bridge between the N-terminus and a Q358-T3 hydrogen bond facilitate the interaction of the
helical region of the acceptor peptide with its binding pocket. As the N-terminus-interaction is caused
by the nature of the truncation construct, it is unlikely to contribute for the full-length peptide,
however. Other interactions between the acceptor peptide helix and the GT are facilitated primarily
by hydrophobic contacts, most of which are interactions with the dimerization-partner EntS*, as
opposed to the catalytic EntS. In contrast, interaction with the loop contains more electrostatic
interactions, many of which involve the peptide backbone. A list of peptide-enzyme interactions can

be found in Table 8.
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Table 8 Residues involved in acceptor peptide binding of EntS.

EC(Ala)m EntS
Salt bridges
N-term D432*, E433*
R12 D190
D19 R181
Hydrogen bonds
V2 amide E433*
T3 Q358
N11 N281
S18 H195 carbonyl
L10 carbonyl K322
N11 carbonyl R245
R12 carbonyl S279
L13 carbonyl S279
G14 carbonyl R275
G15 carbonyl Y240
D16 carbonyl R275
A17 carbonyl R268
Hydrophobic interactions
Al 1430%*, P431*
V2 GA01*, FA16*, P431*
A5 L428*
16 L356, L397*, L398*
L9 H394*, L428*, Y424*
L10 1325, 1326, K322, L388*
L13 R245, Y240
A21 Y385*

Side chain interactions are limited to few hydrogen bridges between EntS-H314 and Ecm-D19, EntS-

D190 with Ecm-R12. Further hydrogen bridges with main chain carbonyls can be found between the

side chains of EntS-R245, EntS-279 and EntS-K322 with the carbonyls of Ecm-N11, Ecm-L13 and Ecm-

L10, respectively.
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3.11.5.1. Helicity of the Ecm peptide

Surprisingly, the Ecm peptide was bound to the EntS with a partially formed N-terminal helix. While
this is consistent with secondary structure prediction, such as PSIPRED, Enterocin 96 is reported to
adopt a disordered random coil conformation, prior to glycosylation®. Thus, | measured the CD
spectrum of the Ecm peptide prior to glycosylation as well as the diglycosylated peptide. Neither of
the two peptide variants showed the absorbance spectrum indicative of a-helicity (Figure 81).
Addition of potassium fluoride to mimic the crystallization conditions did not change the absence of
a-helix either. Thus, Ecm does not spontaneously adopt a secondary structure in aqueous solutions,

and it is the binding to the enzyme that causes the peptide to show a helical conformation.

—— ECm aglycone
49 —— ECm-GIcGlc
] —— ECm-GIcGlc+KF

8 (mdeg/dmol*cm®*residue)
A
1

-10

T T T T
200 220 240
A (nm)

Figure 81 Circular dichroism spectrum of the Enterocin 96 minimal peptide, Ecm.
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3.11.6. Snapshots of the reaction catalysed by EntS: Before the reaction and after the 1st

reaction.

Interestingly, the main mode of binding of the Ecm peptide, facilitated by hydrophobic interactions

appears largely the same for the unglycosylated peptide. The differences are located exclusively within

the flexible loop (Figure 82).

Figure 82 Binding of the Ecm peptide before (pink) and after (green) glycosylation and zoomed in view (left).
Sugar residue and putative catalytic base are shown as stick model, with the GT-A domain of EntS shown as
cartoon with the surface overlaid. Other domains of the enzyme were removed for clarity. In the zoomed in view
both peptides are shown as cylinder models with carbon atoms displayed in the colour of the corresponding
peptide. Distances are measured from the C* atoms of Ser 17 — Ala 17 and Asp 19 — Asp 19 of the respective
peptide models.

The Ca of Ser17 of the peptide moves back 3.8 A, which allows the C4-hydroxyl group of the glucose
to take the position previously held by the alanine (serine in wild-type sequence). This twist of the
loop furthermore causes a shift of approx. 3.5 A in the direction of the C-terminus of the peptide. This
shift in turn causes a pronounced change in the hydrogen-bonding network of the glycosylated loop.
D16 is now in position to form a hydrogen bridge with H195, while its carbonyl is no longer adjacent
to R275. Similarly, the D19-R181 interaction is replaced by a D19-H314 salt bridge and a D19-T313
hydrogen bond. At the same time the S17 amide can now interact with H195 as opposed to the S18

hydroxyl group.

The glucose moiety interacts via 02 and O3 with R275 and 06 with R268. An additional hydrogen
bridge of 04-H214 is formed in the position of the acceptor nucleophile. Together with the B-

configuration of the first glucose as Serl17 and the relative position of the attached glucosyl moiety to
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the bound UDP-Glc strongly suggests that the second glucose will also be attached in B-configuration,

in line with the inverting mechanism of EntS*.

3.11.7.Proposed reaction mechanism

The catalytic mechanism was of particular interest to see if differences between the S- and
O-preferential GGTs exist. Two principal mechanistic proposals would be consistent with the

experimental data.

Mechanism 1 starts with the destabilization of the oxygen-hydrogen bond of the attacking hydroxyl-
group by H214, whose nucleophilicity is enhanced via a hydrogen bonding network involving D276
and the adjacent R275. The resulting 6~ charged oxygen then undergoes an Sy2-type reaction on the
C1 of the glucose. Positively charged residues such as the Mn?* ion and K248 stabilize the negative

charge of the pyrophosphate leaving group.

Mechanism 2 occurs similar to Mechanism 1, but here the &'-charged H214 is stabilized by the
hydrogen bonding network of N252 and R251. A hydrogen bond between R251 and the
phosphodiester facilitates the reaction by protonating the charged phosphate. A similar reaction
mechanism has been reported for the cleavage of a phosphodiester bond in a phospholipase®. While
a His-Asn containing catalytic dyad/triad seem unusual compared to His-Asp, a similar motif has been

reported for cysteine proteases such as papain'®.

Arg 275
His 214
Asn 252 Arg 251
Asp 276 P
=== ®
Nez=z0-d Ny _
His 214 Je Lys 248 0
- -
/ ! A) H"_N\
J o ~— NN
= 7 /)
N 7
) ®,
) H3N ,\(‘/\f H/N\
£ 0. H
H H H
0\\ /Ouu..,. \ﬂ/
R Vo A
o
/H;\ \V o o || _on o -
\ 5 O—F \® oH RN e 0
. S Ao 2 Ho A \ N
O £ (L@ 3o >/NH
“Mn~" ",
HO\\\\Q.‘ "0H “oH “Mze MO by O
OH

Figure 83 Proposed reaction mechanism of EntS. A) The Serine or O4 hydroxy group is deprotonated by the
catalytic triad of H214, D276, R275 and subsequently performs a nucleophilic attack on the C1 carbon of the
glucose in an Sx2 type reaction. The resulting charge is stabilized by the Mn?* ion and the nearby K248. B) The
Ser or O4 hydroxy group is deprotonated by a H214, N252, R251 catalytic triad. The resulting charge is stabilized
by the Min?* ion and the R251 side chain that is part of the catalytic triad.
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To verify the critical role of H214 as catalytic base, the His-to-Ala mutant, EntS(H214A) was generated.
This mutant proved to be inactive (Figure 84), corroborating the importance of H214 for the catalytic

mechanism, regardless which of these mechanisms, or combination thereof is followed.
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Figure 84 Chromatogram of Ecm glycosylation after 24 hours catalyzed either by Wt EntS (blue), or a
H214A mutant (green). A reaction mixture lacking any GT was used as control (black).

It is of note that all the amino acids proposed here to be important for the catalysis of the reaction
are highly conserved between the GTs, although a D276E (EntS notation) substitution is present in PItS,
SacS and SunS, whereas N252D can be found in PItS only (Figure 69).

3.11.8. EntS hydrolyses diglycosylated Ecm peptides.

As mentioned before, the crystal structure of EntS cocrystalized with diglycosylated Ecm did not show
any electron density corresponding to the second sugar moiety on the peptide. In an attempt to
determine if this lack is caused by the flexibility of the carbohydrate or by a lack of this hexose, freshly
prepared Ecm-GlcGlc was incubated with EntS and UDP in similar conditions compared to the
crystallization conditions. The same solution, lacking the EntS enzyme and an Ecm-GlcGlc aliquot
stored at -80°C were used as a control to determine if that effect may be due to peptide aging or

spontaneous hydrolysis of the glycosidic bond at pH 8.0.
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While no difference could be detected between Ecm-GlcGlc stored at -80°C and peptide stored at RT
in solution at pH 8.0, the peptide stored in the presence of EntS showed a “shoulder” (Figure 85 A).
Mass spectrometry revealed that the emerging peptide species has a shift in mass of -162 with respect
to the diglycosylated peptide, indicating the hydrolysis of the glycosidic bond and loss of a glucose

moiety (Figure 85B).
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Figure 85 Chromatogram (A) of Ecm-GlcGlc stored either at -80°C (black) at RT (blue) or at RT in the presence of
EntS and UDP (Red). The mass spectrum of the emerging peptide species (B) reveals a loss of 162 amu.

In an attempt to elucidate the mechanism of this surprising phenomenon, the Ecm-GlcGlc peptide was
incubated in the presence or absence of UDP, as well as with the H214A mutant of EntS and samples
were taken after 2 days. After 7 days a large amount of precipitate appeared and no Ecm peptide or
glycovariant thereof could be detected in the supernatant.
However after 2 days, evidence for the hydrolysis of the glycosidic bond could be detected. The
hydrolysis was dependent on both, the nucleotide, as well as the residue H214 (Figure 86). While it is
yet unclear if the nucleotide is only required for peptide binding, or if it acts as a nucleophile, the
dependence of the histidine indicates a base catalysed Sn2-type reaction, congruent to the original
transfer of the sugar to the peptide. While the large enthalpies of the nucleotide release indicate the
former, such a phenomenon is known to occur for other GT proteins!?®. Throughout the experiment
only the glycosidic bond between both glucoses seemed to be able to be hydrolysed by the enzyme.

A complete deglycosylation was not observed.

Interestingly, full-length Enterocin 96 is likely to fold and form disulphides after glycosylation, after
which it is unable to enter the catalytic site of EntS, which would effectively protect the peptide from

unwanted hydrolysis.
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Figure 86 Chromatogram of Ecm-GlcGlc incubated in the presence of EntS for two days. Absorbance intensities
were normalized. The second peak corresponding to monoglycosylated Ecm only occurs for the Wt peptide and
is dependent on the addition of UDP.

3.11.9.Comparison between the S-preferential SunS/SacS and O-preferential

EntS

As mentioned previously, the overall fold as well as the catalytic site appear to be highly conserved
between GGTs. When comparing the surroundings of the catalytic His, only the D276E (EntS notation),
L271F and a R268K substitutions stand out as noticeably different.
The Phe is located in a parallel plane to the imidazole ring of the catalytic His, which may be caused
by the different angle and distance of the catalytic base with regards to the sugar donor. In contrast,
the angle and location of the Arg or respective Lys appear unsuitable to influence the reaction. In
contrast, the carboxylate of the Asp/Glu residue is likely to be directly involved in the reaction
mechanism. Indeed, for SunS its importance has already been verified!®®, While these residues remain
well within distance to stabilize the catalytic His upon change from Asp to Glu, their conformation
creates a slightly larger distance towards the nearby R275 (EntS notation), with 3.1 A for EntS, 4.2 A

for SunS, and 3.6 A for SacS. Similarly, the His-Asn-Arg interaction of the S-preferential GTs appears to
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follow the same trend, with the His-Asn distance increasing from 3.3 A to 4.2 or 4.3 A for SunS and
SacS, respectively. The Asn-Arg distance remains largely the same, as does its position. Interestingly
for the highly similar GT Thus, involved in the biosynthesis of the glycocin Thurandacin, it was shown

that the Arg residue of this cascade is not vital to the reaction®,

Thus far it is very much unclear however how, or even if, these minor changes in distance may cause
such a pronounced difference in substrate preference. The reason for the apparent difference may
also lie in a subtle shift in position and/or bond angles of the sulphur-nucleophile with regards to the
His. The conserved Phe in lieu of the Leu of EntS may contribute towards the proper positioning of the

catalytic His in this manner.

Figure 87 Overlay of the catalytic site of SunS (green), SacS (red) and EntS (blue) by homology. Residues within
6 A distance from the catalytic His are shown as sticks. The position of the nucleotide and sugar donor are
inferred by homology to the EntS — Ecm-Glc or EntS-UDP-Glc cocrystal structures. Numbering of residues
corresponds to the EntS sequence.
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The Histidine base is not necessary for Glycosylation of cysteines.
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Figure 88 Chromatogram of SacA4Ser (A) or SacAallSer (B) glycosylated with either Wt SacS (blue) or an H200A
mutant (green) thereof. A reaction mixture lacking any kind of GT was used as control (black).

As the H214 residue is highly conserved between glycocin glycosyltransferases (Figure 69), | also
created a H200A (equivalent of H214 in EntS) mutant of SacS. Similar as was already reported for the
Thurandacin-GT ThuS8, this mutation only having a minor effect on its capacity to glycosylate
sulfhydryl groups in SacA4Ser (Figure 88 A). Indeed, even some residual activity with regards to the
hydroxyl-group of SacAallSer could be detected (Figure 88 B), indicating that the reaction mechanism
of S-glycosylation is substantially different from the mechanism proposed for EntS. Without the His-
residue deprotonating the Ser-nucleophile this activity, a different catalytic base is required for the
reaction. While a Glu (E201) is located 5.2 A distant from the putative position of the nucleotide
(Figure 87Figure 87), this residue is conserved between all investigated GGTs (Figure 69) and thus is

unlikely to contribute to this marked difference between EntS and SacS.
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3.12. Insights into the folding of glycocins

CD spectroscopy revealed that the unglycosylated peptide SacA does not adopt an a-helical
architecture. This is contrary to predictions using folding servers, such as PSIPRED®, yet consistent to
observations of the Rao group for Enterocin 96, which only adopts a secondary structure after
glycosylation. Similarly the minimal peptide of SunA, SunAm did not show a-helicity in its
non-glycosylated form, despite this N-terminal helix being reported as necessary as a recognition site

for the cognate GGT’4,

To investigate the folding state, CD-spectroscopy was used to determine the secondary structure of
the prepared peptides. With the exception of PItA, no aglycone showed any signal indicative of a
secondary structure. In contrast, the mature, glycosylated peptide of SacA and PItA did show the
expected signal for a-helices, similar to what has already been reported for GecF, SunS and Ent96.
Surprisingly the glycosylated variant for SacA lacking disulphide bridges, SacA4Ser-Glc, does not show
a secondary structure (Figure 89 A). This reinforces the idea that the disulphide bonds are essential
for  the stabilization of  the 3D-structure and therefore, likely  function.
Similarly, the fold of the PItA peptide was influenced greatly by the presence of the singular disulphide
bond. While unglycosylated PItA already shows some amount of secondary structure, it gets more
pronounced and more helical upon glycosylation, a phenomenon that has also been reported for
GceeFY. However, only in the presence of the disulphide bond does the CD-spectrum indicate the

helicity predicted with in silico methods.
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Figure 89 Circular dichroism spectrum of SacA (A) and PItA (B). The aglycone is shown in blue, the glycosylated
wild-type sequence in black and a glycosylated mutant unable to form disulphide bonds in red. Ellipticity indicative
of a-helical structures is only present for the wild-type peptides.
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Taken together, with the helicity of the Ecm peptide only observed when in complex with the GT
(chapter 3.11.5.1), it seems likely that the association with the helix-bundle of the GT introduces the
initial helix formation within the glycocin peptide. This secondary structure is then stabilized by the
hexose and subsequently the rapid formation of the disulphide bonds, which keeps the secondary
structure stable. Indeed, with the correct disulphide-bonds the secondary structure seem to be

retained even under denaturing conditions, used for HPLC analysis after synthesis.
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4. Discussion

4.1.Discovery of glycocins

Several putative glycocin peptides could be discovered by sequence similarity to known glycocin
peptides. As mentioned previously, the discovered peptides match well to the results of Singh&Rao?®.
Using a similar, yet more expansive and automated methodology, they were able to identify all of the
here described putative glycocins as well, with the notable exception of SacA. Given the high sequence
similarity of SacA to SunA, the identity as a glycocin or at least glycocin-like peptide appears likely,
even without the inclusion of a putative immunity protein within the gene cluster. However, purely
automatic identification and annotation methods might miss interesting putative glycocins as shown

for the case of SacA.

Due to the manual nature of the genome mining performed in this work, the volume of putative
glycocin genes and parent strains was comparatively low. This in turn may be reason for the difficulty
clustering the observed sequences into distinct glycocin families, as seen by the generally low

bootstrap values of the maximum-likelihood phylogenetic tree.

While the phylogenetic tree proposed by Singh&Rao'® is made up from a much larger set of sequences,
it shows far less distinctive and a greater amount of families of glycocins (Figure 90). Overall, both
trees appear in agreement with each other, but some notable exceptions have been observed.
Interestingly, in their assessment, B. thuringiensis does not cluster together with B. subtilis, but
clusters in its own family of glycocins. The putative glycocin of C. botulinum clustered together with
the B. subtilis group, whereas in my tree it was closer to B. thuringiensis (Figure 20). In a similar manner,
Streptomyces-glycocins clustered into their own family, which did not include Enterocin F4-9 in the
tree of Singh&Rao. The Glycocin F-family shows great overlap between my tree and the one of
Singh&Rao. In both trees S. plakortidis, S. hominis and T. thermosaccharolyticum clustered together
with GccF. Interestingly, O. bavariensis and C. perfringens NM49 B9-7 are absent from the tree of
Singh&Rao, whereas they were part of the GcceF cluster in my tree. A different putative C. perfringens
glycocin was found by Singh&Rao which, however, clustered in a diverse family, containing, among
others, Yersinia, Ruminococcus and Bacillus species. A possible reason for the discrepancies, aside
from their inclusion of a vastly larger number of sequences, is the different method with which the
data were analysed. While the phylogenetic tree of this work was inferred using a maximume-likelihood

method, Singh&Rao used a neighbour-joining algorithm.
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Figure 90 Phylogenetic tree of Glycocins, published by Singh&Rao*®.

Nevertheless, all putative peptides that were investigated in more detail, were indeed glycosylated by
their cognate glycosyltransferase, corroborating their identity as glycocin-peptides. Given their
sequence similarity to published glycocins, AciA, SacA and PItA are likely S-glycosylated, though there
is as of yet a lack of experimental evidence for AciA and PItA. Likewise, no antimicrobial activity could
be reliably assigned to any of the putative glycocins identified in this work. As glycocins are often
reported to have a very narrow spectrum of activity and can be highly specific towards different strains
of the same species (see chapter 1.1), it is thus far unclear whether a susceptible strain has not been
found yet, or whether these peptides do not exhibit any antimicrobial activity. This matter is

complicated further as species most likely to be inhibited by PItA and SacA are grown in carbohydrate-
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rich media under laboratory conditions, which might inhibit the activity of the glycocins. Nevertheless,
these peptides may also constitute a new class of glycocin-like peptides without antimicrobial activity,

akin to non-lanthibiotic lanthipeptides, and have an unknown function.

4.2.Synthesis of glycocins

A major challenge in the investigation of glycocins has been the challenging preparation of pure
glycocin-peptide. Chemical synthesis procedures for Sublancin®® 8 and GccF®% 3 by solid phase
peptide synthesis (SPPS) and native chemical ligation (NCL) have been reported, though they suffer
from poor yields of 0.4-6 % and challenging synthetic protocols. A different option is the isolation of
these glycocins from the supernatants of the producer strains. Often, the exact conditions for the
optimal production are not known, or challenging to reproduce in a laboratory setting, making this
option not generally applicable. An interesting approach has been shown for Sublancin, where
engineering of the B. subtilis 1A747 strain with the introduction of three strong promoters into the
synthetic gene cluster allowed for the isolation of over 600 mg of pure peptide from one litre of media
supernatant®, As this method requires intricate knowledge of the regulation of the involved genes,
the most common approach used so far to produce glycocins is via pathway refactoring into E. coli as
a heterologous host, which has proven successful for Listeriocytosin, Bacillicin, and Pallidocin®® >°,
Unfortunately, gccA, the gene encoding for the GT of the GeeF-peptide does not express well in E. coli
and pathway refactoring of the GcceF gene cluster needed to be performed within the gram-positive L.
plantarum NC8 expression strain to be successful'®’. An improved approach was developed for
Sublancin'’® and Ent 967°, as it was discovered that the presence of the oxidoreductases was not
necessary for the folding of these glycocins in E. coli, despite being required for efficient production
in B.subtilis'®. Co-expression of the glycocin tagged with either a His-tag or Chitin binding domain
(CBD) together with the cognate GT proved sufficient for the isolation of mature peptide, though yields
were generally poor for the His-tag-based approaches (up to 3 mg per litre of culture). Ent 96,
produced with a C-terminal CBD tag was isolated in yields of up to 30 mg/ml, though it is unclear if

that is the fusion construct or the peptide alone.

In this work two methods to obtain mature glycocin were explored: The chemoenzymatic route and a
general biosynthetic route. While the exact nature of the occurring side reactions during the aglycone
peptide synthesis part of the chemoenzymatic route was not investigated in detail, it was possible to

reduce their occurrence to a level that SacA, PItA and Ent 96 could be obtained in acceptable yields of

123



3-8% for the aglycone, comparable with yields obtained for the SunA-aglycone using Microwave-

assisted SPPS and NCL?¢2,

The synthesis procedure could likely be further optimized, especially with regards to the coupling of
the last 10 amino acids of both PItA and Ent 96, during which most of the side reactions appeared
(Data not shown). Additionally, the composition of the deprotection cocktail may be improved upon.
Thioanisole has been implicated in several side reactions and replacement for Me,S/trimethylsilyl
chloride/triphenylphosphine, has been shown to have superior properties for protecting Cys and Met
containing peptides'®. Furthermore, strict monitoring of the reaction time and temperature may

further reduce the amount of side reactions encountered.

Consistent with previous reports about the synthesis of Glycocin-peptides, aggregation posed a
serious problem?% 84 Contrary to these reports, however, aggregation of SunAm, SacA and PItA was
less prominent during the coupling of amino acids but occurred primarily during the purification and
downstream processes. Surprisingly, this effect was largely dependent on the presence of
trifluoroacetate, a common supplement to during HPLC purification of peptides for its peak-

188 as well as its contribution to efficient separation®. In stark contrast to reports

sharpening effects
for other peptides, such as Amyloid B, where the addition of fluorinated solvents efficiently disrupts
aggregates and allows for solubilization!®, the addition of HFIP exacerbated the aggregation
propensity for SacA- and SunA-derived peptides. Fluorinated solvents inducing the formation of
nanostructures has already been reported for some peptides!®, and would be consistent with the
observed drop in solubility. Fortuitously, it was possible to replace the trifluoroacetate with chloride
to afford soluble peptides. While these peptides were generally still prone to aggregation and

precipitation in a pH dependent manner, it was possible to decorate these peptides with

carbohydrates in an enzyme-catalysed reaction.

Nevertheless, especially the glycosylation conditions for SacA may be optimized further, as pH
dependent side-reactions were observed. Additionally, the wild-type SacA peptide precipitated at
basic pH after a short amount of time, indicating that the concentration may need to be optimized
further to allow for efficient glycosylation. Further precipitation may be due to the vast excess of
reducing agent in the queried glycosylation condition, as the helical fold is not stabilized by the critical
disulphide bridges at this point. This is further supported by the mass spectra of SacA-Glc showing the
peptide to be present almost exclusively in its reduced form. At the same time, especially for the SacA
peptide, a surprisingly large amount of unglycosylated peptide could be detected, even after extended
periods of glycosylation. Considering the previously mentioned precipitation, this peptide fraction

may represent the precipitate that was, due to its aggregated state, unavailable for glycosylation, but
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dissolved during the quenching step at acidic pH. It may, however, also point to product inhibition,
either by UDP or by the glycosylated, yet not folded peptide. Considering the vast excess of UDP-
Glucose over the emergent UDP, product inhibition of this extent seems unlikely, even though UDP
has higher affinity to the enzyme than its sugar-donor counterpart. Some of the problems regarding
the concentration dependent aggregation and potential product inhibition might be alleviated by the
use of methods from flow chemistry combined with immobilized enzymes. The product could be
constantly removed and slowly brought into a slightly oxidizing environment to favour the formation
of the stabilizing disulfide bonds. Furthermore, lower concentrations of peptide could be used, while
the total amount of peptide could be kept the same. In this manner both aggregation and erroneous
disulphide connectivity problems may be reduced. Nevertheless, with the currently developed
method all investigated peptides could be glycosylated in vitro with acceptable yields (40-70 % in a

one-step reaction) which could be further improved by recovering the starting material.

As the chemoenzymatic methods to obtain mature glycocin scaled poorly, a separate approach to
generate them by heterologous production in E. coli was investigated. As mentioned previously, a
similar approach was already published for Sublancin and Enterocin 96, making use of a His-tag or
CBD-tag, respectively’ 7> 17>, Given the major difficulty of glycocin synthesis being their limited
solubility in aqueous media, the His-tag was considered unsuitable as a general method, as this tag
has been reported to have a low, or even negative impact on protein solubility’®?, In line with the
expression system of Enterocin 96, | developed and optimized an in vivo production method, with the
MBP-tag conferring the required solubility. In contrast to the CBD-tag approach | chose a TEV cleavage
site in lieu of an intein based strategy, as removal of the latter is performed under strongly reducing
conditions and thus might be prone to disrupt the disulphide bridges vital for Glycocin-activity. Indeed,
under reducing conditions the cysteines of SunA could be reacted with iodoacetamide®?, while
glycosylation reactions in vitro under reducing conditions afforded the reduced peptide as primary
product (see chapter 3.5), once more exemplifying the general susceptibility of the glycocin
disulphides towards reducing environments. In contrast, all glycocins produced using the TEV-cleavage
method afforded peptides with mass spectra corresponding to the predicted number of disulphides,
with -4 amu for SacA, SunA and AciA, and -2 amu for PItA. Gratifyingly, even the AciA peptide that was
completely insoluble after solid-phase peptide synthesis, could be obtained.
Notably, the cleavage of the peptides from their MBP-tag required the isolation of the monomeric
form of the construct. It appears likely that erroneous formation of disulphides creating a dense
network of glycocin-peptide polymers, which remained in solution due to the solubilizing power of
the MBP-tag. Such a problem has not been described to occur for SunA'”> or Ent96’°. Indeed, earlier

reports even showed the possibility to obtain reduced, unglycosylated SunA or ThuA peptides from
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heterologous expression in E. coli ** 7%, Expression in B. subtilis lacking the oxidoreductases did
however lead to the erroneous disulphides!® that may be the cause for the apparent oligomerization.
Glycocins investigated herein also displayed a “stickiness” due to the pronounced hydrophobicity that
has been described for other bacteriocins!®3, though to varying degrees. That could be also a reason
for the observed oligomerization. Additionally, these “stickiness” of glycocins, hampers the
purification by interaction with the separation material used in the column purification. AciA
exemplified how such a problem may be overcome by the addition of suitable amounts of organic
solvent to the mobile phase during chromatography steps, though yields remained poor even with

this method.

Currently the glycocin production method still suffers from certain limitations. Firstly, despite the
production of Enterocin 96 being published using a similar method’®, the approach developed in this
work has, so far, not afforded the HPLC-grade pure peptide of Enterocin 96. This might be related to
the N-terminal location of the MBP-Tag as opposed to the C-terminal CBD-Tag used in the published
method”. Secondly, the reason for the apparent premature termination of the translation after the
MBP, resulting in an apparent expression of the MBP-tag alone is currently not understood. While this
is not an issue for the SacA and PItA wild-type peptides, it occurs strongly for SunA, AciA and mutations
of SacA that increase its aggregation propensity when introduced into synthetic peptides. Without
knowledge about said mechanism it is difficult to foresee which peptides may prove problematic until
attempts at their in vivo production have been made. An interesting observation is the dependence
on the growth medium of this phenomenon. It is much more pronounced in the standard TB-medium
compared to the autoinduction medium. It is yet unclear whether the causative factor lies within the
composition of the medium or with the time of induction, as expression in TB is performed in the
mid-log phase of growth, whereas the autoinduction media rather lead to expression during the
stationary phase. Nevertheless, both point towards an influence of the regulatory genes of E. coli.
Whether the lack of the glycocin peptide is caused by proteolytic cleavage or ribosomal stalling is, as

of yet, undetermined.

Lasty, this method requires the ability of E. coli to efficiently translate and fold the cognate GT of the
glycocin of interest. While this proved to be possible for all glycocins investigated in this study,
glycocins of the GccF type have so far not been attempted with this method. All reported attempts to
produce GeecA recombinantly in E. coli failed®’. Thus, a method to produce GecF recombinantly is not
available. It remains to be seen if that is a general feature of this subclass of glycocins and their cognate

glycosyltransferases or rather an unfortunate unique feature of the GecA/GecF pair.
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4.3. Crystallization and structure determination

In this work the structure of three different GGTs, SunS, PItS and EntS, each with notable differences
in their activity could be solved at a moderate to low resolution, as well as the structure of the catalytic
domain of SacS. While the structure of the GGTs SunS and ThuS have already been published at a
resolution of 3.0 and 2.1 A respectively'®®, the here presented structure of the SunS protein provides

a slightly better resolution with the L7 loop showing less disorder.

As mentioned previously, the overall structures of the GTs investigated in this work are highly similar
in their architecture and resemble the already reported structures of the GGTs ThuS and SunS. An
N-terminal Rossmann-fold followed by a helical substrate binding domain, termed TPR domain, is a
common architecture amongst structures of the GT-2 family. The presence of the hook-shaped
dimerization domain appears to be so far unique for GGT’s within the GT-2 family. Surprisingly, the
overall architecture is reminiscent of OGT, a GT-B fold GT containing a C-terminal, a-helical TPR
domain region. This domain is, like the its equivalent in the structures investigated here, assisting the
acceptor peptide recognition'®* and dimerization!®> of the enzyme, though the orientation and type

of dimerization between the monomers is noticeably different to that of GGTs.

The mode of nucleotide binding appears to resemble the interactions described for other GTs of the
metal-dependent GT-A type fold (see chapter 1.3). The metal ion is coordinated by the C-terminal Asp
of the DXD-motif as well as a His, located at the C-term of the B7 strand. The loop L7 forms a lid over
the sugar donor molecule upon binding. Similarly, the interactions of positively charged side chains
with the phosphate backbone have also been reported in other GTs, though primarily in
metal-independent proteins!. The same binding mode is described for ThuS and EntS proteins*> 168,
Both of these required the His and Asp at the metal binding site for their function. Interestingly, the

Arg and Lys side chains interacting with the phosphate improved the rate of activity, but neither were

vital for the function of these proteins %> 168,

Differences in the interactions with the aromatic base can be seen amongst the solved structures, with
a ni-ii-t sandwich of SunS and SacS. Such rather unspecific binding mode corresponds well with the
observed thermodynamic data and the displayed promiscuity towards the different nucleotides.
Interestingly, SacS showed a much greater promiscuity towards several nucleotides with a 5-6-fold
higher affinity to the purine bases ADP and GDP, while only showing a single amino acid difference
within the nucleotide binding pocket, with a Met instead of an lle near the nucleobase. While an S-it

interaction is possible, a similar interaction should also take place for UDP, resulting in a generally
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improved affinity. This was not observed, however. A further possibility is, that the choice of
nucleotide shifts the sugar unit by several degrees, which may optimize the binding of the whole ligand.
Indeed, such a mechanism would explain the increased affinity of SacS with regards to ADP-Glc,
whereas the affinity to ADP alone is more similar to that of SunS. This would also explain why the
affinity of SacS is higher to UDP alone than to UDP-GlIc; a unique feature amongst the investigated GTs.
Due to the complete hydrolysis of the sugar-nucleotide within the crystal, the positioning of the
glucose within the active site could so far not be determined. Non hydrolysable analogs of the donor
may help to gain insight how the carbohydrate may influence the positioning of the nucleotide handle
in the binding site. Interestingly, for many of the amino acids surrounding the nucleobase, the
aforementioned experiments of ThuS revealed that many of these are not vital to the functionality of
the GT. For instance, either of the aromatic side chains involved in the uracil t-stack could be replaced

by an Ala, without compromising the activity of the enzyme.

In contrast, the Trp forming the singular m-1t stacking interaction of EntS was vital to its function®,
agreeing with observations that the nucleotide binding of this enzyme is weaker in general. This
weaker, and more specific binding can easily be explained by its structure, showing two hydrogen
bonds between the uracil and a nearby Lys or Thr, in lieu of the n-im sandwich of SunS-like GTs.
PItS on the other hand shows a different mode of binding for the purine base, with a Cys located
beneath the Uracil, contributing in an S-it binding. While it is unclear how this residue influences the
specificity towards the donor molecule, it seems likely that the overall binding towards the
nucleotide-part of the donor is decreased, in turn increasing the importance of the sugar-residue
facilitated interactions. Comparing the binding pockets of the more promiscuous EntS with that of the
donor restricted PItS, the binding pocket of the latter appears narrower and displays additional
interaction partners, D145 and R194. The corresponding residues in EntS are not in position to interact
with the carbohydrate. Interestingly, in the donor binding sites of SunS, SacS and ThuS*®® show greater
similarity with PItS in this regard than EntS. This is surprising, considering the greater donor tolerance

of all three enzymes, in particular Sacs.

Using a mixture of ITC and functional assays it was possible to expand the knowledge of accepted and
preferred sugar-donors of GGTs. For both SunS and EntS the obtained affinities correspond well to the
observed activities. For SunS the clear preference for sugar nucleotides is Glc with
Glc>Gal/Man/GlcNAc>Xyl, which corresponds with the described activity in vitro®2. Similarly, EntS
showed a clear preference for Glc, whereas other sugar-nucleotides such as UDP-GIcNAc, UDP-Gal and
GDP-Man bound with much lower affinities. While EntS has been reported to use UDP-Gal in vitro®,

it is unable to utilize UDP-GIcNAc and GDP-Man, despite binding these sugar-nucleotides with
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micromolar affinities as well. For GDP-Man, this may be explained by the 02 of the Man pointing
towards the acceptor peptide, causing an electrostatic repulsion and thereby preventing the reaction
to take place. No such effect should be present for UDP-GIcNAc, however. Steric repulsion of the GIn
or Asp in contact with 02 for EntS (chapter 3.11.4.2) may cause the sugar to bind in a twisted
conformation, increasing the distance of the nucleophile to the anomeric carbon of the sugar, thereby

limiting the reaction, though no data as of yet was obtained that could corroborate this hypothesis.

While  the binding  affinities for  SacS  showed a clear preference of
UDP-Glc>GDP-Man>UDP-Gal=UDP-GIcNAc>Xyl, there are differences to the glycosylation reaction in
vitro. UDP-GIcNAc is used with greater efficiency than UDP-Gal, despite similar affinities, while
GDP-Man with superior affinity is not used as a substrate, in stark contrast to the activity reported for
the highly similar SunS*2. The inability of SacS to use GDP-Man can also not be explained by the
structural data. Similar to the structure of SunS and ThuS'®, no amino acid in the active site would
lead to a steric or electrostatic repulsion of the 02 of a mannose residue. Given the C2-02 bond of
this mannose is predicted to point towards the catalytic His, repulsion of the mannose may originate
from the acceptor peptide instead. The inability of SacS to use ADP-Rib as donor despite low
micromolar affinity is likely caused to the unusual architecture of this molecule with the nucleotide
being attached to the nonreducing end of the sugar. As such the connecting carbon is comparatively
more electron-rich and may be insufficiently electrophilic for the Sy2-type reaction of the GT.
Interestingly, ADP-Glc could be shown to be a good sugar donor for SacS, binding with a superior
dissociation constant than even UDP-Glc. To the best of my knowledge this makes SacS the first ADP-
Glc preferential peptide glycosyltransferase described, with this particular sugar-nucleotide usually
being used for energy storage via the formation of glycogen. Whether the observed affinities towards
ADP-Glc as opposed to the more commonly described UDP-Glc translates towards an effect in vivo is
as of yet uncertain, as no data about the abundance of ADP-Glc in Actinomycetales could be found.
Given that in E. coli UDP-Glc and UDP-GIcNAc are two to three orders of magnitude more abundant
than ADP-GIc'®, these affinities likely play only a minor role towards sugar specificity during the
developed in vivo production method. Given the good affinity of SacS to ADP-Glc, ADP-Rib and
GDP-Man, the purine base appears to be the determining factor for binding of a potential donor
molecule. However, the carbohydrate moiety seems to determine if a productive complex with the
acceptor peptide is formed, and a transfer takes place. A further class of ADP-linked sugars are ADP-
Heptoses such as ADP-D-glycero-B-D-manno-heptose. So far these sugars have only been found in
gram-negative bacteria and some Streptomyces strains'®’. Given that no such side-product was

observed, when SacA was expressed in E. coli, as well as the structure of the SacS donor binding site
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heavily indicating a preference for a-linked sugar-nucleotides, ADP-heptoses are unlikely to be used

as donor substrates in SacS catalysed glycosylations.

Unfortunately, no thermodynamic data could be obtained via ITC for PItS, due to its inherent instability
under experimental conditions. In functional assays it proved to be the least promiscuous of all
investigated GGTs, only using UDP-Glc, ADP-Glc and UDP-GIcNAc as sugar donor. As the only observed
modification of PItA during a glycosylation reaction in vivo, was a HexNAgc, it seems likely that the
natural substrate of PItS is UDP-GIcNAc. Though no data exists to rule out the possibility of GalNAc or
ManNac modifications, the clear preference Glc over Man or Gal implies the importance of the
position of 04 and N2 of the sugar. While the dense hydrogen bonding network seen in the PItS
structure helps explain the general hexose preference, no definitive conclusion for the observed
preference of GIcNAc over Glc can be drawn. The only potential hydrogen-bond donor for the
acetyl-group is R194, which is too far away for such an interaction. Interestingly, in higher resolution
structures of homologous proteins, such as SacS348 or ThuS, a water molecule in the Mn-coordination
sphere can be seen located in between the Arg side chain and where a N-acetyl group would be
located. Such a water molecule would be able to confer a hydrogen bond and improve the GIcNAc
binding. A nearby Leu is within distance of the acetyl group to further assist by hydrophobic interaction.
Given this residue is replaced by a GIn, Asn or Thr for EntS, SacS and SunS, respectively, who prefer
Glc over GIcNAc in a decreasing order, whereas the R194 is highly conserved between all GGTs, the

L192 seems much more likely to be the cause for the preferential activity towards UDP-GIcNAc.

With the exception of the EntS-Ecm cocrystal structures, it was, unfortunately not possible to obtain
further complexes of a GGT with its acceptor peptide for comparative analysis. Such a problem has
already been reported for SunS and ThuS and is likely caused by the low affinity and solubility of these
peptides!®®. Furthermore, given that the position of the nucleophile within the sequence of the
glycosylated loop can be shifted by several amino acids while not interfering with its glycosylation in
SunS-like Gtases’, it is likely that the peptide is not well ordered, even when bound to the active site.
Correspondingly, the position of the peptide in the EntS protein is not amenable to shifts in the
position of the nucleophilic amino acid within the peptide chain® and therefore forms a more stable
complex. Considering the structural similarity, it was possible to predict the homologous regions,
important for peptide binding in the other investigated GTs. My structural data of the helix binding
pocket, formed by helices from both monomers, corresponds well to the importance of dimer
formation for SacS, with the SacS348 truncated enzyme showing greatly reduced efficiency (see
chapter 3.5.1). A similar behaviour has been reported for ThuS, which displays a marked drop in

efficiency upon deletion of its dimerization domain. Interestingly, the truncated ThuS showed activity
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comparable to that of the wild-type towards an acceptor peptide lacking the N-terminal helix, further
corroborating the identity of the proposed N-terminal helix-binding pocket'®®. No data are available
regarding the binding of the C-terminal part of the peptide. The Ecm minimal peptide lacks the
C-terminal putative helix and it remains unclear whether this region of the peptide is directed
“upwards” towards the backside of al and al* of the dimerization domain, whether it would bind in
an “trans” configuration, extending towards the N-terminal domain of the GT, or whether it does not
interact with the enzyme in a meaningful way. Given the necessity to form disulphide bond and
reducing the chance of intermolecular bond formation cis binding would appear more likely.
Mutagenesis studies, targeting the putative binding site at al and al1* may shed light on that question.
Similarly, the conformation of the remaining part of the N-terminal region of the Ent96 peptide is so
far unknown. It may leave the enzyme either towards the C-terminus of the enzyme at dimerization
helix a4 and a4* or may be located at the boundary of the dimerization and TPR-like domain. A final
possibility is its binding along the dimerization domain in a helix-bundle-like fashion along the entire

length of helix al.

Several striking differences in the preference towards the acceptor peptide could be observed. The
inability of EntS to glycosylate the Sublancin-like peptides SunAm and SacA, or the Streptomyces
peptide PItA is not unexpected given the vast differences in the acceptor peptide sequence. EntS
requires its acceptor peptide to contain an acidic amino acid in the -1 position®, in stark contrast to
the GCGG motif found in Sublancin-like peptides or the HGCVP putative glycosylation site of PItA.
Surprisingly, while the loop-binding region of EntS is enriched in positively charged residues such as
Arg and His, these appear to interact with the Asp in the +2 position more so than with the Asp in the
-1 position. Indeed, the Asp16 side chain in the -1 position is within distance to form a hydrogen bridge
with a nearby His only after the first glycosylation has occurred. The interaction may also be facilitated
by a structural water, but no electron density that would correspond to such could be detected in the
measured datasets. Interestingly, the C-terminal region was reported to have only a comparatively
minor influence on EntS activity, which agrees with the structural data, considering the shift in peptide
position upon the first glycosylation only influences the interactions of the C-terminal part of the

peptide.

Despite their reported promiscuity, SunS-like GTs failed to glycosylate the Enterocin 96 peptide.
In contrast, within the SunS-like GT-family, the peptides themselves appear to be largely
interchangeable with both SunS and AciS showing activity towards SacA. This is well in agreement with
reports showing the promiscuity of SunS in regard to changes in the peptide sequence*” 74, which

proposed that the only requirement for the glycosylation were an N-terminal helix and a Cys within a
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disordered loop”. Interestingly, while no activity of SacS towards the SunA-minimal peptide SunAm
could be observed, SacS proved capable of glycosylating the Cys-to-Ser mutant of SunAm2Ser, albeit
at low efficiency. Given the slow speed of the observed glycosylation, aberrant disulphide formation
and aggregation most likely outpaces the glycosylation reaction for the SunAm peptide containing the
cysteines involved in disulphide formation in Sublancin. Surprisingly, however, neither SacS, nor SunS
were capable of O-glycosylating SunAmallSer. While the inability of SunS to glycosylate such a mutant
of SunA has been described®, SacS is evidently capable of both O- and S-glycosylation of SacA and §-
glycosylation of SunAm2Ser. Why this activity appears to be absent for the SunAmallSer-peptide is
currently unknown, but it may be caused by an incorrect positioning of the nucleophile within the

active site pocket.

Despite the previously mentioned reports towards the promiscuity of the SunS-like GTs, neither Sacs,
nor SunS showed any discernible activity towards PItA, despite its predicted capability to form an
N-terminal a-helix and a disordered loop containing a GCV sequence. While such a sequence motif
was not tested for SunS-activity, the enzyme was amenable to FCG and GCF sequences’, suggesting
sufficient steric flexibility to allow for a Val substitution. It seems more likely that either the His or Pro
residue within the loop interfere with the positioning of the nucleotide within the active pocket.
Alternatively, there may be undiscovered recognition motifs required for the binding of the N-terminal

helix.

So far, the most tolerant GGT in respect of acceptor peptide specificity is PItS. Indeed, PItS appears to
adopt a far more open conformation compared to SunS or EntS. The peptide channel appears to be
laterally opened, forming an elongated, narrow groove instead. This openness of the PItS active site
may be responsible for the astonishing promiscuity towards acceptor peptides, showing activity
towards all peptides investigated. Such promiscuity has likewise been reported towards the SvGGT,
with a minimal five amino acid long sequon Y(G/A/K/Q/E)(C/S/T)(G/A)G>:. Whether the minimal
peptide of PItS is equally short remains to be determined. Similarly, the ThusS structure appears more
open than the SunS structure and likewise displays a greatly increased promiscuity and a shorter

minimal sequence?®®,
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Reaction mechanism

Based on the crystal structure, a reaction mechanism for EntS O-glycosylation involving a catalytic
His-Asp or His-Asn dyad could be proposed. A His-Asp catalytic dyad has been well described for other
inverting GTs, though it appears more frequent in the GT-B type fold than the GT-A fold%. A His-Asn
dyad on the other hand has, to the best of my knowledge, not been described for GTs, though there

181 3and ribonucleases'®. In line with

are reports of such a dyad activating a nucleophile in proteases
other GT-A type folds, the leaving phosphate is stabilized by a divalent metal ion, coordinated to an
Asp of the DXD motif and a His located at the C-terminus of the B7 strand. Interestingly, the phosphate
is also stabilized by a Lys, Arg and Tyr residue, whose importance has, like the His-Asp dyad, been

more commonly described for GT-B type folds rather than GT-A%,

The observed complex with one glucose bound to the peptide allows to draw some conclusion of the
likely configuration of the glycosidic bond of the second glycosylation, which resisted identification®.
The angle of the first attached glucose within the active site, together with the location of the UDP-Glc
in the nucleotide binding pocket, leaves only one plausible configuration of the second glycosidic

linkage in the disaccharide of Ent 96 as B1-4 linkage.

The observed hydrolysis of the glycosidic bond in the presence of a simultaneously bound nucleotide
is not unprecedented'?®, though it is so far unclear, whether this reaction constitutes a full reverse
reaction of carbohydrate transfer back on to the nucleotide handle, or whether the nucleotide is
merely required for the binding of the peptide. Given the importance of the catalytic His residue for
the hydrolysis reaction of the EntS-disaccharide, it appears likely that it follows a similar reaction
mechanism as the glycosylation. This observed phenomenon leads to the question whether the
observed monoglycosylated species of the Ecm and full-length peptides are caused by a dissociative
mechanism of the EntS enzyme as described by Nagar&Rao*, or whether it is rather caused by the
observed hydrolysis of the glycosidic bond. This phenomenon may also point towards a biological
function of the disulphides in the Ent 96 peptide, as their formation prevents the peptide from

entering the GT and thereby protects the glycosidic bond.

The currently proposed model for GGT activity, however, still does not explain the activity of SacS and
S-glycosylation in general. This preference towards S-glycosylation over O-glycosylation could be
shown for SacS, with a much greater catalytic efficiency observed for the SacA4Ser peptide than the
SacAallSer variant. The observed catalytic parameters for the S-glycosylation are well in line with that
of other published Leloir GTs!!?, though these are active primarily on small molecules as opposed to

polypeptides. Comparing the kinetic constants with GTs active on peptides, such as OGT* or SunS6®
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reveals pronounced differences. Both ket and Km of the SacS S-glycosylation were observed to be one
order of magnitude higher than the parameters described for the S-glycosylation activity of SunS (Kkcat
of 0.88, Km of 1.5 uM) or the O-glycosylation of OGT (ket of 0.07-0.9, Kn 7-8 uM). A possible
confounding factor in this discrepancy is that the measurement of SacS kinetics was performed at 50°C,

whereas SunS and OGT measurements were performed at room temperature or 37°C, respectively.

Interestingly, it could be observed that SacS remains active without the catalytic His-base, albeit with
a much lower activity, with a similar phenomenon being reported for ThuS®8, This may be caused by
the higher acidity of cysteine (pKa 8.14)'*° compared to serine (pKa 13.6)%°, which, under the used
reaction conditions, would cause a notable portion of cysteine residues to exist in a deprotonated
state and would render the Cys-His interaction obsolete. Additionally, the Arg-phosphate hydrogen
bond-based weakening of the sugar nucleotide bond may be sufficient to drive the reaction forward,
with the catalytic His adopting only a supportive role as proton acceptor. A similar mechanism has
been proposed for a transacylating enzyme with a catalytic Cys-His dyad, which retained its activity

upon His-to-Ala substitution?°?,

However, this does not explain the difference in the observed K., values for O- and S-glycosylation. At
the same time, the laid-out principles should lead to better S- than O-glycosylation for EntS, which is
evidently not the case. Likewise, this model does not fully explain the residual O-glycosylation activity
of SacS(H200A) either. As of yet, it is still unclear to which extent the respective glycosylation reactions
are slowed down. Considering that O-glycosylation was already much slower than the S-glycosylation
reaction, it could as well be envisioned that the His-mutant disrupts both reactions equally. In the case
of SacS(H200A) it is possible that the nucleophile is positioned is such a way that the nearby Glu can
perform the deprotonation instead, yet this amino acid is conserved between all investigated GGTs
and should therefore also show this activity in the EntS(H214A) mutant, which it does not.
Alternatively, a water chain, or the a-phosphate may serve as catalytic base as proposed for OGT*%, a
GT-B type glycosyltransferase, lacking an obvious catalytic base. Further investigations are required to

determine the exact molecular origin of the residual O-glycosylation activity of SacS(H200A).
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5. Conclusion and Outlook

In this work glycocins, glycosylated antimicrobial peptides, a class of ribosomally synthesised and
postranslationally modified peptides, have been investigated in regard to their synthesis, as well as
the structure and function of the essential glycosyltransferase. To that end, genome mining was used
to identify several potential glycocin producer strains. These peptides were successfully synthesized
using Fmoc-based solid phase peptide synthesis, an approach that could be optimized to obtain good
yields for most peptides investigated. A major issue with these peptides is their limited solubility in
aqueous media. This issue could be alleviated by preparing the HCl-salts. Additionally, | have
developed a broadly applicable method for the recombinant production of glycocins in E. coli. An
N-terminal MBP-tag was used to confer the necessary solubility to the putative mature glycocin, while
the His-tagged cognate glycosyltransferase on a Duet vector for glycosylated the MBP-tagged aglycone.
With this method all peptides could be produced in their mature, glycosylated form. The newly
discovered glycosyltransferases AciS, SacS and PItS as well as the previously known
glycosyltransferases SunS and EntS were investigated with regards to their activity. It could be
determined that AciS, SacS, EntS and SunS preferentially transfer a glucose unit, whereas PItS transfers
an N-acetyl glucosamine instead. To investigate their structure and function, diffraction quality
crystals could be obtained for PItS, SunS, EntS and a truncated form of SacS. The obtained crystal
structures afforded insights into the rationale behind the observed donor specificities. For the first
time | could obtain a structure of a GGT, EntS, with the acceptor peptide, providing several snapshots
along the reaction pathway of the glycosylation reaction, providing unprecedented insight into the
catalytic mechanism for the EntS S/O-glycosylation. The identity of the nearby His as catalytic residue
could be confirmed. In particular its critical role in O-glycosylation was shown. In contrast, the
S-glycosyltransferase SacS(H200A) still showed S-glycosylation activity without this vital His, showing

that the reaction mechanism of SacS and EntS is noticeably different.

In order to help determine a detailed structure-function relationship of S-glycosyltransferases, higher
quality crystals, especially of cocrystals in complex with their acceptor peptide would be of
considerable use, helping to determine the positioning of the S” nucleophile. To that end PItS appears
to be a promising candidate, crystallizing in a reproducible manner in the presence of the PItA2Ser
peptide. Use of non-cleavable sugar-donor analogues could help stabilise the pre-reaction donor-
acceptor complex sufficiently to probe these in structural studies. Another approach is cryo electron
microscopy, which may help investigate states of the protein that are difficult to crystallize.

Furthermore, both the already obtained structural data, as well as the data yet to be obtained from
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co-crystals of S-glycosyltransferases with their cognate acceptor-peptides will have to be
experimentally validated using corresponding mutants. Obtaining the required peptides to this end
may benefit from further optimization of the peptide synthesis. Similarly, the in vivo method may
benefit from further optimization such as determining the rationale behind the observed
MBP-glycocin truncation. Expansion of this method towards Enterocin-like and GccF-like peptides
would render this method even more useful as a general and scalable method for the production of
glycocins. Finally, given the obtained structural and functional data, it should be possible to produce
glycocin-peptides containing a reactive handle, either by genetic code expansion, by inclusion of an
unnatural amino acid during the solid phase synthesis or by using an unnatural UDP-sugar analogue
during in vitro or in vivo glycosylation, which would be of considerable use to help deduce the function,

localization and targets of the respective glycocins.
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6. Materials and Methods

6.1.Reagents

All reagents were obtained in the highest quality possible unless otherwise specified. Salts, buffers
and polymers were obtained from Carl Roth GmbH, Sigma-Aldrich (Merck Millipore) or
ThermoScientific. Likewise, components of media were obtained from Carl Roth GmbH or Merck
Millipore unless otherwise specified. DMF and Acetonitrile were obtained from Thermo fisher

scientific. Ultrapure water was generated using a Milli-Q-8 Direct system (Merck Millipore).
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6.2. Growth media

Agar plates were made by mixing the respective media with 1.5 % (w/v) of Agar prior to autoclaving.

For GYM Streptomyces agar an additional 0.2 % (w/v) of CaCOs was added.

Table 9 Media used in this study.

Name

Composition / Source

Lysogenic Broth (LB Miller)
Terrific Broth (TB)

Super optimal broth (SOB)

Soc

Autoinduction media

M9 minimal media

GYM Streptomyces media

BHI Media

Carl Roth

1.2 % Tryptone from casein

2.4 % Yeast extract

0.4 % Glycerol

10 % TB phosphate buffer

2 % Tryptone from casein

0.5 % Yeast extract

8.5 mM NacCl

2.5 mM KClI

1 mM MgCl,

SOB supplemented with 20 mM Glucose
1 % Tryptone from casein

0.5 % Yeast extract

10 % M9 salts

2 % Autoinduction sugars

0.15 % Trace elements

1 mM MgSO,

10 % M9 Salts

0.4 % Glucose

0.01 % Biotin

0.01 % Thiamine

2 mM MgSO4

100 uM CaCly

0.4 % Glucose

0.4 % Yeast extract (BD Biosciences)
1 % Malt extract (BD Biosciences)
Adjusted to pH 7.2 with NaOH
BD Biosciences
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6.3. Buffers

Table 10 Composition of buffers used in this study.

Name Composition
SDS loading dye 0.25 M Tris pH 6.8
5 % (v/v) beta-Mercaptoethanol
50 % (v/v) Glycerol
10 % (w/v) SDS
SDS running buffer 25 mM Tris
192 mM Glycine
0.1 % SDS
SDS-PAGE stain 70 uM Coomassie Brilliant Blue G250
0.13% HCI
TAE buffer 100 mM Tris base
18 mM acetic acid
1 mM EDTA
TB phosphate buffer 0.17 M KH,PO4, 0.72 M K;HPO,
M9 Salts 477 mM NazHPO4, 220 mM KH,PO,,
200 mM NH4CI, 100 mM NaCl
Trace elements (1000x) 134 mM EDTA, 31 mM FeCls;, 6.2 mM ZnCly, 1.6 mM

Autoinduction sugars

Inoue transformation buffer

HisTrap Wash buffer

HisTrap Wash buffer for AciS

HisTrap Elution buffer

HisTrap Elution buffer for AciS

StrepTrap Wash buffer

StrepTrap Elution buffer

H3BO3, 760 uM CuSQOy4, 810 uM MnCl,, 420 uM CoCl,,
100 uM NiClz, 100 uM Na;Mo0,
5% (w/v) Galactose
5% (w/v) Lactose
2.5% (w/v) Glucose
25% (v/v) Glycerol
10 mM PIPES pH 6.7
55 mM MnCl;

15 mM CaCl;

250 mM KClI

50 mM Tris pH 8.0
500 mM NaCl

10 mM Imidazole
0.5 mM DTT

50 mM Tris pH 7.5
500 mM NacCl

10 mM Imidazole
10% (v/v) Glycerol
50 mM Tris pH 8.0
500 mM NaCl

500 mM Imidazole
0.5 mM DTT

50 mM Tris pH 7.5
500 mM NaCl

500 mM Imidazole
10% (v/v) Glycerol
50 mM Tris pH 7.5
150 mM NaCl

0.5 mM DTT

50 mM Tris pH 7.5
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MBPtrap wash buffer

MBPtrap elution buffer

TBS
TBST

IEX wash buffer
IEX elution buffer

Volatile buffer
Glycocin lysis buffer

Refolding buffer

SacS buffer

PItS buffer

AciS buffer

EntS buffer

SunS buffer

Protease buffer

MMT buffer (1M)

150 mM Nacl

2.5 mM Desthiobiotin
0.5 mM DTT

50 mM Tris pH 8

250 mM NacCl

50 mM Tris pH 8

250 mM NacCl

10 mM Maltose

50 mM Tris pH 7.5
150 mM NaCl

TBS

0.1 % Tween 20

20 mM Tris pH 8

20 mM Tris pH 8

1 M NacCl

20 mM NH4HCO; pH 8.0 (adjusted with NH,OH)
50 mM Tris pH 8

250 mM Nacl

5mM DTT

0.1% (v/v) Triton X-100
20 mM Tris pH 8.5

6 M Gdn*HCI

10 mM DTT

20 mM Tris pH 8

150 mM NaCl

20 mM Bicine pH 8
150 mM KCl

2 mM DTT

20 mM TrispH 7.5
150 mM NaCl

5% Glycerol

20 mM Tris pH 7.5
150 mM NaCl

20 mM HEPES pH 7.5
100 mM NaCl

10% Glycerol

25 mM Tris pH 7.5
150 mM NaCl

200 mM DL-malic acid
400 mM MES

400 mM Tris

pH adjusted with NaOH to 8.0
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6.4. Antibiotics

Table 11 Antibiotics used in this study.

Antibiotic Concentration in media Source
Kanamycin sulphate 50 pg/ml Serva
Chloramphenicol 34 pg/ml Carl Roth
Streptomycin sulphate 50 pg/ml Sigma Aldrich
6.5.Primers

Primers were obtained from Integrated DNA technologies. A list of primers used can be found in Table
12. The nomenclature of extension primers follows Gene_ Overhang_direction, whereas

vector-linearization primers are named Veclin_ORFname_direction.

Table 12 Primers used in this study.

Primer Name

Sequence (5’ - 3’)

Veclin_Duetl_ fwd
Veclin_Duetl_rev
Veclin_Duet2_fwd
Veclin_Duet2_rev
Veclin_3C_fwd
Veclin_3C_rev

Veclin_HisCterm_fwd
Veclin_HisCterm_rev

Veclin_MBP_fwd
Veclin_MBP_rev
Veclin_Sumo_fwd
Veclin_Sumo_rev

Vector linearization
TAATGCTTAAGTCGAACAGAAAG
CATGGTATATCTCCTTATTAAAG
AGAAACCGCTGCTGC
CATATGTATATCTCCTTCTTATACTTAAC
CGCGCCTTCTCCTCACATATG
TGCTGGTCCCTGGAACAGAAC
CTCGAGCACCACCAC
CATGGTATATCTCCTTCTTAAAG
GGTACCGGATCCGAATTC
GGCGCCCTGAAAATAAAG
TAGGTATTTATTCGGCG
TCCGCTACCACCAATCTGTTCTC

MBP_duetl_fwd
MBP(TEV)_rev
SacA_TEV_fwd
SacA_duetl_rev
Ent96_TEV_fwd
Ent96_duetl_rev
AciA_TEV_fwd
AciA_duetl rev
SunA_TEV_fwd
SunA_duetl_rev
PItA_TEV_fwd
PItA duetl rev
Gtase_duet2_fwd
SacS_duet2_rev

Extension primers
TTAATAAGGAGATATACCATGAAAATCGAAGAAGGTAAAC
GCCCTGAAAATAAAGATTCTC
GAATCTTTATTTTCAGGGCTTTACTGCAGCTC
CTGTTCGACTTAAGCA TTATTTGCAATATTGATCATAGAG
GAATCTTTATTTTCAGAGCAAACGTGATTGTAAC
CTGTTCGACTTAAGCA TTATTTACAATATTTTCTTAC
GAATCTTTATTTTCAGGGAAATGGAGCAC
CTGTTCGACTTAAGCATTAATAGCAGTAACTTC
GAATCTTTATTTTCAGGGATTAGGAAAAGCTC
CTGTTCGACTTAAGCATTATCTGCAGAATTGAC
GAATCTTTATTTTCAGGGCATGAGCAAGGC
CTGTTCGACTTAAGCATTAGAGCTTCGGCCCC
GTATAAGAAGGAGATATACAT ATGGGCAGCAGCC
GCAGCAGCGGTTTCTGGCGCGTTATAAATCAATC
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AciS_duet2_rev
SunS_duet2_rev
EntS_duet2_rev
PItS_duet2_rev
PItS_duet2 fwd
SacS_3CLIC_fwd
SacS_3CLIC rev
PItS_3CLIC_fwd
PItS_3CLIC rev
AciS_3CLIC fwd
AciS_3CLIC_rev
AciS_HisCterm_fwd
AciS_HisCterm_rev
EntS_3CLIC fwd
EntS_3CLIC_rev
GccA_3CLIC fwd
GccA_3CLIC rev
GccA_MBP_fwd
GccA_MBP_rev
SunS_SUMO_fwd
SunS_SUMO_rev
StrepPItS_Sumo_fwd
StrepPItS_Sumo_rev

GCAGCAGCGGTTTCTTTATAAAACCTCGTTTAG
GCAGCAGCGGTTTCTTCATACTTCAATTCCTTTC
GCAGCAGCGGTTTCTTCATGATTCATTCTCCC
GCAGCAGCGGTTTCTTCACGGAGCTGGGG
GTATAAGAAGGAGATATACAT ATGGGCAGCAGCTG
CCAGGGACCAGCAATGAAAAGCATAGGTAGTC
GAGGAGAAGGCGCGTTATAAATCAATCTTTTTTATTTC
CCAGGGACCAGCAATGAAAGCCGCCACGAG
GAGGAGAAGGCGCGTCACGGAGCTGGGGAC
CCAGGGACCAGCAATGGGGGACTTAAAGAATC
GAGGAGAAGGCGCGTTATAAAACCTCGTTTAGTTTTTC
AGAAGGAGATATACCATGGGGGACTTAAAGAATC
GTGGTGGTGCTCGAGTAAAACCTCGTTTAGTTTTTC
CCAGGGACCAGCAATGTATTCTGAAAATTTTATTGCT
GAGGAGAAGGCGCGTCATGATTCATTCTCCCG
CCAGGGACCAGCAATGAAAAACCGTCAGAACGAGATCGACAG
GAGGAGAAGGCGCGTTAGTTGTTTTCGTTCTTGCTATCGCCTTGC
TATTTTCAGGGCGCCAAAAACCGTCAGAACG
CGGATCCGGTACCTTAGTTGTTTTCGTTCTTG
GATTGGTGGTAGCGGA ATGAAACTGAGTGATATTTATTTG
CGCCGAATAAATACCTATACTTCAATTCCTTTCAG
GATTGGTGGTAGCGGATGGGCAGCAGCTGG
CCTAAGGTCTTTA TCACGGAGCTGGGGAC

StrepTag_fwd
StrepTag_rev
3C-His_fwd
3C-AciS_rev
EntS H214A fwd
EntS_H214A rev
SacS_H200A fwd
SacS_H200A_rev
SacS_348noSt_rev
SacS_348 rev

Mutagenesis and truncation
TCGAACTGCGGGTGGCTCCAGGCTGCTGCCCATGG
AGCCACCCGCAGTTCGAAAAAAGCAGCGGCCTGG
AGGTTCTGTTCCAGGGACCA CACCACCACCACCACCACTG
GTCCCTGGAACAGAAC CTCGAGTAAAACCTCG
TGGTCTAATAGCGGAAGAGTTGAGGAACAAC
CTTCCGCTATTAGACCATAATACTTAATTTTATTATTG
CGGTAAGGTTGCGGAAGAACCTCTTTTTCC
TTCCGCAACCTTACCGTAAAACTTAATATC
GAGGAGAAGGCGCGGGGGAACTCTTTTTCC
GAGGAGAAGGCGCGTTAGGGGAACTCTTTTTCC
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6.6.Bacterial strains

Table 13 Bacterial strains used in this study.

Name Relevant Genotype / Strain Source
E. coli DH5a fhuA2 A(argF-lacZ) U169 phoA ginV44 New England
$80A(lacZ)M 15 gyrA96 recAl relAl endAl Biolabs

E. coli BL21 (DE3) Gold

E. coli BL21 (DE3) Rosetta

thi-1 hsdR17

FrompT hsdS(re"mg”) dcm* Tet" gal A(DE3)
endA Hte

F-ompT hsdSs (rs” mg’) gal dem (DE3) pRARE
(Cam®)

Fisher Scientific

Merck Millipore

E. coli BL21 (DE3) Arctic F ompT hsdS(re"ms~) dcm* Tet" gal A(DE3) Agilent
Xpress endA Hte (cpn10 cpn60 GentR)
Shouchella plakortidis DSM 40041 DSMZ
Acinetobacter baumanii K3-ATCC 17978 ATCC
Bacillus amyloliquefaciens ~ DSM 7 DSMZ
Bacillus subtilis DSM 10 DSMZ
Laceyella putidus DSM 44608 DSMZ
Listeria monocytogenes DSM 20600 DSMZ
Salmonella enterica serovar  DSM 554 DSMZ
Typhimurium
Staphylococcus aureus subsp. ATCC25923 ATCC
Rosenbach

Streptomyces platensis DSM 40041 DSMZ
Streptococcus suis DSM 9682 DSMZ

6.7.Genome mining

Amino acid sequences of all confirmed glycocins and their cognate GGTs were used as a query for a

BLASTp h22,

searc using the NCBI webserver with the corresponding interface
(https://blast.ncbi.nIm.nih.gov/Blast.cgi?PAGE=Proteins). Only results with an e-value below 1e?
were used for further analysis. Results with a large genomic distance between the putative glycocin
and glycosyltransferase were excluded. Only organisms in which an ABC-type transporter clustered
with the putative glycocin and GT were used for further analysis. MEGA-X?* was used to infer a

maximum likelihood phylogenetic tree.
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6.8. Molecular biology methods

6.8.1. Isolation of Genomic DNA

Genomic DNA of G. acidiceleris, E. faecalis and L. sacchari was obtained from the DSMZ, Germany.

Freeze dried bacteria of S. platensis and B. subtilis were obtained from the DSMZ. These bacteria were
reconstituted and grown in GYM Streptomyces and LB media, respectively. Their genomic DNA was
isolated using a Bacteria DNA Preparation kit (Jena Bioscience), according to the manufacturer’s

instructions.

6.8.2. Polymerase chain reaction

PCR was performed with a C1000 Thermal cycler (Bio-Rad) using Q5 Polymerase (NEB) to prepare DNA
fragments for cloning. DreamTaq Polymerase (Fisher Scientific) was used instead for colony PCR and
bacteria of a single colony were transferred into this reaction mixture as a template. An example for
a PCR mixture composition can be found in Table 14. The GC-enhancer was added for reactions in

which the desired product contained a GC-content >60%.

Table 14 Example of a PCR mixture composition

Master mix 2 ul

GC-enhancer 2 ul

8 mM dNTP mix (2 mM each) 1ul

Template 0-3 ul (5-60 ng of DNA)
Primer (10 uM each) 1ul

Polymerase 0.1l

Water To 10 ul

Temperatures and elongation times were chosen according to the manufacturer’s recommendations.
Typically, PCR was performed with 30 cycles. Vector linearization PCR for ligation was performed with

40 cycles instead.
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6.8.3. Purification of DNA

After vector linearization PCR the remaining parent plasmid was first digested by addition of Dpnl
(NEB) to the crude PCR mixture, according to the manufacturer’s instructions. The incubation time

was extended to one hour to ensure full digestion of the parent DNA.

All DNA fragments have been additionally purified by agarose gel electrophoresis in a 2% Agarose gel
for PCR products below 500 bp, 0.7% for products above 4,000 bp, and 1% for all other DNA lengths.
DNA was visualised by addition of 0.01% (v/v) SYBR safe DNA stain to the gel (Fisher Scientific).

Bands in the gel, corresponding to the expected size, were excised and purified using either a
GenElute™ Gel extraction kit (Sigma-Aldrich) or NucleoSpin™ Gel extraction kit (Macherey Nagel)

according to the manufacturer’s instructions.

6.8.4. Ligation

Ligation of amplified DNA was performed using the HiFi-Assembly kit (NEB) according to the
manufacturer’s instructions. A list of Plasmids prepared this way can be found in Table 15. Ligation

products used for transformation of ultracompetent E. coli DH5a without prior purification

(chapter 6.8.5).

Table 15 Plasmids created in this study.

Name Gene Antibiotic Parent Plasmid
resistance
pET-3CLIC-SacS His-3C-SacS Kanamycin pET-3CLIC?
pET-3CLIC-EntS His-3C-EntS Kanamycin pET-3CLIC
pPET-3CLIC-SunS His-3C-Sun$S Kanamycin pET-3CLIC
pET-3CLIC-PItS His-3C-PItS Kanamycin pET-3CLIC
PET3CLIC-GccA His-3C-GccA Kanamycin pPET3CLIC
pET-YSBL-AciS His-SacS Kanamycin pET-YSBL®
pET-MBP-GccA MBP-TEV-GccA Kanamycin pPET-MBP1b°¢
pET-Strep3CLIC-PItS Strep-3C-PItS Kanamycin pET-3CLIC-PItS
pChampion-SUMO-SunS  His-SUMO-Sun$S Kanamycin Champion pET-SUMO ¢
pChampion-SUMO-PItS His-SUMO-Strep-3C-PItS  Kanamycin Champion pET-SUMO
pET-YSBL-AciS-His AciS-His Kanamycin pET-YSBL
pET-YSBL-AciS-3CHis AciS-3C-His Kanamycin pET-YSBL-AciS-His
pET-3CLIC-SacS348noSt His-3C-SacS348-noStop Kanamycin pET-3CLIC-SacS
pET-3CLIC-SacS348 His-3C-SacS348 Kanamycin pET-3CLIC-SacS
pET-3CLIC-SacSA-fused His-3C-SacS-GSSG-SacA Kanamycin pET-3CLIC-SacS
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pGlycocin-SacA-SacS ORF1: MBP-TEV-SacA Streptomycin  pCDFduet-1°¢
ORF2: His-3C-SacS

pGlycocin-SunA-SunS ORF1: MBP-TEV-SunA Streptomycin  pCDFduet-1
ORF2: His-SUMO-Sun$S

pGlycocin-AciA-AciS ORF1: MBP-TEV-AciA Streptomycin  pCDFduet-1
ORF2: His-AciS

pGlycocin-PItA-PItS ORF1: MBP-TEV-PItA Streptomycin  pCDFduet-1
ORF2: His-3C-PItS

pGlycocin-EntA-EntS ORF1: MBP-TEV-Ent96 Streptomycin  pCDFduet-1
ORF2: His-3C-EntS

2 3 gift from YSBL?*,  a gift from Markus Wahl (FU Berlin), a gift from Nediljko Budisa (TU Berlin),

4Thermofisher Scientific, ¢ Merck Millipore

6.8.5. Transformation

Ultracompetent E.coli DH5a were prepared according to the Inoue method?®. Briefly, cells were
grown at 18°C in SOB media until an ODgyo of 0.55 had been reached. The cell suspension was
subsequently incubated on ice for 10 min. In the following steps the cells were kept on ice and
centrifuged at 4°C. Cells were harvested by centrifugation at 2,500 x g and washed twice with ice-cold
Inoue transformation buffer (see Table 10). The cells were suspended in the same buffer, and 0.75 %
(v/v) of DMSO was added as cryoprotectant. 50 pl aliquots were prepared, snap-frozen in liquid

nitrogen and stored at -80°C until further use.

Competent E. coli of expression strains were prepared by growth in LB media at 37°C until an ODgoo
of 0.45. The cells were harvested, washed once an ice-cold solution of each 100 mM MgCl, and
100 mM CaCly. Finally, they were suspended in the 100 mM CaCl; solution and 15% (v/v) of glycerol
was added as a cryoprotectant. 50 ul aliquots were prepared, snap-frozen in liquid nitrogen and stored

at -80°C until further use.

Transformation of ultracompetent E. coli DH5a with ligation products was performed according to the
Inoue protocol®®. Briefly the ligation mixture was added to the aliquot of competent cells in a 1:10
ratio, and the suspension mixed by gentle agitation. The mixture was incubated on ice for 30 min,
followed by a heat shock at 42°C for 45 seconds. Cells were immediately plunged into an ice bath
afterwards and incubated for 3 min. Subsequently 1 ml of SOC media was added, and cells incubated
shaking at 37°C for 1h. Cells were transferred to LB agar plates containing the appropriate antibiotics.
Colonies usually appeared after growth at 37°C for 12h. E.coli DH5a cells transformed with pGlycocin

plasmids were usually grown for 30 hours until colonies were Vvisible.
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Single colonies of ligation products were picked and the presence of the gene of interest was

confirmed using a colony (see chapter 6.8.2).

Heat shock competent E. coli expression strains were similarly transformed using 20-100 ng of purified

plasmid with confirmed sequence.

6.8.6. Plasmid purification

Plasmids were isolated from E. coli DH5a competent cells using a HP GenElute plasmid miniprep kit
(Sigma-Aldrich) according to the manufacturer’s protocol. The sequence identity and fidelity was

verified via Sanger-Sequencing (Microsynth, Germany).

6.8.7. Site Directed mutagenesis.

Site directed mutagenesis was performed using a standard QuikChange site directed mutagenesis, by
using two overlapping primers harbouring the mutation in a PCR, to afford a circular DNA product.
Following Dpnl digest and purification, the thus created plasmids were introduced into E. coli DH5a as

described previously.

6.9.Biochemical methods

6.9.1. Determination of protein concentration

Protein and peptide concentration was determined using a DS-11 FX+
spectrophotometer/fluorometer (DeNovix). Absorption was measured at 280 nm, and concentration

calculated by applying Lambert-Beer’s law:

I
Ay =log(70)= gxcx*xd
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Where g is the initial light intensity, | is the measured light intensity, €, is the extinction coefficient at

wavelength A, ¢ the concentration and d the pathlength of light.

The Expasy-ProtParam?®® webserver (https://web.expasy.org/protparam/) was used to calculate the
extinction coefficient of the proteins or peptides. Cysteines were assumed to be reduced for this

calculation, except for glycosylated wild-type peptides of Ent96, SacA, AciA and PItA.

6.9.2. SDS-PAGE

SDS-page was performed using standard methods for denaturing gel electrophoresis according to
Laemmli (1970)%7 using a Tris-Glycine-SDS buffer. Gels were prepared as a discontiguous stack of a

4 % acrylamide stacking gel atop a 12% separating gel. The recipe for each can be found below:

Table 16 Recipe for SDS-Polyacrylamide gels

Stacking gel (4%) Separating gel (12%)

Water 7.25 ml 8.4 ml
1M Tris pH 6.8 1.3 ml -
1.5 M Tris pH 8.8 - 3.4 ml
30% Acrylamide/Bisacrylamide (37.5:1) 1.3 ml 8 ml
10 % (w/v) SDS 100 pl 200 ul
10 % (w/v) Ammoniumperoxodisulphate 100 pl 200 pl
TEMED 10 pl 20 ul

Gels were stained using the method of Lawrence et al. (2009)?%: Gels were washed with hot water to
remove SDS and subsequently submerged in SDS-PAGE staining solution, heated to a boil and
incubated for 5-10 minutes at RT. Afterwards destaining was performed by submerging the gels in a

10% EtOH solution for 20 minutes.

6.9.3. Western blotting

Western blotting was performed using the Trans-Blot Turbo™ transfer system (Bio-Rad), transferring
the proteins to a Trans-Blot Turbo Mini 0.2 um PVDF membrane (Bio-Rad), according to the
manufacturer’s instructions. The membrane was subsequently blocked by incubation in 5% milk in TBS
buffer for 1 hour. The membrane was washed thrice with TBST-buffer and submerged in a solution

containing mouse a-His antibody (Invitrogen) in a 1:5,000 dilution in a 5 % bovine serum albumin (BSA)
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solution of TBS and incubated overnight. The membrane was washed thrice with TBST and incubated
for 1 hour with goat a-Mouse-HRP antibody (Dianova) in a 1:3,000 ratio in 5% BSA in TBS. After a final
wash with TBST, the membrane was treated with ECL™ western blotting detection reagents (cytiva)
according to the manufacturer’s instructions. Luminescence was detected using an ImageQuant™

LAS-4000 mini luminescent image analyzer (Fujifilm).

6.9.4. Isothermal titration calorimetry

ITC experiments were performed on a MicroCal ITC (Malvern) or an AffinitylTC (TA instruments) at
25°C unless specified otherwise. Stirring was performed at 550 or 125 rpm, respectively. Water,

containing 8 mM sodium azide was used as reference.

Proteins were loaded into the cell in concentrations, ranging from 10 to 60 uM. Nucleotides and
nucleotide sugars were injected in concentrations of 300 uM to 2 mM. Typically, a first injection of
0.4 ul was made, followed by 18 injections of 1.5-2 pl titrant. All experiments were performed in

triplicates.

Data were analysed using NanoAnalyze (TA Instruments). The first injection was excluded from
analysis. Stoichiometry of binding for ligands with a projected Kd > 10 uM were manually set to 1

before fitting the data.

6.9.5. Differential scanning fluorimetry

Protein melt curves were measured using a QuantStudio5 real-time PCR machine
(applied biosystems). The protein of interest at a concentration of 0.1 mg/ml unless otherwise
specified with a 5x concentration of SYPRO Orange Protein gel stain (Sigma-Aldrich) and the buffers at
a concentration of 100 mM. Additives were added at concentrations ranging from 5 mM to 300 mM.
The temperature was increased over the course of the measurement from 25°C to 98°C at a rate of
0.016°C/s, measuring the fluorescence with A&x=470 nm and Aem=520 nm.

Data was analysed using the Protein Thermal shift software v1.3 (applied biosciences).
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6.10. Lyophilization

Samples were first snap-frozen by plunging them into liquid nitrogen, before subjecting them to

lyophilisation.

Resins were dried using an ALPHA 1-2 LD freeze dryer (Christ, Gefriertrocknungsanlagen GmbH),
typically at 0.3-1 mbar. All other samples were dried using an ALPHA 2-4 LDplus (Christ,

Gefriertrocknungsanlagen GmbH), typically at 0.04 mbar.

6.11. Production and purification of Glycosyltransferases

6.11.1.Protein production

LB, containing the appropriate antibiotics, was inoculated with a bacterial culture, harbouring the
expression plasmid of interest (Table 15). After overnight growth at 37°C, expression media containing
the appropriate antibiotics was inoculated with this preculture in a 1:100 ratio.

The Expression media of choice was generally TB-medium (Table 9) unless otherwise specified.
Cells were allowed to grow at 37°C, 250 rpm to an ODego of 2.0, after which gene expression was
induced by addition of 0.1 mM Isopropyl-B -D-thiogalactopyranosid (IPTG). The culture was further
incubated at 16°C, 250 rpm for another 18 h. Cells were subsequently harvested by centrifugation at

6,000 x g for 15 min at 4°C. The cells were either used directly or stored at -20°C until further use.

6.11.1.1. SeMet containing proteins.

For the production of SeMet containing proteins, expression took place in M9 minimal media,
according to the protocol of Walden (2010)%. Similar to the normal expression described above, LB
was inoculated with bacteria harbouring a plasmid encoding for the gene of interest. After growth
over night, bacteria were collected by centrifugation at 2000 x g and the pellet washed once with M9
minimal media. M9 minimal media (Table 9) supplemented with 5 g/l glucose was inoculated with this
pellet and grown until ODggo of 0.6 was reached. At this point 100 mg phenylalanine, 100 mg lysine,

100 mg threonine, 50 mg leucine, 50 mg isoleucine and 50 mg of valine were added for each litre of
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culture to reduce the activity of the Methionine biosynthesis of E. coli. 100 mg/l of pi-
Selenomethionine were added and the culture incubated for 15 min. Induction of expression with
IPTG, harvesting of cells and purification of the protein was performed as described for wild-type

proteins.

6.11.2.Lysis of cells

The cell pellet was resuspended in an appropriate lysis buffer (Table 10) and lysed using an Emulsiflex
C-3 (Avestin) homogenizer at 15000 psi in the presence of 3 mM MgCl, and catalytic amounts of

DNase I. Cell debris was removed via centrifugation at 45,000 x g, 4°C for 30 min.

6.11.3.Affinity chromatography

6.11.3.1. HisTrap

The supernatant, obtained after cell lysis, was loaded onto a HisTrap™ FF column (GE Healthcare),
washed with 5 column volumes (CV) of wash buffer and eluted with a gradient of Imidazole from 10
to 500 mM over 5 CV. The flowthrough of the loading step, the wash as well as fractions over the

whole gradient were collected.

6.11.3.2. StrepTrap

The supernatant, obtained after cell lysis, was loaded onto a StrepTrap™ FF column (GE Healthcare),
washed with 10 CV of wash buffer and eluted with a gradient of desthiobiotin from 0 to 2.5 mM over
5 CV. The flowthrough of the loading step, the wash as well as fractions over the whole gradient were

collected.
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6.11.3.3. MBPTrap

The supernatant, obtained after cell lysis, was loaded onto an MBPTrap™ HP column (GE Healthcare),
washed with 5 CV of wash buffer and eluted with a gradient of maltose from 0 to 10 mM over 5 CV.
Fractions with an absorbance above 200 mAU at 280 nm were collected. The flowthrough was re-

injected into the column up to 13 times for a complete capture of MBP-tagged protein.

6.11.4.Size exclusion chromatography

Size exclusion chromatography was performed either using a HiLoad 16/600 Superdex 200pg or a
HiLoad 16/600 Superdex 75pg column (Cytiva) for molecules above or below a 30 kDa size,
respectively. Injection volumes were kept between 1-2% of the bed volume of the column. Elution
was performed in an isocratic manner over 1.3 CV unless specified otherwise. Absorbance was

measured at 260, 280 and 220 nm. Fractions were collected between 0.4-1.3 CV.

6.11.5.Ion exchange chromatography

A MonoQ 4.6/100 PE column (Cytiva) equilibrated with IEX wash buffer was charged with the protein
solution to be purified via IEX, washed with 5 CV of wash buffer retained proteins were eluted with a
linear NaCl gradient from 100 mM to 1 M over 12 CV. The flowthrough of the loading step, the wash

as well as fractions over the whole gradient were collected.

6.11.6.Proteases

In this study 3 proteases were used for tag-removal of recombinantly produced polypeptides:

Tobacco etch virus protease (TEV), Human rhinovirus 3C protease (3C) and Ubiquitin-like-specific

protease 1 (Ulp1).
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TEV2® and Ulp12*! were produced as a His-tagged construct in E. coli BL21(DE3) Gold and from a
pET28a(+) (a kind gift from Nedjiliko Budisa, TU Berlin) or pHYRS52A vector (a gift from the YSBL),
respectively. They were purified using His-Trap followed by SEC using their respective buffers (Table
10).

His-MBP-tagged 3C protease was expressed and purified from a pMal-2X plasmid (a kind gift from the
YSBL) in a similar manner by Christian Roth, MPIKG.

6.11.7.Purification of GccA

GccA was expressed as an MBP-TEV-GT construct in a pET-MBP1b plasmid in E. coli BL21 (DE3) Gold.
The protein of interest was isolated from the cell lysate by MBPTrap as described above (6.11.3.3).
Fractions containing the protein of interest were combined and dialyzed against GccA-cleavage buffer
(Table 10). The resulting precipitate was collected and re-dissolved in 6 M guanidinium hydrochloride
(Gdn). Refolding of GccA was performed by rapid dilution into GecA refolding buffer (Table 10) and
residual Gdn was removed by injecting the supernatant onto a HiPrep™ 26/10 desalting column
(Cytiva) using GccA refolding buffer as mobile phase. The resulting, diluted solution of GccA was

concentrated using a centrifugal concentrator as described previously.

6.11.8.Purification of SacS

SacS was expressed as His-3C-GT constructs in a pET-3CLIC plasmid in E. coli BL21 (DE3) Gold.
SacS was isolated from the cell lysate via HisTrap as described above (6.11.3.1). To obtain the His-SacS
protein, fractions were concentrated using a centrifugal concentrator and purified further by SEC

(6.11.4).

For SacSAHis and mutants thereof, the fractions of the His-trap containing the protein of interest were
combined, 3C protease was added in a ratio of 1:1,000 and the mixture was dialysed against
3C-protease cleavage buffer (Table 10) at 4°C for a simultaneous exchange of the buffer and
proteolytic digest. Subsequently, arising precipitate was removed by centrifugation at 17,000 x g for
20 min and the cleared supernatant injected onto a His-trap™ FF column. The flowthrough containing
the cleaved tagless target protein was collected and concentrated as previously described and purified
further using SEC with a HiLoad 16/60 Superdex 200pg size exclusion column. SacS buffer (Table 10)
was used as mobile phase. Fractions, containing the protein of interest were combined, concentrated,

aliquoted and stored at -80°C.
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6.11.9.Purification of SunS

SunS was expressed as His-Sumo-GT constructs in a pChampion-pET-Sumo plasmid in E. coli BL21 (DE3)
Rosetta. Sumo-SunS was isolated from the cell lysate via HisTrap described above (6.11.3.1). The
fractions of the His-trap containing the protein of interest were combined, Ulp1 protease was added
in a ratio of 1:200 and the mixture dialysed against 3C-protease cleavage buffer (Table 10) at 4°C for
a simultaneous exchange of the buffer and proteolytic digest. Protease and the Sumo tag were
separated off by SEC (6.11.4) using a HiLoad 16/60 Superdex 200pg size exclusion column. SunS buffer
(Table 10) was used as mobile phase. Fractions, containing the protein of interest were combined,

concentrated, aliquoted and stored at -80°C.

6.11.10. Purification of AciS

AciS was expressed as GT-3C-His construct in a pET-3CLIC plasmid in E. coli BL21 (DE3) Rosetta cells in
autoinduction medium. AciS was isolated from the cell lysate via HisTrap (6.11.3.1) using AciS-HisTrap
buffers.

Fractions containing the protein of interest were pooled and the tag was cleaved off via treatment
with 3C protease during an overnight dialysis against TBS (Table 10), supplemented with 0.5 mM DTT
and 10% Glycerol. Nucleotide and proteinaceous impurities could be removed by IEX (6.11.5),
collecting the flow-through. The resulting protein solution was concentrated as described previously
and purified further using SEC (6.11.4) with AciS buffer as mobile phase. Fractions containing the
protein of interest of sufficient purity were combined, concentrated, aliquoted and finally stored

at -80°C.

6.11.11. Purification of EntS

EntS was expressed as His-3C-GT constructs in a pET-3CLIC plasmid in E. coli BL21 (DE3) Rosetta. EntS
was isolated from the cell lysate via HisTrap described above (6.11.3.1). The fractions of the His-trap
containing the protein of interest were combined, 3C protease was added in a ratio of 1:1,000 and the
mixture was dialysed against 3C-protease cleavage buffer (Table 10) at 4°C for a simultaneous

exchange of the buffer and proteolytic digest. Subsequently, arising precipitate was removed by
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centrifugation at 17,000 x g for 20 min and the cleared supernatant injected onto a His-trap™ FF
column. The flowthrough containing the cleaved tagless target protein was collected and
concentrated as previously described. For the EntSH200A mutant nucleotide-based impurities were
subsequently removed by IEX (6.11.5). Final purification was performed using SEC (6.11.4) with EntS
buffer (Table 10) as mobile phase unless specified otherwise. Fractions, containing the protein of
interest in the dimeric state (based on elution time) were combined, concentrated, and reapplied to
the SEC column for complete isolation of the dimeric state from higher oligomers. Dimeric EntS

fractions were pooled, concentrated, aliquoted and stored at -80°C.

6.11.12. Purification of PItS

PItS was expressed as a His-Sumo-StrepTag-3C-GT construct in a pChamion-pET-Sumo plasmid in E.
coli BI21 (DE3) Rosetta cells growing in autoinduction medium. Tagged PItS was isolated from the cell
lysate via HisTrap (6.11.3.1), with the column charged with Cobalt instead of Nickel.
The tags were removed by treatment with 3C protease while dialysing against TBS (Table 10),
containing 1 mM DTT for simultaneous buffer exchange and digest. The GT was separated from the

His-SUMO tag by injecting the dialysate onto a HisTrap FF column, collecting the flow-through.

The resulting protein solution was concentrated using an Amicon-Ultra centrifugal concentrator with
a 10 kDa cutoff (Merck). Final purification was performed using SEC (6.11.4) with PItS buffer (Table 10)
as mobile phase. Fractions, containing the protein of interest were combined, concentrated, aliquoted

and stored at -80°C.

6.11.13. Storage of proteins

Expressed proteins were concentrated using a centrifugal concentrator to a concentration of at least

20 mg/ml, snap-frozen in liquid nitrogen and stored at -80°C until further use.
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6.12. Peptide synthesis

Microwave assisted solid phase peptide synthesis was performed in an Fmoc based strategy, using a
LibertyBlue™ peptide synthesizer (CEM Corporation). Peptides were coupled to either a ProTide® Cl-
MPA resin (CEM) or a Wang resin preloaded with  Fmoc-Lysine (CEM).
A list of used amino acids can be found in (Table 17). Standard amino acids were obtained from
Carbolution (Carbolution chemicals GmbH), non-standard amino acids from CEM.
Details for the methods during coupling, deprotection, final deprotection and purification are

described in the following sections.

Table 17 List of amino acids used for solid-phase peptide synthesis in this study.

Standard amino acids Non-standard amino acids
Fmoc-Ala-OH Fmoc-His(Boc)-OH
Fmoc-Arg(Pbf)-OH Fmoc-Asp(OMpe)-OH

Fmoc-Asn(Trt)-OH
Fmoc-Asp(OtBu)-OH
Fmoc-Cys(Trt)-OH
Fmoc-Phe-OH
Fmoc-GIn(Trt)-OH
Fmoc-Glu(OtBu)-OH
Fmoc-Gly-OH
Fmoc-His(Trt)-OH
Fmoc-lle-OH
Fmoc-Leu-OH
Fmoc-Lys(Boc)-OH
Fmoc-Met-OH
Fmoc-Pro-OH
Fmoc-Ser(tBu)-OH
Fmoc-Thr(tBu)-OH
Fmoc-Trp(Boc)-OH
Fmoc-Tyr(tBu)-OH
Fmoc-Val-OH
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6.12.1.Microwave methods and cycles.

Despite the differences in their synthesis methods, as described further in section 6.14, all synthesis
steps followed standard microwave cycles, which are described in Table 18 in conjunction with Table

19.

Table 18 Composition of Microwave cycles used in this study.

Cycle name Method
chloride-loading DCA (Trityl loading)
4 x Wash
Single coupling Deprotection
4 x Wash
Coupling
Wash
double coupling Deprotection
4 x Wash
2 x Coupling
Wash
double deprotection, single coupling 2 x Deprotection
4 x Wash
1 x Coupling
Wash
double coupling extra washes Deprotection
4 x Wash
2 x Coupling
2 x Wash
single coupling, capping Deprotection
4 x Wash
Coupling
2 x Wash
Acetylation
3 x Wash

Wash steps were performed using DMF. Potassium iodide and Di-isopropyl ethyl amine (DIPEA) were
used in a Finkelstein-like reaction to facilitate the coupling of the first amino acid to the CI-MPA resin,
at a concentration of 0.125 M and 1 M, respectively. Standard couplings were performed using the
Carbomax™ approach?'?, using 0.5 M DIC as activator and a mixture of 0.5 M OxymaPure®
supplemented with 0.05 M DIPEA as base. Amino acids were used in 5-fold excess concentration (0.2
M) in DMF. Fmoc-deprotection was performed as described in Collins et al (2014)*38, using piperazine

10% (w/v) in a 9:1 mixture of N-methyl pyrrolidone (NMP):Ethanol (EtOH), supplemented with 0.1 M
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HOBt or OxymaPure® to suppress racemisation reactions. Acetylation was performed using 10 % (v/v)

acetic anhydride in DMF, with 10 % (v/v) DIPEA added as base.

Table 19 Heating scheme for microwave methods of Table 18

Method temperature (°C) power (W) holdtime (s) delta T (°C)

capping 65 45 35 5

65 0 50 5

65 50 35 5

65 0 45 5

DCAloading 80 75 60 2
90 20 540 1

coupling 10 min at 50°C 25 0 120 2
50 35 480 1

coupling 4 min 75 217 15 2
90 43 225 2

deprotection 75 155 15 2
90 35 120 1

6.12.2.Reaction control

To determine the success of the peptide synthesis, the resin was first washed with dichloromethane
(DCM), subsequently dried under air and then in vacuo.
A small amount of the dried resin was transferred to a syringe reactor and 200 pl of a suitable cleavage
cocktail, usually consisting of 94% TFA, 2.5% H20, 2.5% Ethylene di-thiol (EDT), 1% Tri-isopropyl silane
(TIS), were added. For peptides containing methionine the cleavage cocktail was supplemented with

1% Thioanisole.

The cleavage was allowed to occur for 2-3 hours for peptides above 20 amino acids in length, and 90
minutes for smaller peptides. Resin-material was removed by filtration off, and the solution
concentrated under a nitrogen stream. Peptides were precipitated by the addition of 1 ml ice-cold
diethyl ether and collected by centrifugation at 4,000 x g. Peptides deprotected using a cocktail

containing thioanisole were washed an additional time with diethyl ether.

The resulting precipitate was dissolved in a 1:1 mixture of water:acetonitrile, containing 0.1% TFA.

This solution was subsequently analysed by analytical RP-HPLC as described in 6.13.1.
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6.12.3.Full cleavage and deprotection of peptides

Peptides were cleaved from the resin and amino acid side chains were deprotected in a one-pot
reaction using the same deprotection cocktail described above (chapter 6.12.2). Typically, 3 ml of
reaction cocktail for 200 mg of dried resin was added. Deprotection and cleavage was performed
under gentle agitation at RT for 2.5 hours. Afterwards the dissolved peptide was filtered through the
frit of the syringe reactor, and the resin washed thrice with TFA. Volatiles were evaporated under
reduced pressure at room temperature for wild-type peptides, and 40°C for truncated peptides and

Cys-to-Ser mutants.

30 ml of ice-cold diethyl ether were added, precipitating the crude peptide. The crude was washed
thrice with ice cold diethyl ether, suspended in dilute hydrochloric acid and dried via lyophilization.
The powder was dissolved in a 60:40 mixture of acetonitrile:water, containing 0.1% formic acid.
Peptides containing tryptophanes were incubated in this mixture over night to allow for complete

deprotection of the Trp-carbamates.

6.13. Peptide purification and analysis

6.13.1. Analytical HPLC

Analytical HPLC was performed either on a VWR-Hitachi Chromaster HPLC system (VWR International
GmbH) or on a Primaide HPLC system (Hitachi-VWR International GmbH), both equipped with a
Kinetex® C18 column (5 pM, 100 A, 250 x 4.6 mm, Phenomenex®), containing a C18 cartridge (4 x 3.0

mm, Phenomenex®) for column protection.

Data were collected and evaluated using either the EZChrome Elite 3.3.2.a software (Agilent
Technologies) or OpenlLab EZChrome A.04.10 (Agilent Technologies).
For sample separation, a linear gradient of water-acetonitrile, both containing 0.1% TFA was used at

a flow rate of 1 ml/min. A list of used gradients can be seen in Table 20:
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Table 20 List of HPLC gradients used for peptide analysis.

Name Time %A Acetonitrile
10-80_5minliso 0 10
5 10
23 80
24 100
27 100
28 10
32 10
10-80 0 10
18 80
19 100
22 100
23 10
25 10
10-60 0 10
18 60
19 100
22 100
23 10
25 10

Absorbance was detected at 220 and 280 nm. Eluting peptides were collected and analysed further

using mass spectrometry.

6.13.2.Mass spectrometry

High-resolution mass spectra were obtained on an Agilent 6230 ESI-ToF LC-MS device (Agilent
Technologies Inc.). Data collection was done on Mass Hunter Workstation version B.08.00 and

analysed using MestreNova version 14.1 (Mestrelab Research).

Peptides obtained using the in vivo production method were analysed using an amazon ETD mass
spectrometer (Bruker) in a direct infusion mode. Fragmenting mass spectra were typically obtained

by isolating the [M+4H]* mass and subsequent collision-induced dissociation (CID).

Monoisotopic masses and mass to charge ratios were calculated using the peptide mass calculator

web-service version 3.2 (http://rna.rega.kuleuven.be/masspec/pepcalc.htm).
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6.13.3.Preparative HPLC

Crude peptides were purified using a LaPrep3 HPLC system (VWR International GmbH), equipped with
a Kinetex® RP-C18 endcapped (5 pM, 100 A, 250 x 21.2 mm, Phenomenex®, USA) column with a

SecuritaGuard™ cartridge kit as a precolumn.

Samples were separated with a linear gradient (Table 21) of water-acetonitrile, containing 0.1% TFA
for crude peptides. For the purification of glycosylated peptides, the TFA was substituted with 0.1%
formic acid. Eluting peptides were detected via absorbance at 220 nm. Data was collected and

analysed with the EZChrome Elite 3.3.3 SP2 software (Agilent Technologies).

Table 21 Gradients used for the purification of peptides in preparative HPLC.

Name Time %Acetonitrile Flow speed [ml/min]
10-80_5minlso O 10 10
5 10 15
23 80 15
24 100 15
27 100 15
28 10 15
32 10 15
10-80 0 10 15
18 80 15
19 100 15
22 100 15
23 10 15
25 10 15
10-60 0 10 15
18 60 15
19 100 15
22 100 15
23 10 15
25 10 15

Purity and identity of collected fractions were determined by HPLC-UV and MS respectively.
Fractions, containing the peptide in sufficient purity, were pooled, snap-frozen in liquid nitrogen and
volatiles were evaporated in vacuo by lyophilization. TFA was removed using the protocol of
Andrushchenko et al. 2*Briefly, the peptide was dissolved in 10 mM hydrochloric acid, incubated at
RT for 10 min, snap frozen in liquid nitrogen and lyophilized. This procedure was repeated thrice.
For WT SacA peptide the first addition of hydrochloric acid did not cause the peptide to dissolve.
Therefore, the first incubation step was performed as a slurry under strong agitation. Subsequent

incubations were performed as described above with the peptide in solution.
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6.14. Prepared peptides

Microwave cycles, and purification protocols of the prepared peptides can be found in the following

sections. For clarity, amino acid positions are counted in the direction of synthesis, that is, the

C-terminal amino acid is counted as position 1.

6.14.1.SacA derived peptides

Table 22 Schematic representation of the synthesis methods for the SacA peptide

Name Sequence

SacA H,N-GFTAAQCAAF FVQCASGGTI GCGGMWHGRP AACDLYDQYC
K-COOH

Resin Lys-Wang 0.3 mmol/g

Scale 0.05 mmol

Non-standard amino acids
Microwave Method

Special cycles

3-20— 4 min single coupling

21-41 — 4 min double coupling, extra washes

Cys(2 & 9) — 10 min single coupling, capping
Fmoc-His(Trt) — 10 min single coupling 50°C
Fmoc-Arg(Pbf) — 4 min double coupling

Fmoc-Cys(Trt) — double deprotection, double coupling,

capping
Cleavage TFA/TIS/H2,0/EDT/Thioanisol 3-4 h
HPLC method 10-80_5minlso
Yield 8 mg
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Table 23 Schematic representation of the synthesis methods for the SacA4Ser peptide

Name Sequence

SacA4Ser H,;N-GFTAAQSAAF FVQSASGGTI GCGGMWHGRP AASDLYDQYS
K-COOH

Resin Lys-Wang 0.3 mmol/g

Scale 0.05 mmol

Non-standard amino acids
Microwave Method

Special cycles

3-20 — 4 min single coupling
21-41 — 4 min double coupling, extra washes

Ser(2) — 10 min single coupling, capping
Ser(9) — 4 min double coupling

Fmoc-His(Trt) — 10 min single coupling 50°C
Fmoc-Arg(Pbf) — 4 min double coupling
Fmoc-Cys(Trt) — double deprotection, double coupling,

capping

Cleavage TFA/TIS/H,0/EDT/Thioanisol 3-4 h
HPLC method 10-80_5minlso
Yield 12 mg

Table 24 Schematic representation of the synthesis methods for the SacAallSer peptide

Name Sequence

SacAallSer H,;N-GFTAAQSAAF FVQSASGGTI GSGGMWHGRP AASDLYDQYS
K-COOH

Resin Lys-Wang 0.3 mmol/g

Scale 0.05 mmol

Non-standard amino acids
Microwave Method

Special cycles

3-20 — 4 min single coupling
21-41 — 4 min double coupling, extra washes

Ser(2) — 10 min single coupling, capping
Ser(9) — 4 min double coupling

Fmoc-His(Trt) — 10 min single coupling 50°C
Fmoc-Arg(Pbf) — 4 min double coupling

Cleavage TFA/TIS/H,O/EDT/Thioanisol 3-4 h
HPLC method 10-80_5minlso
Yield 21 mg
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Table 25 Schematic representation of the synthesis methods for the Leader-TEV-SacA peptide

Name
Leader-TEV-SacA

Sequence
H2N-MDQLFKELKL EELENLYFQG FTAAQCAAFF VOQCASGGTIG
CGGMWHGRPA ACDLYDQYCK-COOH

Resin

Scale

Non-standard amino acids
Microwave Method

Special cycles

CI-MPA Protide® 0.16 mmol/g
0.05 mmol

2-20 — 4 min single coupling
21-60 — 4 min double coupling

Lys (1) — Chloride loading
Fmoc-His (Trt) (14) — 10 min single coupling 50°C
Fmoc-Arg(Pbf) (12) — 4 min double coupling

Cleavage TFA/TIS/H,0/EDT/Thioanisol 3-4 h
HPLC method 10-80_5minlso
Yield 1mg

6.14.2.SunA derived peptides

Table 26 Schematic representation of the synthesis methods for the SunAm peptide

Name Sequence

SunAm H,N-GKAQCAALWL QCASGGTIGC GGGAV-COOH
Resin CI-MPA Protide® 0.16 mmol/g

Scale 0.05 mmol

Non-standard amino acids
Microwave Method

Special cycles

2-20 — 4 min single coupling
21-25 -4 min double coupling

Val (1) — Chloride loading

Cleavage TFA/TIS/H,O/EDT 3 h
HPLC method 10-80_5minlso
Yield 1mg
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Table 27 Schematic representation of the synthesis methods for the SunAm2Ser peptide

Name Sequence

SunAm2Ser H,;N-GKAQSAALWL QSASGGTIGC GGGAV-COOH
Resin CI-MPA Protide® 0.16 mmol/g

Scale 0.05 mmol

Non-standard amino acids
Microwave Method

Special cycles

2-20 — 4 min single coupling
21-25 -4 min double coupling

Val (1) — Chloride loading

Cleavage TFA/TIS/H,0/EDT/Thioanisol 3 h
HPLC method 10-80_5minlso
Yield 9Img

Table 28 Schematic representation of the synthesis methods for the SunAmallSer peptide

Name Sequence

SunAmAllSer H>N-GKAQSAALWL QSASGGTIGS GGGAV-COOH
Resin CI-MPA Protide® 0.16 mmol/g

Scale 0.05 mmol

Non-standard amino acids
Microwave Method

Special cycles

2-20 — 4 min single coupling
21-25 — 4 min double coupling

Val (1) — Chloride loading

Cleavage TFA/TIS/H,0/EDT/Thioanisol 3 h
HPLC method 10-80_5minlso
Yield 17 mg
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6.14.3.Enterocin 96 derived peptides

Table 29 Schematic representation of the synthesis methods for the full-length Enterocin 96 peptide

Name
Enterocin 96

Sequence
H2N-MSKRDCNLMK ACCAGQAVTY AIHSLLNRLG GDSSDPAGCN
DIVRKYCK-COOH

Resin
Scale
Non-standard amino acids

Microwave Method

Special cycles

Lys-Wang 0.3 mmol/g

0.05 mmol

Fmoc-His(Boc) - 22
Fmoc-Asp(OMpe) - 31

1-21 -4 min single coupling
22-48 — 4 min double coupling

Fmoc-Met (9)- Double deprotection 4 min double coupling
Fmoc-His(Boc) — 10 min single coupling 50°C
Fmoc-Arg(Pbf) — 4 min double coupling

Fmoc-Cys(Trt) — Double deprotection, 10 min coupling,

capping

Cleavage TFA/TIS/H,0/EDT/Thioanisol 3-4 h
HPLC method 10-80_5minlso
Yield 8 mg

Table 30 Schematic representation of the synthesis methods for the Ecm peptide

Name Sequence

Ecm H;N-AVTYAIHSLL NRLGGDSSDP AG-COOH
Resin CI-MPA Protide® 0.16 mmol/g

Scale 0.05 mmol

Non-standard amino acids
Microwave Method

Special cycles

Fmoc-His(Boc) - 22
Fmoc-Asp(OMpe) - 31
2-22 — 4 min single coupling

Gly (1) — Chloride loading
Fmoc-His(Boc) — 10 min coupling
Fmoc-Arg(Pbf) — 4 min double coupling

Cleavage TFA/TIS/H,O/EDT 2 h
HPLC method 10-80
Yield 30 mg
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Table 31 Schematic representation of the synthesis methods for the EC(Cys)m peptide

Name Sequence

EC(Cys)m H,;N-AVTYAIHSLL NRLGGDCSDP AG-COOH
Resin CI-MPA Protide® 0.16 mmol/g

Scale 0.05 mmol

Non-standard amino acids
Microwave Method

Special cycles

Fmoc-His(Boc) - 22
Fmoc-Asp(OMpe) - 31
2-22 — 4 min single coupling

Gly (1) — Chloride loading
Fmoc-His(Boc) — 10 min coupling
Fmoc-Arg(Pbf) — 4 min double coupling

Cleavage TFA/TIS/H,O/EDT 2.5 h
HPLC method 10-80
Yield 16 mg

Table 32 Schematic representation of the synthesis methods for the EC(Ala)m peptide

Name Sequence

EC(Ala)m H;N-AVTYAIHSLL NRLGGDASDP AG-COOH
Resin CI-MPA Protide® 0.16 mmol/g

Scale 0.05 mmol

Non-standard amino acids
Microwave Method

Special cycles

Fmoc-His(Boc) - 22
Fmoc-Asp(OMpe) - 31
2-22 — 4 min single coupling

Gly (1) — Chloride loading
Fmoc-His(Boc) — 10 min coupling
Fmoc-Arg(Pbf) — 4 min double coupling

Cleavage TFA/TIS/H,O/EDT 2.5 h
HPLC method 10-80_5minlso
Yield 32 mg
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6.14.4.PItA derived peptides

Table 33 Schematic representation of the synthesis methods for the PItA peptide

Name Sequence

PItA H2N-GMSKAECTYL YNLITTGATS SHGCVPSSNY LDLYRSNCKG
KGPKL-COOH

Resin CI-MPA Protide® 0.16 mmol/g

Scale 0.05 mmol

Non-standard amino acids
Microwave Method

Special cycles

2-20 — 4 min single coupling
21-30 — 4 min double coupling

Synthesized in 5 blocks
1-10, 11-20, 21-25, 26-32, 33-45

Leu (1) — Chloride loading
Fmoc-His(Trt) — 10 min single coupling 50°C
Fmoc-Arg(Pbf) — 4 min double coupling

Cleavage TFA/TIS/H,O/EDT 3 h
HPLC method 10-80_5minlso
Yield 7mg

Table 34 Schematic representation of the synthesis methods for the PItA2Ser peptide

Name Sequence

PItA2Ser H2N-GMSKAESTYL YNLITTGATS SHGCVPSSNY LDLYRSNSKG
KGPKL-COOH

Resin CI-MPA Protide® 0.16 mmol/g

Scale 0.05 mmol

Non-standard amino acids
Microwave Method

Special cycles

2-20 — 4 min single coupling
21-45 — 4 min double coupling

Fmoc-Tyr(tBu)-OH (16) — double deprotection 4 min single
coupling

Fmoc-Cys(Trt)-OH — double deprotection, 10 min
coupling, capping

Fmoc-His(Trt)-OH — 10 min single coupling 50°C
Fmoc-Arg(Pbf)-OH — 4 min double coupling

Cleavage TFA/TIS/H,0/EDT/Thioanisole 3 h
HPLC method 10-60
Yield 11 mg
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Table 35 Schematic representation of the synthesis methods for the PltAallSer peptide

Name Sequence

PItAallSer H2N-GMSKAESTYL YNLITTGATS SHGSVPSSNY LDLYRSNSKG
KGPKL-COOH

Resin CI-MPA Protide® 0.16 mmol/g

Scale 0.05 mmol

Non-standard amino acids
Microwave Method

Special cycles

2-20 — 4 min single coupling
21-30 — 4 min double coupling
31-45 — 4 min double coupling, extra wash

Fmoc-Tyr(tBu)-OH (16) — double deprotection 4 min single
coupling

Fmoc-His(Trt)-OH — 10 min single coupling 50°C
Fmoc-Arg(Pbf)-OH — 4 min double coupling

Cleavage TFA/TIS/H,O/EDT 3 h
HPLC method 10-60

HPLC had to be performed twice.
Yield 3mg
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6.15. Activity tests of GT

6.15.1.Qualitative activity test

HPLC-purified and dried peptide was dissolved in water or 10 mM TCEP*HCI for cysteine containing
peptides. This peptide solution was diluted to a concentration of 100 uM in the appropriate enzyme
buffer, containing 1 mM MnCl,. GT was added to a final concentration of 5 uM, and sugar-nucleotide
to a concentration of 500 pM. For peptides containing cysteines, an additional 1 mM TCEP was added.
The reaction was allowed to take place over night, before it was quenched by acidification with dilute
hydrochloric acid to a pH < 3. Insoluble material was removed via centrifugation at 17,000 x g for 10

min and the supernatant was analysed via HPLC.

6.15.2.Malachite green assay

The malachite green assay to quantify released phosphates was performed as described by
Baykov & Avaeva?'4. Briefly, a malachite green stock containing 1.2 g of malachite green chloride in 1l
of a 16% sulphuric acid solution was prepared. 10 ml of this solution was combined with 2.5 ml of

380 mM sodium molybdate and 0.2 ml of 11% Tween 20 to afford a 4x working solution.

The GT at a concentration of 10-1000 nM of interest was combined with 10 U apyrase (NEB) in the
presence of 1 mM sugar-nucleotide and 0-250 uM of the peptide acceptor and incubated at RT for
5-60 minutes. The reaction was quenched by the addition of the malachite green working solution to
afford green malachite green — phosphomolybdate. The concentration of which could be measured at

a wavelength of 405 and 630 nm using a NanoQuant infinite M200 microplate reader (Tecan).
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6.15.3.Enzyme kinetics

Enzyme kinetics for SacS were obtained using HPLC purified peptides, harbouring Cys-to-Ser

mutations, therefore lacking the ability to form disulphide bonds.

These peptides were prepared for glycosylation as described above with a peptide concentration of
12.5-250 uM, an enzyme concentration of either 10 nM or 3 uM, and without the addition of the
sugar-nucleotide. The reaction mixture was set to equilibrate against a temperature of 50°C before f.c.
1 mM UDP-Glucose was added. The reaction occurred at 50°C under vigorous shaking for 3-13 minutes
and quenched by acidification with hydrochloric acid. Samples were snap-frozen in liquid nitrogen and
lyophilized. Dried samples were subsequently dissolved in 10 mM HCl and analysed via HPLC,
measuring absorbance at 280 nm. Glycosylated and non-glycosylated species were identified based

on retention time compared to pure peptide species. Measurements were performed in triplicate.

Data was analysed using OriginPro 2021b version 9.85 (OriginLab Corporation) by graphical integration

of peaks and subsequent fitting of data against the Michaelis-Menten equation:

_ VUmax * S

Kp+S

With Vmax = Keat * [Enzyme].

6.15.4. Hydrolysis assay

Diglycosylated Ecm peptide was dissolved in water and diluted in 50 mM HEPES pH 7.5 to a
concentration of 100 uM. 1 mM MnCl;, and either 1 mM UDP, 5 uM EntS or both were added, and the
reaction incubated at RT for 7 days. On day zero, one, two, and seven a sample of 100 ul was taken,

acidified with hydrochloric acid and analysed via HPLC and mass spectroscopy.
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6.16. Preparation of glycosylated glycocins

The glycocin of interest was dissolved in water or 1 mM TCEP and diluted in the appropriate buffer to
a concentration of 100-200 uM. 2 mol eq. of nucleotide sugar donor and 5 uM of the cognate GT were

added and the reaction mixture was incubated at RT for 16 h.

The reaction was quenched by acidification to pH 3 with hydrochloric acid and filtered through a
0.45 um Whatman filter (Cytiva). GT, nucleotides and unreacted peptide were separated from the
product by RP-HPLC. The glycosylated peptide was desalted, as described in 6.13.3 and dried by

lyophilisation. The resulting powder was stored at -20°C until further use.

6.17. In vivo production of glycocins

6.17.1.Coexpression of glycocin with its cognate GT

For the coexpression of E. coli BL21(DE3) Rosetta were transformed with the pCDFduet_ MBP-TEV-
Glycocin_GTase plasmid via heat-shock and selected for using LB agar, containing 34 pg/ml

Chloramphenicol and 50 pg/ml Streptomycin.

A single colony was picked from the agar plate and use to inoculate LB medium, and the culture was
incubated for 12 to 14 h. For protein production, autoinduction medium (adapted from Studier, 2013),

was inoculated with the preculture in a ratio of 1:100 and grown at 30°C for 30 hours.
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6.17.2.Glycocin purification

After protein production, cells were harvested by centrifugation at 6,000 g for 15 min at 4°C.
The cell pellet was resuspended in lysis buffer (Table 10) and the cells lysed and cell debris removed
as described previously (chapter 6.11.2). MBP-tagged proteins were isolated using an MBPtrap HP

column as described in 6.11.3.3.

Co-eluting MBP lacking any glycocin could be removed by hydrophobic interaction chromatography
using a HiTrap Phenyl FF (HS) (Cytiva) column. For this, 1 M ammonium sulphate was added to the
pooled fractions and the solution was loaded on the column. The proteins were eluted with a volatile
buffer without ammonium sulphate using a linear gradient from 70 %-100% over 10 CV followed by

elution with 100% volatile buffer for another 10 CV. This step proved to be necessary only for AciA.

The resulting MBP-Glycocin solution was concentrated using a centrifugal concentrator with 10 kDa
cutoff (Merck) and subjected to size exclusion chromatography (see 6.11.4) using the volatile glycocin
size exclusion buffer (Table 10). Fractions containing monomeric MBP-Glycocins (as determined by

retention time) were collected.

Disulphide reshuffling of the multimeric fractions was performed by dialyzing them against a solution
of refolding buffer (Table 10), incubating them for 4 hours, followed by a dialysis against volatile buffer
for 16 hours at 4°C. Afterwards a second size exclusion run was performed. Fractions, containing the

monomer were collected and combined with the previous fractions.

The pooled monomer was concentrated in vacuo. The MBP-Glycocin was resuspended in a cleavage
buffer, supporting TEV activity and the solubility of glycocin. The MBP tag was cleaved off by

incubation with a 1:10,000 ratio of TEV protease at room temperature for 12 hours.

Insoluble material, occurring at this stage, was separated via centrifugation and the supernatant
purified via size exclusion (see 6.11.4) with the volatile size exclusion buffer (Table 10) as mobile phase.
Fractions containing the glycocin were pooled and concentrated in vacuo, dissolved in dilute
hydrochloric acid and the separated from undesired glycoforms and further impurities via preparative
HPLC, desalted and dried, as mentioned in 6.13.3,. The resulting pure glycocin was stored at -80°C

until further use.
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6.18. Test for antimicrobial activity.

Agar well diffusion assays were performed using a standard protocol. Briefly, the appropriate medium
for the tested bacterial strain was inoculated with a single colony and grown overnight at 37C. These
cultures were diluted to an ODeggo of 1.5 and 15 pl of this dilution added to 50 ml of an appropriate
nutrient agar. 20 ml of the mixture was poured in a plate and left to solidify. Holes were punched into
the agar using the backside of a sterile 1 ml pipette tip. The resulting holes were backfilled with 50 pul

of fresh nutrient agar to create an agar well.

As filamentous bacteria did not grow in a manner amenable for homogeneous casting in an agar
suspension, multiple colonies were transferred to the new nutrient agar plate via streak-inoculation

before creating agar wells in the abovementioned manner instead.

25 ul of peptide at a concentration of 25-100 uM in a 50 mM HEPES buffer either containing or not
containing glucose at a concentration of 500 mM were added to the wells and the cells left to grow

for 24h at 37°C.
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6.19. Crystallization

Initial hits were obtained using the Peg/Salt, JCSG++ and Basic kits (Jena Bioscience) and the Hampton
Index kit. 50 ul of the kit’s reservoir solution were added to a SwissCI2Drop plate (Jena Bioscience).
Drops with a total volume of 0.3 pl, consisting of a 1:1 mixture of enzyme and reservoir solutions were
placed using an Oryx4 pipetting robot (Douglas Instruments). The concentration of the enzyme
solution was typically 10-20 mg/ml. The plate was subsequently sealed and incubated at 293 K unless

otherwise specified. Crystals typically appeared within two days.

6.19.1.Crystallization of SacS348

Initial screens of both SacS$348 and SacS348noSt were performed as described above. While SacS348
resulted in no crystallization, SacS348noSt readily crystalized. Further optimization of crystallization
conditions resulted in a crystallization mixture composed of SacS348noSt at 10 mg/ml combined in a
1:1 ratio with the mother liquor of 140 mM TMAO, 60 mM Li;SOs, 100 mM Tris pH 7.5,
14% PEG MME 5000 and 7.5% PEG 3350.

Crystals from this condition were crushed, diluted in a 1:100 ratio with mother liquor and the resulting
suspension used as seedstock for the generation of further crystals in a screen using the Hampton
Index, Peg/Salt, JCSG++ and Basic kits mentioned above. Amongst the conditions in these screens
SacS348 crystalized in a condition composed of 100 mM Bis-Tris pH 5.5, 2M (NH4),SOa. Crystals of that
screen were collected without further optimization. Cryoprotection was performed by overlaying the

crystal with silicone oil (Jena Biosciences).

6.19.2.Crystallization of SunS

Crystallization of SunS was performed following the protocol of Fujinami et al (2021)'®® with some
modifications. Briefly, SunS lacking the His-tag in a 6 mg/ml solution of 20 MM HEPES pH 7.5, 100 mM
NaCl, 1 mM HEPES, 10% Glycerol was combined with f.c. 1 mM SunAm-Glc peptide, 1 mM MnCl, and
1 mM UDP. The resulting mixture was combined in a 1:1 mixture of the reservoir solution composed

of 100 mM HEPES, 20% PEG 3350 and incubated at 278 K for two days. Afterwards the crystallization
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mixture was incubated at 293 K. Crystals typically appeared within two weeks. Mother liquor
supplemented with 20 % (v/v) glycerol was used as a cryoprotectant. Cryo-protected crystals were

collected, plunged into liquid nitrogen and stored therein until data collection.

6.19.3.Crystallization of EntS

EntS crystallization was performed with a protein concentration of 12-15 mg/ml.
Initial screening resulted in the sporadic occurrence of non-reproducible crystals that did not diffract.
Optimization of the EntS storage buffer (Table 10) and addition of 500 uM Ecm-GlcGlc resulted in a
crystal in a hanging drop vapour diffusion experiment with 180 mM tri-potassium citrate pH 8.3, 19 %
PEG. These crystals were crosslinked by vapor diffusion with 25% glutaraldehyde, washed with mother
liquor and subsequently crushed, following the protocol of Yan et al (2015)Y8,
Microseed matrix screening using the crushed and crosslinked crystals afforded replicable crystals in
the condition 200 mM NaF, 20% PEG 3350 in a mixture of 3:2:1 of protein solution (12 mg/ml)

containing 1 mM Ecm-GlcGlc : Precipitant solution : Seedstock.

Streak seeding of crystals obtained in this manner into a 1:1 mixture of 200 mM KF, 18% PEG 3350
with the aforementioned enzyme solution afforded diffraction quality crystals. These could be
optimized, by using a further optimized buffer for EntS (Table 10), which reproducibly afforded crystals
with a good diffraction quality under the following condition: 100 mM MMT pH 7.5, 200 mM KF, 23%
PEG 1500.

Cocrystals with the EC(Ala)m peptide were generated in a similar manner, but the final crystallization
condition was changed to 100 mM MMT pH 8.0, 200 mM KSCN, 18% PEG 3350 and UDP-Glc was used
in lieu of UDP.

Cryoprotection of the EntS crystals was performed by the addition of 15% Glucose (w/v) to the
crystallization drop. Cryoprotected crystals were plunged into liquid nitrogen and stored therein until

further use.
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6.19.4.Crystallization of PItS

Initial screens of PItS were described as mentioned above. Optimization of the crystallization
conditions gave the condition PItS at 8-12 mg/mlin a 1:1 ratio with 25-30% tacsimate. Crystals typically
appeared within 2 days at 293 K. Cryoprotection was performed by submerging the crystals into a
solution of 3 M malic acid 1 mM UDP-GIcNAc, followed by incubation for 5 min. Crystals were collected,
plunged into liquid nitrogen and stored therein.
PItS-PItA cocrystals were obtained from a mixture of 10 mg/ml PItS, 1 mM PItA2Ser-Glc, 1 mM MnCl,,
1 mM UDP in a 1:1 ratio with a crystallization buffer composed of 100 mM Bicine pH 8.0, 600 mM
sodium potassium tartrate 10 mM B-mercaptoethanol, 7.5% PEG 3350 and 15% Glucose. Crystals

typically appeared within 2 days at 278 K.
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6.20. X-ray diffraction

6.20.1.Data collection

Diffraction data were collected at Berlin BESSY Il, beamline 14-1 or beamline 14-2 at 100 K.
Measurements were performed with a wavelength of 0.9184 A.
The measured diffraction pattern was visualized using Adxv (Scripps research institute). For crystals
showing diffractions up to sufficient resolution, space group estimates and optimal data-collection
strategies were predicted using iMosflm?'®, Exposure times per angle were typically 0.1 s/degree and

a full 360° rotation measurement was recorded.

6.20.2.Structure solution.

Data were processed via the CCP4i2 software suite?!®. Xia2/DIALS?'” was used for scaling and merging
the data. MR-Phaser?'® was used to solve the structures. For SunS the published structure with PDB ID
7MSN?® was used as a search model. For SacS, PItS and EntS a predicted structure generated with
alphafold2® colab?'® was used as initial search model. Structures of mutants or from crystals with
higher quality were solved using the refined models of the initial, lower quality dataset as a search

model.

BUCCANEER?® was used for initial placement of peptide chains, followed by several iterations of
manual model building in Coot??! and refinement via Refmac5%?2. Covalent linkages were created via
AceDRG?3. Restraints for sugars, if applicable, were generated using Privateer??*. The PDB-redo
webserver??® with paired refinement was used to determine whether higher resolution data should
be included as well. Structures were visualized using CCP4mg?2®. PISA®° was used to determine the
most likely dimerization interface. PDBsum?%’ was used to generate topological maps of the protein

structures.
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6.21. CD Spectroscopy

CD spectra were obtained using a JASCO-810 spectropolarimeter (JASCO Deutschland GmbH).
For temperature control a JASCO PTC-423S Peltier element and a HAAKE WKL water recirculator
(Thermo Electron GmbH) was connected to the instrument. Measurements were performed at a
constant nitrogen stream at 3.0 |/min. Samples were a concentration range of 50-100 uM in Tris buffer

at pH 8.0.

Spectra were measured in triplicate for a wavelength range between 190-250 nm. The baseline was
corrected using the corresponding buffer as a blank. Data was collected using the software JWS-510-
J-800 Spectra Manager 2 (JASCO Deutschland GmbH). Analysis of data was performed using Origin
2021b. Due to the presence of chloride ions in the buffer, values obtained between 190 and 200 nm
were discarded. Residual data were normalized to mean residue molar ellipticity [8] according to the
equation:

[9] Hobs

= -1 2 . -1
cxnx*l*10 mdeg dmol™" cm* residue

With Bbs corresponding to the measured ellipticity, ¢ the concentration in mmol/l, n the number of

amide bonds and | the pathlength of the cuvette in cm.
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8. Annex |

8.1.Peptide Data
8.1.1. SacA derived peptides
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Figure 91 Analytical data of the SacA peptide Retention time: 12.4 min (18 min linear gradient 10-80% MeCN).
Deconvoluted mass: 4263.863, calculated mass: 4263.878
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Figure 92 Analytical data of the Leader-TEV-SacA peptide.
Retention time: 13.85 min (linear gradient 10-80% MeCN)
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Figure 93 Analytical data of the SAcA4Ser peptide. Retention time: 11.12 min (10-80 linear gradient MeCN in H>0).
Deconvoluted mass: 4198.919, calculated mass: 4199.6114
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Figure 94 Analytical data of the SacAallSer peptide. Retention Time: 15.0 min (5 min 10% MeCN isocratic,
18 min linear gradient 10-80% MeCN). Deconvoluted Mass: 4182.966, Calculated Mass: 4183.545
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8.1.2. SunA derived peptides
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Figure 95 Analytical data for the SunAm peptide. Retention time: 10.2 min (linear gradient 10-80% MeCN).
Deconvoluted mass: 2279.107, calculated mass: 2279.651. Additional mass peaks correspond to sodium-adducts.
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Figure 96 Analytical data of the SunAm2Ser peptide. Retention time: 10.35 min (linear gradient 10-80% MeCN).
Deconvoluted mass: 2247.156, calculated mass: 2247.518. Additional peaks correspond to sodium adducts.
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Figure 97 Analytical data of the SunAmallSer peptide. Retention time: 10.0 min (linear gradient 10-80% MeCN).
Deconvoluted mass: 2231.215, calculated mass: 2231.451. Additional peaks correspond to +Na and +K adducts
respectively.
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8.1.3. Enterocin derived peptides
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Figure 98 Analytical data for the full length Enterocin 96 aglycone. Retention time 12.6 min
(linear gradient 10-80% MeCN).
Deconvoluted mass: 5178.600; calculated mass: 5179.0449
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Figure 99 Analytical Data for the Ecm peptide. Retention time: 10.28 min (linear gradient 10-80% MeCN).
Deconvoluted mass: 2214.183, Calculated mass: 2214.420
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Figure 100 Analytical Data of the EC(Cys)m peptide. Retention Time: 10.40 min (linear gradient 10-80% MeCN).
Deconvoluted mass: 2230.168, Calculated mass: 2230.487. Additional peaks correspond to sodium adducts.
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Figure 101 Analytical Data of the EC(Ala)m peptide. Retention Time: 14.9 min (5 min 10% MeCN isocratic, 18 min
linear gradient 10-80% MeCN). Deconvoluted Mass: 2198.164, Calculated Mass: 2198.421
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8.1.4. PItA derived peptides
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Figure 102 Analytical data of the PItA peptide. Retention time: 11.38 min (linear gradient 10-60% MeCN).
Deconvoluted mass: 4830.401, calculated mass: 4830.524
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Figure 103 Analytical data of the PItA2Ser peptide. Retention time: 10.8 min (linear gradient 10-60% MeCN).
Deconvoluted mass: 4798.514, calculated mass: 4798.391
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Figure 104 Analytical data of the PltAallSer peptide. Retention time: 18.0 min (5 min isocratic 10% MeCN, 18 min
10-60% MeCN). Deconvoluted mass: 4782.493; calculated mass: 4782.324
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8.2.Glycosylated Peptides

8.2.1. SacA derived peptides
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Figure 105 Analytical data for the glycosylated SacA4Ser peptide. Retention time: 10.68 min
(linear gradient 10-80% MeCN).
Deconvoluted mass: 4361.007, calculated mass: 4361.752
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Figure 106 Analytical data of the glycosylated SacAallSer peptide. Retention time: 10.65 min
(linear gradient 10-80% MeCN).
Deconvoluted mass: 4345.040, calculated mass: 4345.686
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8.2.2. SunA derived peptides
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Figure 107 Analytical data of the glycosylated SunAm peptide. Retention time: 14.7 min
(5 min 10% MeCN isocratic, 18 min linear gradient 10-80% MeCN).
Deconvoluted mass: 2441.140; calculated mass: 2441.651

8.2.3. Enterocin 96 derived peptides
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Figure 108 Analytical data of glycosylated Enterocin 96. Retention time: 17.26 min (5 min 10% MeCN isocratic,
18 min linear gradient 10-80% MeCN). Deconvoluted Mass: 5503.900; calculated mass: 5499.326 (oxidized)
5503.327 (reduced).
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Figure 109 Analytical data of the diglycosylated Ecm minimal peptide. Retention time: 14.58 min (5 min isocratic
10% MeCN, linear gradient 10-80% MeCN). Deconvoluted mass:2538.295, calculated mass: 2538.703
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Figure 110 Analytical data of the diglycosylated EC(Cys)m peptide. Retention time: 11.3 min (18 min Linear
Gradient 10-80% MeCN). Deconvoluted mass: 2554.294; calculated mass: 2554.769
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8.2.4. PItA derived peptides
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Figure 111 Analytical data for GIcNAc-ylated PItA  peptide.  Retention time: 14.0 min

(5 min isocratic, 18 min 10-80% MeCN). Deconvoluted mass: 5030.868, calculated mass: 5031.719.
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Figure 112 Mass spectrum  for  PlItA-Glc.
Deconvoluted mass: 4990.478,

calculated mass: 4990.524
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Figure 114 Chromatogram and mass spectrum of GIcNAc-ylated PItA2Ser. Retention time: 10.56
(18 min linear gradient 10-60% MeCN). Deconvoluted mass: 5001.583, calculated mass: 5001.586
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Figure 113  Analytical Data of GIcNAc-ylated  PltAallSer.  Retention  time: 17.85 min
(5 min isocratic, 18 min 10-60% MeCN). Deconvoluted mass: 4985.651, calculated mass: 4985.519
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