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breath on a mirror. Any moment now, he's a coming.

Clara: Who's coming?

The Doctor: The Doctor.

Clara: You... you are the Doctor.

The Doctor: Yep. And I always will be. But times change, and so must 1.

The Doctor: We all change when you think about it. We're all different people all through
our lives. And that's okay, that's good. You've gotta keep moving. As long as you
remember all the people that you used to be. I will not forget one line of this, not one
day. I swear. I will always remember when the Doctor was me.

- The Doctor (The Eleventh Doctor, portrayed by Matt Smith)
and Clara Oswald (portrayed by Jenna Coleman)
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Abstract

Semi-synthesis and Biological Evaluations of Tunicamycin Lipid Analogues
and Investigation of the Tunicamycin Biosynthetic Pathway

Hua Wang
Oriel College
University of Oxford, Department of Chemistry
Submitted towards the degree of D.Phil. in Trinity Term 2014

Tunicamycins are potent antimicrobial agents but are also toxic to mammalian cells,
which render them clinically impractical to use to treat infectious diseases. Instead, they
have been used extensively as biochemical tools to study the N-linked glycosylation of
proteins. However, despite such a routine application, their inhibitory mechanisms are still
not clear. The central objective of this thesis was to develop novel tunicamycin analogues
that are non-toxic to eukaryotic cells that could serve as potential antimicrobial drug
candidates. We hypothesised that if we retain the lipid character of tunicamycin structure
and modify the GlcNAc moiety then the antimicrobial activity would be retained but the
tunicamycins inhibitory action towards GPT would be abolished, thus diminishing
tunicamycins cytotoxicity towards mammalian cells.

I - Semi-synthesis of the Tunicamycin Core Scaffolds and Lipid Analogues

Semi-synthetic strategies were devised for isolating tunicamycin core scaffolds and
for the selective addition of lipid chains at the 10°-N and 2”-N positions of tunicamycin,
yielding the first library of novel tunicamycin lipid analogues.

II - Biological Evaluations of the Tunicamycin Core Scaffolds and Lipid Analogues
For the first time, the antibacterial activity of tunicamycins was shown to be
dependent on the presence of a lipid chain. The tunicamycin core scaffolds were shown to
lack antibacterial activity and cytotoxicity. More importantly, the library of tunicamycin
lipid analogues with lipid chain length from seven to twelve carbons showed titrated
antibacterial activity profile. Furthermore, the tunicamycin lipid analogues were not only
found to have potent antibacterial and anti-M. tuberculosis activities but were non-
cytotoxic compared to tunicamycins. The relative therapeutic index calculated for the
tunicamycin lipid analogues was up to several thousand folds more than tunicamycins.

I1I - Investigation of the funB and funF Knockout in the fun Gene Cluster

The tunB and tunF single knockout mutations were made in the fun gene cluster by
PCR-targeting and then heterologously expressed in S. coelicolor. The tunB knockout
successfully abolished tunicamycin biosynthesis and showed evidence by MS the first
existence of exo-glycal intermediates in sugar biology, further supporting the discovery of
TunA as a novel NDP-sugar 5,6-dehydrogenase.

IV - Investigation of the TunD and TunE Enzymatic Activities in Tunicamycin
Biosynthetic Pathway

The recapitulation of TunD glycosyltransferase and TunE deacetylase activities in
vitro were attempted. Recombinant TunD was refolded from insoluble TunD inclusion
bodies, while TunE was isolated in small quantities. However, no TunD and TunE
activities were found using proposed intermediates. The co-translation of the tun gene
cluster and the formation of multi-protein complex are proposed to be involved in the

tunicamycin biosynthesis.
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Notes

Carbohydrate structure numbering convention: the structural numbering on
carbohydrates in this thesis is in accordance to the standard carbohydrate convention:

Exempli gratia,

H-6
H-6 H H-6
» H oH H"H) OH i H oH
HO&/ HOTNS 01' O&/
H 2 1-OH HO 3 2 OH HO 2 1-OH

Tunicamycin structure numbering system:

Exempli gratia,

Molecular weight for tunicamycin homologues and its derivatives: an average
molecular weight is conventionally used for the tunicamycins, or its derivatives, when
referring to the mixture of homologues. An average molecular weight of 838 g mol-!,
or equivalent of the derivative, is used in this thesis based on common homologue
carbon chain lengths of n =8, 9, 10, 11, or unless specified.
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Chapter 1: An Introduction to Tunicamycins and the Bacterial Cell Wall

Preface

Tunicamycins were first isolated from the bacterial strain Streptomyces lyso-
superificus by Takatsuki et al. in 1971 while screening for new antivirals and antibiotics
produced by 4,000 Actinomycetes in soil samples.! Since then, tunicamycins have also
been isolated from Streptomyces chartreusis,>> Streptomyces griseus,* Streptomyces clavu-
ligerus,> Bacillus cereus,® Clavibacter toxicus, and Clavibacter michiganensis subsp. mi-

chiganensis.”

Tunicamycins are unique among nucleoside antibiotics (Fig. 1.1a). Structurally,
they contain an unusual eleven-carbon aminodialdose sugar (C-1’ to C-11’) and an a,f3-
(17-11")-glycosidic linkage. Tunicamycins do not exist as a single compound but rather
multiple homologues due to variations in the lipid chain. These homologues can be
elegantly revealed by mass spectrometric analysis (Fig. 1.1b). Biologically, tunicamycins
are potent antibiotics that target MraY translocase, an essential bacterial enzyme involved
in peptidoglycan biosynthesis. However, they are also toxic to eukaryotic cells, rendering
them unsuitable for human use. The central objective of this thesis is to build upon these
intriguing discoveries: to develop novel tunicamycin analogues as potential antimicrobial

drug candidates that are non-toxic to eukaryotic cells.
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Figure 1.1 | Tunicamycins. (a) The chemical structure of tunicamycins consists of a uridine
(green), galactose (blue), GIcNAc (magenta), and an amide-linked lipid chain at the 10’ position.
The n denotes the number of carbon atoms in the lipid chain, whereas » has been found to be
between 7-12. The dashed lines on the lipid chain represent the existence of regioisomers. (b) TOF
MS EST analysis of tunicamycins is a classic way to show the homologues due to the difference in
the mass of +14 by the CH:. Top: commercial tunicamycins >99% purity (TLC). Bottom:

tunicamycins extracted from S. chartreusis NRRL3882, with 12 possible tunicamycin homologues.

1.1 Tunicamycins

Tunicamycins’ were first observed as antiviral antibiotics that inhibited the
replication of the Newcastle disease virus in chick embryo fibroblasts, but were quickly
shown to be wide spectrum antibiotics.!®° They have now been reported not only to have
antiviral properties, but also antibacterial, antifungal, and antitumour characteristics.!” Not
surprisingly, the interest in tunicamycins and tunicamycin-related antibiotics grew as a
result of these findings. As such, due to the inhibitory properties of tunicamycins in
eukaryotes, tunicamycins have found use as biological tools, for studying the unfolded
protein response (UPR) in eukaryotic cells, rather than as antimicrobial agents. To this day,

tunicamycin’s mode of action is still not completely understood.

i The name ‘Tunicamycin’ is derived from the latin word tunica for coat, envelope, or surface. This was
based of the fundamental understanding that tunicamycin inhibits the biosynthesis of some components
present in the viral envelope or cell surface.
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1.1.1 Physical Properties of Tunicamycins

Tunicamycins are soluble in alkaline solutions, pyridine, methanol, dimethyl-
sulfoxide, and dimethylformamide, and are slightly soluble in ethanol and butanol. They
are insoluble in acetone, ethyl acetate, chloroform, benzene, and acidic solutions. When
using tunicamycins in biological experiments, they can be dissolved in basic solutions and
diluted into the appropriate buffer as needed. Precipitation occurs when the pH falls below
6. However, tunicamycins may be used in biological experiments at acidic pH values and
be maximally active in vivo if diluted in acidic buffers in the range of 0.1-10 pg mL-1.1.11.12
Tunicamycins degrade when heated in strong acid, e.g., HCI, or when exposed to strong
oxidants such as periodate, but there is no loss of activity following treatment with 2 N

KOH at 105 °C.!

In the ultraviolet absorption spectra, tunicamycins exhibit two absorption maxima:
205 nm and 260 nm, in methanol solution resulting from the presence of the uracil moiety,
with an extinction coefficient (E'”icm) range of 76-110.!! In infrared absorption spectrum,
-OH and/or -NH (3400 and 3300 cm!) and secondary amide (1690, 1550 and 1280 cm!)
can be distinctly observed.! By reversed-phase HPLC and MS analysis, tunicamycins are

resolved into a series of structurally related compounds, or homologues.!!

1.1.2 Chemical Structure of Tunicamycins

The chemical structure of tunicamycins were first solved through chemical
degradation using hydrochloric acid and analysis of the degraded components, revealing
the presence of glucosamine and galactosamine.!!3 Further analysis by HPLC, NMR, IR

and MS, indicated the presence of uracil and lipid chains.!>!# These analyses helped to
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determine the chemical structures of tunicamycins as having a unique eleven-carbon
aminodialdose sugar (C-1"to C-11"), or also called tunicamine, and possessing an a,f3-1-1-
glycosidic bond. The lipid chains resulting from the degradation revealed tunicamycins to
not be a single compound, but rather as a mixture of homologues.!? Structural assignment
was further thoroughly reported by Xu et al. to support the galactosamine configuration of
tunicamine and the a,B-(17-11")-glycosidic linkage in tunicamycins.!> A summary of these
structural analyses and the common names assigned to the core scaffolds are illustrated in

Fig. 1.2.

Tunicaminyl uracil

Lipid chain Galactose 0
l | I 1
. (o) /—<
. HO, OH OH / NH |Uracil
7 HoX=® N
(0] Uridine
AcHN .

HO HO"  "OH
GlcNAc| HO l I

OH Tunicamine

Figure 1.2 | Chemical structure of tunicamycins. Tunicamycins can be broken down into the
core structural units, tunicamine for the eleven-carbon aminodialdose sugar and tunicaminyl uracil

when including the uracil moiety.

Tunicamycins isolated from Streptomyces strains can be resolved into a series of
homologues using reversed-phase HPLC (Fig. 1.3) and MS analysis (Fig. 1.1b). Commer-
cial tunicamycins are typically a mixture of the homologues isolated from S. lysosuperi-

ficus (Fig. 1.1b).
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L e L e B L A e o LA e e e L e o e L e e T A o e e e e
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0 80.0 85.0 90.0 95.0 min

Figure 1.3 | Reversed-phase HPLC chromatogram of tunicamycins. Tunicamycins sample from
S. chartreusis NRRL3882. Tunicamycins have a signature reversed-phase HPLC chromatogram
due to the tunicamycin homologues (see Fig. 1.4). The blue dots on top of the peaks indicate the

homologues, and the distribution of the peaks from left to right is resulted from the time of elution.

Ten tunicamycin homologues have been characterised (Fig. 1.4) of the 18 homo-
logues that are thought to exist.!¢ Interestingly, the lipid chain of the homologues differ not
only in the length of the chain but also the terminal branching and the degree of
unsaturation. Fascinatingly, the lipid chain appears to strongly influence the unique

biological activities of each homologues.®!7->2
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Figure 1.4 | Naming conventions proposed

R)LHWN ~ for the tunicamycin homologues. The first
o)

nomenclature for tunicamycin homologues

LHo = HO"  “OH

oH used roman numerals, which depended in the
Eﬁ:lt?::s TunX:Y, A= mw. @) order they eluted out from reversed-phase
LA Tuntan SN so2gs Chromatography.!' This was changed to
I, Ay Tunt4da o o 816.89 alphabetics to reflect the regioisomers and
i, A Tundly  w S 81689 using the subscript to denote the order of
V. By TUn1St, S 83092 ¢lution.23 More recently, another naming con-
V, B, Tun15:1g "’u&/\/\/\/\/\( 830.92 _ )
e, o Y 63008 Ventlorll was ?roposed to 1nc1.ude.the degree of
VR RN U seass saturation, using the convention in the form of
VILC,  Tuntbily N 844.94 TunX:Y..!¢ In the latter convention, the X
IX, Dy Tun7:1, WS 858.97 represents the number of carbon in the lipid
X, Dy Tun17:1g %&/\/\/\/\/\/\( 858.97 chain including the carbon of the amide, the Y

represents the degree of saturation, and the subscript Z represents the order of elution in the

specific X:Y group.

1.1.3 Nucleoside Antibiotics

Tunicamycins belong to a distinct class of nucleoside antibiotics.?*?> Nucleoside
antibiotics are found in various microorganisms, and may differ in their biosynthetic
origins, but they all share at least one nucleoside unit in their chemical structure. There
exists an assorted mix of nucleoside antibiotics with notable chemical structure hybrids
featuring nucleosides, higher monosaccharides, disaccharides, peptides, and/or lipids (Fig.
1.5). They exhibit a wide-range of biological properties that include antifungal, anthel-
mintic, herbicidal, insecticidal, antiviral, and antitumor characteristics.?>-?® A notable prop-
erty of some nucleoside antibiotics is their ability to inhibit cell wall biogenesis, i.e.,
bacterial peptidoglycan biosynthesis and fungal chitin biosynthesis.>>?° These are im-
portant targets because they are absent in mammalian cells, and thus selectively inhibit

bacteria and fungus growth via unique modes of action.
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Figure 1.5 | Examples of nucleoside antibiotics.>>8

1.1.3.1 Other Members of the Tunicamycin Family of Nucleoside Antibiotics
Tunicamycins make up a unique subclass of nucleoside antibiotics, and are
sometimes referred to as the ‘tunicamycins family of nucleoside antibiotics’ due to the
similarity in their physiochemical properties. Others in the subclass include strep-
tovirudins,’® corynetoxins,’! MM-19290,° Antibiotic 24010,3> and mycospocidin.?*33
Although MM-19290, Antibiotic 24010, and mycospocidin have not been studied in detail
and their structures remain undetermined, antibiotic 24010 and mycospocidin, like tunica-

mycins, have been shown to inhibit the N-glycosylation of proteins.343¢ Other nucleoside



Chapter 1: An Introduction to Tunicamycins and the Bacterial Cell Wall

antibiotics that have similar biological properties to tunicamycins but are not included in
the subclass are mureidomycins, pacidomycins, liposidomycins, caprazamycins, and mu-
raymycins.?>37 Section 1.2 provides a summary detailing the proposed mode of action of

tunicamycins and other relevant antibiotics.

Streptovirudins (Fig. 1.6) were first isolated from Streptomyces griseoflavus in
197530 Ten streptovirudin homologues have been characterised, with structures almost
identical to tunicamycin. Indeed, two of the homologues, streptovirudin B2a and Ca, are the
same as tunicamycin homologues, Tunl3:1 and Tunl4:1a. The streptovirudins have
similar lipid chain variations but are shorter, o,-unsaturated, and present as iso- or
anteiso-mono-methyl regioisomers. One major difference is the presence of a dihydro-
uracil in place of the uracil moiety in five of the ten homologues. Not surprisingly, strepto-
virudins were found to have similar inhibitory activities to tunicamycins and these were

also influenced by the lipid chain.?430.38.3

Corynetoxins (Fig. 1.6) were first reported as a causative agent of annual ryegrass
(Loliurn rigidurn) cytotoxicity to grazing animals. More specifically, corynetoxins were
found to be produced by the bacterium Corynebacteriurn rathayi that infests galled seed-
heads, along with the nematode Anguina agrostis.*° Interestingly, although corynetoxins
and tunicamycins occur as secondary metabolites from two different taxonomic groups,
they share a very similar chemical structure.?* There are fourteen corynetoxin homologues,
with homologues U16i and U171 the same as tunicamycin homologues Tun16:14 and
Tun17:1g. The only difference between corynetoxins and tunicamycins is the lipid chain.

Corynetoxins lipid chains are typically longer and more varied; they can be either
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saturated or o,f-unsaturated, with iso- or anteiso-mono-methyl regioisomers, or may
possess a P-hydroxyl group. Again, it is not a surprise that corynetoxins, like
streptovirudins and tunicamycins, were also found to have the same inhibitory activities

and are influenced by the lipid chain ?431:40-42
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Figure 1.6 | Streptovirudin and Corynetoxin homologues. The nomenclature for both
streptovirudins and corynetoxins is defined by the structure of the lipid chain. Streptovirudins
nomenclature uses the alphabet based on the order of elution of the homologues from
chromatography and the subscript number refers to series I (with dihydroxyluracil) and II (with

uracil moiety).3®4 Corynetoxins nomenclature uses number 15-19 to refer to the number of carbon
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of the lipid chain, (S) for saturated, (U) for af-unsaturated, (H) for B-hydroxylated, and (n), (i), or

(a), for normal, iso- or anteiso-termination, respectively.#0:42

1.2 Biological Properties of Tunicamycins

A comprehensive review covering the first decade of work on tunicamycins can be
found in G. Tamura’s 1982 monograph titled ‘Tunicamycin’.** Tunicamycins were first
discovered based on the criteria set for an antiviral antibiotic to show little cytotoxicity on
a confluent monolayer of chick embryo fibroblast cells culture and to specifically inhibit
the plaque formation caused by viruses.!* Tunicamycins were found not only to inhibit the
multiplication of a wide range of enveloped RNA and DNA viruses', but also the Bacillus
peptidoglycan biosynthesis, protein palmitoylation,* ganglioside biosynthesis,*#7 proteo-
glycan biosynthesis,* and also to interfere with 3-hydroxyl-3-methylglutaryl coenzyme-A
(HMG-CoA) activity*® and glycoprotein biosynthesis.**3%-33 During peptidoglycan biosyn-
thesis, tunicamycins block the transfer of the UDP-MurNAc-pentapeptide to undecaprenol
phosphate to form undecaprenol-N-acetyl-muramyl-pentapeptidyl-pyrophosphate (also
known as lipid I), making tunicamycins the first known antibiotics to selectively inhibit

lipid T formation in bacteria.>

In addition to these inhibitory activities, tunicamycins were found to retard cell
growth and induce morphological changes in microorganisms such as Gram-positive
bacteria, yeasts, and fungi.’*>7 These suggested that tunicamycins influenced some
component in the cell surface synthesis of eukaryotic cells. Following a series of

investigations, i.e., targeting DNA, RNA, and protein synthesis, and the stages of the virus

i Newcastle disease virus, vesicular stomatitis virus, Semliki forest virus, fowl plague virus, Sindbis virus,
measles virus, influenza virus, Rous sarcoma virus, Rauscher murine sarcoma virus, herpes complex virus.

11
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cell cycle, specific inhibition of glycoprotein biosynthesis was deduced when hemag-
glutinin and neuraminidase, which are both glycoprotein components of the viral envelope,
were found unglycosylated.*+%%-60 Due to glycoprotein biosynthesis that typically first
requires the sugar to be transferred from a nucleotide via an isopolyprenol, e.g., dolichol-
phosphate, it was speculated that tunicamycins inhibit a N-acetylglucosamine transferase
as supported by sugar incorporation experiments.”>¢! The enzymes responsible for the
lipid I formation and the N-acetylglucosamine transfer, which tunicamycins target, were
later found to be MraY translocase and N-acetylglucosamine-1-phosphate transferase

(GlcNAc-1-P transferase, or GPT), in prokaryotic and eukaryotic cells, respectively.2-65

It is important to keep in mind that tunicamycins exist as multiple homologues. The
separation of these homologues is a difficult and tedious process. Early studies showed
that longer chain homologues are generally more biologically active in prokaryotes,
whereas shorter chain homologues are generally more active in eukaryotes.®!’22 The
differences in activity were speculated as a result from the lipid chain of homologues
affecting how tunicamycins penetrate the cell membrane.5!7-226!1 However, despite
potential variations in biological activity between individual homologues, almost all

studies in the literature have used tunicamycins as a mixture.

The following subsections discuss the origin and pathways targeted by tunica-

mycins and their proposed mode of action.

12
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1.2.1 Bacterial Cell Wall and The Peptidoglycan

Bacteria are generally categorised as either Gram-positive or Gram-negative. This
is the result of Gram staining, a technique invented by the Danish bacteriologist, Hans
Christian Gram, in 1882.% The technique relies on the retention of Crystal Violetii-iodine
(CVI) complex by a bacterium in accordance to its cell wall composition (Fig. 1.7), more
specifically due to the peptidoglycan. However, this Gram staining technique does not
always yield a clear and unambiguous result, and sometimes even leads to misinterpre-
tation of a result.®”-%% This is due to that fact that bacteria are unique and diverse, it is not
possible for Gram staining to account for the influences by the age of the bacterial cell
culture, changes in cell wall composition during stages of a cell division,® absence of
peptidoglycan'V e.g., mycoplasma and Wolbachia,’%7? differences in chemical composition
and spatial structure of peptidoglycan, or influences from other components in the cell

membrane.®7-73-75

Peptidoglycan can account for 5-90% of the bacterial cell wall mass.”* Gram-
positive bacteria have a much higher peptidoglycan content in their cell wall, which helps
to retain the CVI complex resulting in a purple colour stain, whereas Gram-negative
bacteria have a lower peptidoglycan content, allowing the CVI complex to leak out and
resulting in a pink colour stain. Gram-negative bacteria also have an outer membrane that

is absent in Gram-positive bacteria.”®”

i Also known as Basic Violet 3, Gentian Violet, Hexamethylpararosaniline chloride, or Methyl Violet 10B.
v Both, Wolbachia and Chlamydiales, have genes for peptidoglycan synthesis. Chlamydiales were also

thought to be an exception of having no peptidoglycan but a recent work by Liechti et al. detected the
presence of peptidoglycan.

13
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The Bacterial Cell Wall

A gram-positive bacterium A gram-negative bacterium

PY ® ° «—— Lipopolysaccharides
- — — «—— Phospholipids
«— Peptidoglycan—>

«———Periplasm———

(“‘) «—Lipid membrane—> (“.)

Cytoplasm
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Lipoteichoic acid Wall teichoic acid

© Hua Wang

Figure 1.7 | The Gram-positive and Gram-negative bacterial cell wall.”+78-80 The major
difference between Gram-positive and Gram-negative is the composition of the cell wall
membrane. In Gram-positive bacteria, the cell wall has a thick peptidoglycan layer that also
contain proteins and anionic polymers (lipoteichoic acids and wall teichoic acids) important for
host adherence and pathogenicity. Lipoteichoic acids are anchored to the cell membrane, while the
wall teichoic acids are covalently attached to the MurNAc of the peptidoglycan. In Gram-negative
bacteria, despite having a thin layer of peptidoglycan, they have an asymmetrical outer membrane
composed of phospholipids and lipopolysaccharides. The lipopolysaccharides protect the bacterial
cell from hydrophilic molecules, and also play a role in adherence to host cells and evasion of
immune response. This outer membrane makes it difficult for foreign molecules to pass into the
bacterial cell periplasm and cytosol, which is why most antibiotics are not effective against Gram-
negative bacteria. To compensate for the limited permeability of the outer membrane barrier,
Gram-negative bacteria have porins that allow certain molecules to enter. It is not shown, but in
some Gram-positive and Gram-negative, there is also polysaccharides called the capsule that cover

the bacterial the cell wall resulting in poor antigenic and antiphagocytic properties.

Peptidoglycan" is unique to bacteria, and is an essential component of the bacterial
cell wall that can be found in almost all bacteria. It is a macromolecule composed of
repeating units of disaccharide N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid
(MurNAc), linked by B-(1—4) bonds, and further cross-linked by short peptide chains
substituted at the D-lactyl group of each MurNAc residues (Fig. 1.8).8! The nature of the

peptide chain varies between bacteria (Table 1.1), but is often composed of L-Ala-y-D-Glu-

Vv Also known as murein (derived from the Latin word for wall, murus), and more rarely as mucopeptide,
glycopeptide, or basal structure.
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meso-Azpm (or L-Lys)-D-Ala-D-Ala. The last D-Ala is lost in the maturation of the
macromolecule.?! Peptidoglycan wraps around the cytoplasmic membrane and helps with
the mechanical stability of bacteria from fluctuations in osmotic pressure in the environ-
ment, maintains cell shape, and acts as an anchoring platform for proteins and other
macromolecules and as a transport barrier by preventing the leakage of membrane particles
and large molecules between the internal and external environment of the cell. To
emphasise the importance of the peptidoglycan layer, a Gram-negative bacterial cell wall
with a thin layer of peptidoglycan can resist pressures of up to 5 atm, whereas a Gram-
positive bacterial cell wall with a thick layer of peptidoglycan can resist pressures up to 50

atm.’4

D—,f\la‘
,«leaa 5
D-Pi\la" ‘(’7DIGIU 4
Xaa o KAl /‘/ 3
. 2
-~ DGl D-Ala
HO \Ihg zg— 1 1
- -Xaa

Figure 1.8 | The typical chemical structure of peptidoglycan. The last D-Ala, the fifth amino
acid, is lost during the maturation process. Amino acid, Xaa, is typically a meso-Azpm in Gram-
negative bacteria, e.g., Escherichia coli, or L-Lys in Gram-positive bacteria, e.g., Staphylococcus
aureus. The red dotted line shows the interpeptide bond that can be found in the E. coli
peptidoglycan. In the S. aureus peptidoglycan, there is an interpeptide bridge made up of five

glycine residues called the pentaglycine bridge.?!
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Table 1.1 | Amino acid variations in the peptide subunits of the peptidoglycan.®!

Position Amino acid residue Examples
L-Ala Most species

1 Gly Mycobacterium leprae, Brevibacterium imperiale
L-Ser Butyribacterium rettgeri

D-lsoglutamate
2 D-Isoglutamine*
threo-3-Hydroxyglutamate*

meso-Axpm
L-Lys
L-Orn
L-Lys/L-Orn
L-Lys/D-Lys
LL-Az2pm
meso-Lanthionine
3 L-2,4-Diaminobutyrate
L-Homoserine
L-Ala
L-Glu
Amidated meso-Apm*
2,6-Diamino-3-hydroxypimelate’
L-5-Hydroxylysinet
NY-Acetyl-L-2,4-diaminobutyrate*

4 D-Ala
D-Ala
5 D-Ser
D-Lac

Most Gram-negative species
Most Gram-positive species, Mycobacteria
Microbacterium lacticum

Most Gram-negative species, Bacilli, Mycobacteria
Most Gram-positive species

Spirochetes, Thermus thermophilus
Bifidobacterium globosum

Thermotoga maritima

Streptomyces albus, Propionibacterium petersonii
Fusobacterium nucleatum

Corynebacterium aquaticum

Corynebacterium poinsettiae

Erysipelothrix rhusiopathiae

Arthrobacter J. 39

Bacillus subtilis

Ampuraliella regularis

Streptococcus pyogenes*

Corynebacterium insidiosum

All bacteria

Most bacteria
Enterococcus gallinarum
Lactobacillus casei, Enterococci8

"‘Residue result from Mur ligases reactions
TResidue formation is unclear
*Found as 10:1 ratio of lysine:hydroxylysine

SAcquired the residue through resistance to vancomycin

1.2.1.1 Peptidoglycan Biosynthetic Pathway

Despite the generality of peptidoglycan in microbial cells, it has a construction that
is widespread across bacteria, as described above. It is worthy to note the extensive work
covering the peptidoglycan pathway since the 1950s.8283 Yet, a complete picture is still not
available. There remain more enzymes to discover and information about the pathway to
understand, e.g., flippases, Css-P recycling enzymes, role and regulation in peptidoglycan
biosynthesis during cell division, elongation, cell wall maturation, the types of peptido-

glycan cross-links in relation to the spatial structure and cell shape and thickness, and

behaviour in response to environmental stress and antibiotics.
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The entire peptidoglycan biosynthetic pathway takes place in three locations, as
three distinguishable stages, in a bacterium (Fig. 1.9). All three stages are potential drug
targets for antibiotics. The first stage is the biosynthesis of UDP-N-acetylmuramyl
pentapeptide (UDP-MurNAc-pp) in the cytoplasm. The second stage is the construction of
the disaccharide pentapeptide building block via a lipid carrier, undecaprenyl-phosphate,
in the cytoplasmic membrane. The third, and final stage, is the integration of the building
block to the pre-existing peptidoglycan lattice in the periplasm. The following subsections
elucidate the generic peptidoglycan biosynthetic pathway in Staphylococcus aureus or

Escherichia coli, unless specified.
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Figure 1.9 | A schematic diagram of the peptidoglycan biosynthesis pathway highlighting the
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o O

UDP-GIcNAc ubP

Lipid |

MrayY translocase. In the three stages of the peptidoglycan biosynthesis, i.e., cytoplasmic, mem-
brane and periplasmic stages, MraY translocase is the first enzyme involve in the membrane step.
Amino acid, Xaa, is typically A;pm in Gram-negative bacteria, or L-Lys in Gram-positive bacteria.
The figure is more representative of the peptidoglycan biosynthesis found in E. coli. In the S.

aureus peptidoglycan biosynthetic pathway, lipid II in the membrane stage would be further
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modified with a pentaglycine by an enzyme called FemABX.8385 In either case, the hydrophilic
unit of lipid II has to translocate through the lipid membrane. There is an enzyme coined the
‘Flippase’, not shown, that carries out the translocation of the hydrophilic unit from the cytoplasm

through the lipid membrane to the periplasm.®*87 This mechanism is not well understood.

1.2.1.1.1 Biosynthesis of UDP-N-acetylmuramyl Pentapeptide

Intracellular biosynthesis of the peptidoglycan starts from the biosynthesis of UDP-
N-acetylmuramyl pentapeptide (UDP-MurNAc-pp) and UDP-N-acetylglucosamine (UDP-
GlcNAc). This begins with the primary metabolite D-fructose-6-phosphate (Fru-6-P)
resulting from the glycolytic pathway and the pentose phosphate pathway (PP pathway).%8
Fru-6-P is first converted into glucosamine-6-phosphate (GlcN-6-P) by a dimeric enzyme
called glucosamine-6-phosphate synthase (GImS), which follows an ordered bi-bi mechan-
ism, using L-glutamine as the nitrogen source. The GImS monomer has two distinct func-
tional domains. In the N-domain, it hydrolyses glutamine into glutamate and ammonia
(Fig. 1.10a), then the C-domain uses the ammonia to convert Fru-6-P into GIcN-6-P (Fig.
1.10b).8%0 GIcN-6-P is then interconverted by GlmM, upon activation by phosphory-
lation, to form GlcN-1-P isomer via a ping-pong bi-bi mechanism (Fig. 1.10¢).”'-? This is
followed by the action of GImU, a bifunctional enzyme that catalyses the acetyltransfer

and uridyltransfer to GlcN-1-P to form UDP-GIcNAc (Fig. 1.10d).%3%4
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Figure 1.10 | Biosynthesis of UDP-N-acetylglucosamine via GImS, GImM, and GImU.%0-92%4 A
general representation in the prokaryotic system. (a) Proposed mechanism for the hydrolysis of
glutamine at the GImS N-terminal domain performed by a cysteine thiol. (b) The rate of
spontaneous ring opening of Fru-6-P is about 20 s*!, which is comparable to the catalytic rate of
GImS. In the GImS C-terminal domain, it is proposed that His504 carries out the ring opening and
catalyses the reaction via stereospecific abstraction of the C-1 Hr hydrogen from Fru-6-P to form a
cis-enolamine intermediate. (¢) Currently, there is no crystal structure available for GImM. The
GImM site of phosphorylation has been shown to be Ser102. GIcN-1,6-diphosphate appears as an
intermediate but acts as both the first product and the second substrate. GImM is inactive in its
dephosphorylated form. However, it has been shown to undergo autophosphorylation when
incubated with ATP. (d) GImU is a bifunctional enzyme that first catalyses the acetyltransfer
reaction in the C-terminal domain and then the uridyltransfer reaction in presence of Mg?" in the

N-terminal domain.
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Following the formation of UDP-GIcNAc, it is converted into UDP-MurNAc-pp
by a series of Mur enzymes, the first of which is MurA. MurA carries out a rare
biochemical process involving enolpyruvyl transfer from phosphoenolpyruvate (PEP) to a
hydroxyl group with the release of phosphate (P;). The only other known enzyme that does
the same biochemical process is AroA in the shikimic acid pathway. MurA then catalyses
the formation of UDP-GIcNAc-enolpyruvate with UDP-GIcNAc following an addition-
elimination reaction (Fig. 11a).°>% Next, a flavoenzyme, MurB, converts UDP-GIcNAc-
enolpyruvate to UDP-MurNAc at the expense of a reduced nicotinamide adenine dinucleo-
tide phosphate (NADPH) via a ping-pong bi-bi mechanism (Fig. 11b).*¢ UDP-MurNAc is
then decorated with the pentapeptide by Mur ligases (MurC, MurD, MurE, and MurF).
Mur ligases exist as ‘closed’ or ‘open’ conformation, where the ‘closed’ conformation is
thought to be provoked by ligand binding. They share the same reaction mechanism and
three-dimensional structure. The N-terminal domain is involved in the binding of UDP-
MurNAc, the central domain is involved in the binding of adenosine triphosphate (ATP),
and the C-terminal domain is involved with the binding of the amino acid. Interestingly,
the N-terminal domain between the ligases shows some topological differences that are
related to the growing polypeptide tail of the UDP-MurNAc precursors. The amino acids
are added in sequential order, and variation of the amino acid sequence is dependent on the
bacterial species as mentioned previously (Table 1.1, Fig. 1.11¢).°>°7 The formation of
UDP-MurNAc-pp is then followed by the membrane-associated steps of the peptidoglycan

biosynthesis.
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Figure 1.11 | Biosynthesis of UDP-N-acetylmuramyl pentapeptide via MurA-F.925-9° A general
representation in the prokaryotic system. (a) The X, Y, and Z represent the side chains involved,
but the amino acid residues involved are unclear. Cys115 has been proposed to act as the acid-base
catalyst in the addition-elimination reaction, but Asp305 has also been considered to participate in
the proton abstraction of the hydroxyl group and the final proton abstraction to form the product.
PEP is protonated by MurA-Y-H forming a PEP oxocarbenium ion, while the OH is deprotonated
by MurA-X. The nucleophilic attack from the deprotonated OH group to PEP oxocarbenium ion
forms an adduct in tetrahedral configuration. The proton from the methyl group is then abstracted
by MurA-Z to form the vinyl ether product, UDP-GlcNAc-enolpyruvate. (b) MurB is maximally
activated in the presence of K*, NH4" and Rb*. In the first half-reaction, flavin adenine
dinucleotide (FAD) non-covalently binds to MurB, serving as a cofactor by mediating hydride
transfer between NADPH and UDP-GIcNAc-enolpyruvate. FAD is first reduced to FADH; by
NADPH, upon the transfer of the 4-pro-S hydrogen and release of NADP*. In the second half-
reaction, UDP-GIcNAc-enolpyruvate is reduced by the hydride transfer from the reduced MurB-
FADHa, generating a carbanionic intermediate that is stabilised by Arg159 and Glu325. Quenching
of the carbanion is proposed to be mediated by Ser229 to yield the D-configuration lactyl ether
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product, UDP-MurNAc. (¢) Mur ligases share the same reaction mechanism to form the amide or
the peptide bond. The reaction is dependent on a divalent cation, Mg?* or Mn?*. They first activate
the carboxyl group of UDP-MurNAc (R-COO") by ATP to generate the acyl phosphate inter-
mediate and adenosine diphosphate. Then the UDP-precursor undergoes a nucleophilic attack by
the amino group of the amino acid (AA-NH») forming a high-energy tetrahedral intermediate that
breaks down into the amide product and phosphate (Pi). MurF adds the dipeptide D-Ala-D-Ala.
The D-Ala-D-Ala is synthesised from two molecules of L-Ala, first through alanine racemase to
form D-Ala and then D-Ala-D-Ala ligase to form the dipeptide product. As mentioned in Fig. 9, in
S. aureus, the lysine at the third peptide position of UDP-MurNAc-pp at this stage would be further
modified by three enzymes. FemX adds the first glycine via a tRNA-Gly, and then FemA and
FemB add the four glycines via four of tRNA-Gly.84100

1.2.1.1.2 Biosynthesis of Disaccharide Pentapeptide Building Block Lipid IT
In the membrane stage of the peptidoglycan biosynthesis, the UDP-MurNAc-pp is
transformed into lipid precursors by MraY translocase and MurG via the lipid carrier

undecaprenyl-phosphate (Css-P) (Fig. 1.12a).

Css-PV is an important lipid carrier in prokaryotes that assists not only in the
biosynthesis of the peptidoglycan, but also O-antigen, enterobacterial common antigen,
lipoteichoic acids, and other bacterial carbohydrate polymers.!01:192 Css-P starts from eight
isoprenoids, isopentenyl diphosphate (IPP), that are used in consecutive condensation
reactions by cis-prenyltransferase undecaprenyl-diphosphate synthase (UppS) to elongate a
farnesyl diphosphate (Ci5-PP) to form the undecaprenyl-diphosphate (Css-PP) precursor
(Fig. 1.12b). Most organisms either inherited the mevalonate pathway or the
metherythritol phosphate pathway that produce the universal five-carbon isoprenoids,
isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP). It is

suggested that UppS, because it is a soluble cytoplasmic protein, is in close proximity to

vi There are also decaprenyl phosphate (Cso-P) and nonaprenyl phosphate (Cas-P) that exist in mycobacterial
species and Paracoccus denitrificans, respectively.
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the membrane which allows for rapid release of the lipid precursor product and integration
into the phospholipid bilayer. Css-PP is then dephosphorylated by a putative pyrophos-
phate phosphatase, UppP'l, into its active form and used by MraY translocase in the

membrane step of the peptidoglycan biosynthetic pathway.!01-104

d. Undecaprenyl-phosphate (C55-P)
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Figure 1.12 | Biosynthesis of undecaprenyl-diphosphate.'02.105.106 A general representation in the
prokaryotic system. (a) Chemical structure of the undecaprenyl-phosphate, Css-P. (b) The proposed
UppS catalytic mechanism. UppS has been shown to be dependent on Mg?" for Cs-PP binding and
for catalysis, but not for Cis-PP binding. Ci5-PP first binds to UppS, where the diphosphate is
stabilised by Asn28, Gly29, Arg39, and His43, and the Cis-prenyl tail is stabilised by the
hydrophobic amino acids. The His43 may serve as a proton donor, based on mutation studies. This

first interaction changes the UppS from open to the closed conformation. Then the Mg-IPP

vii Also known as BacA.
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complex binds to another region of the active site, where the carboxyl group of Arg26 assists in the
migration of Mg?* from IPP to Ci5-PP. Possible candidates for the stereospecific abstraction of the
C-2 Hs hydrogen are Asn74 or Ser71. The cycle is repeated seven more times to form the Css-PP,
where the length is controlled via a molecular ruler mechanism. The product would then be pushed
away from the active site due to the length of the lipid chain, and then enzyme relaxes to the open
conformation. The R is switched to R’ after the first cycle to account for the cis-configuration of

the new double bond.

MraY translocase is involved in the first committed membrane step of peptido-
glycan biosynthesis, where the catalytic process can be inhibited by tunicamycins. The
MraY structure and reaction mechanism in relation to tunicamycins are further discussed
in detail in subsection 1.2.2.1. MraY is suggested to require a divalent metal ion, most
commonly Mg?*, to catalyse the translocation of the cytoplasmic precursor UDP-MurNAc-
pp to a membrane-associated Css-P to form undecaprenyl-diphosphate-N-acetylmuramyl-
pentapeptide (Css-MurNAc-pp, lipid 1Y) with the release of uridine monophosphate
(UMP).65.107.108 The reaction mechanism for MraY has been proposed to be either a one-
step or two-step process (Fig. 1.13a). Following the formation of lipid I, MurG (trans-
locase II) catalyses the second membrane-associated step. MurG is a peripheral membrane
glycosyltransferase that transfers GIcNAc from UDP-GIcNAc to lipid I, via a B-glycosidic
bond, to yield the disaccharide undecaprenyl-diphosphate-N-acetylmuramyl-N-acetylglu-
cosamine-pentapeptide (Css-PP-MurNAc-GlcNAc, lipid II) and the release of uridine
diphosphate (UDP) (Fig. 1.13b).1%%:10% The formation of lipid II is followed by a trans-
location process, carried out by a ‘Flippase’ via a mechanism that is not currently
understood, to the periplasmic layer of a bacterial cell where the disaccharide building
block is integrated into the pre-existing peptidoglycan matrix of the bacteria by penicillin-

binding proteins.

viii Also known as Park's nucleotide.
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Figure 1.13 | Biosynthesis of lipid I and lipid IL.107.108.110-120° A oeneral representation in the
prokaryotic system. (a) Two catalytic mechanisms have been proposed for MraY translocase. The
one-step mechanism is based on the hypothesised B. subtilis Asp98, deprotonating and activating
the C55-P hydroxyl for the nucleophilic attack phosphate atom. Asp98 is Aspl15 in E. coli and
Aspl17 in Aquifex aeolicus. There are literature reports that indicate MraY is capable of carrying
out the exchange of radiolabelled UMP of UDP-MurNAc-pp in presence or absence of Css-P.
Additionally, in the presence of dodecylamine, the exchange reaction was inhibited with the release
of phospho-MurNAc-pentapeptide. The exchange reaction results have been challenged due to the
use of unpurified MraY. Although the mechanism still remains unclear, recent mutational studies
on the highly conserved E. coli Aspll5, Aspll6, and Asp267 residues, and the first crystal
structure of MraY from A. aeolicus have shown more compelling evidence for the two-step
mechanism. It has been proposed that the amino acid Aspll5 and Aspll6 are involved in
magnesium ion chelation with the diphosphate bridge of the UDP, and Asp267 is involved in the
hydrolysis of the nucleotide diphosphate. The catalytic mechanism of MraY is generally depicted
as a two-step mechanism. (b) The proposed catalytic mechanism for MurG. MurG is a member of
the GT-B glycosyltransferase and is metal-independent. It follows an ordered bi-bi mechanism, via
an oxocarbenium-ion-like transition state. The UDP-GIcNAc first binds to the active site followed
by nucleophilic attack at C1 by the oxyanion of MurNac to form the B-(1—4) glycosidic bond.
The UDP is released and lipid II is generated.
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1.2.1.1.3 Integration of Disaccharide Pentapeptide in Peptidoglycan

In the last stage of the peptidoglycan biosynthesis the disaccharide head of lipid II
faces the periplasm, polymerises as linear glycans, and cross-links into the pre-existing
peptidoglycan. The polymerisation alternates between MurNAc and GIcNAc, and the
cross-linking occurs to peptides via transglycosylation and transpeptidation by peptido-
glycan glycosyltransferases (PGTs), or transglycosylases, and penicillin-binding proteins
(PBPs), respectively. PBPs are probably the most widely known and scrutinised enzymes
in the peptidoglycan biosynthetic pathway due to their highly successful targeting by B-
lactam antibiotics. PBPs are an unique, large family of membrane-associated enzymes that
are classed as A, B, or C, depending on their structure and catalytic activity of the N-
terminal domain.'?! PBPs in class A and B have high molecular mass. Class A has both the
glycosyltransferase and transpeptidase activities. Generally, the name PGTs is used for the
glycosyltransferase region and PBPs is used for the transpeptidase region of the enzyme.
Class B has only transpeptidase activity. Both classes possess transpeptidase activity on
the C-terminal domain.'?? Class C is the PBPs of class A and B but with low molecular
mass.'?! Bacteria can have multiple types of PBPs present. Some bacteria also have mono-
functional PGTs that are similar to the N-terminal glycosyltransferase domain of PBPs, or
PGTs. Their exact role is currently not known but is speculated that they participate in the
cell elongation and division processes.!?3-12> Additionally, some PBPs can carry out reverse
reactions, hydrolysing the last D-alanine of stem pentapeptides (DD-carboxypeptidation) or
the peptide bond connecting two glycan strands (endopeptidation). Furthermore, PBPs are
not only involved in the construction of the peptidoglycan, but also play a role in cell

division, cell elongation, and peptidoglycan maturation or recycling,!2!-124.126,127
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The general catalytic mechanisms for PGTs and PBPs are shown in Fig. 1.14. In
the last step of the periplasmic stage of the peptidoglycan biosynthesis, the disaccharide
building block is integrated into the pre-existing peptidoglycan and Css-PP is regenerated.
However, this time, the diphosphate head is facing the periplasm. It has been proposed that
there is a dephosphorylation step, similar to UppP as mentioned earlier, where Css-PP is
recycled back to Css-P, flipped to the cytosol, and then reused by the bacteria. The

mechanism for this Css-P regeneration step still remains unclear.!01-102
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Figure 1.14 | Transglycosylation and transpeptidation in the peptidoglycan biosynthesis.
12L125,127-131° A general representation of the prokaryotic system, based on the E. coli PBPIb.
Transglycosylation and transpeptidation are performed by PBPs. PBPs exist as an individual
enzyme that carries out one of the two processes, or as a bifunctional enzyme that carries out both
of the processes, or even the recycling process. Different PGTs have been found to produce
different glycan polymer lengths. A growing chain is incorporated into the pre-existing
peptidoglycan after endopeptidation by PBPs with endopeptidase functionality. (a) The proposed
mechanism for the glycosylation of lipid II. Monofunctional PGTs perform a similar

transglycosylation. Either Asp234 or Glu290 is responsible for the activation of the C4 hydroxyl
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group. The reaction follows an Sx2 displacement that leads to the inversion at C1 of lipid II from
a-configuration to f-configuration. The elongation process can occur either to a growing chain or
by transferring of the lipid II to C4 of GIcNAc at the non-reducing end. (b) The proposed
mechanism for the transpeptidation of lipid II. The serine residue is highly conserved in the

transpeptidase domain and is the main target of B-lactam antibiotics.

1.2.1.2 Inhibitors of the Peptidoglycan Biosynthetic Pathway

The introduction of antibiotics has revolutionised the practice of modern medicine
and treatment of infectious diseases, and has hugely improved human health. The peptido-
glycan being uniquely present in bacteria and absent in mammalian cells, makes its
biosynthesis amongst the most attractive antibiotic drug targets. Inhibitors of the peptido-
glycan biosynthetic pathway have been highly sought after since the discovery of peni-
cillin by Alexander Fleming in 1928.132 However, due to the short shelf life of antibiotics
from short-term use and antibacterial resistance, the pharmaceutical industry has steered
away from antibiotic development and ventured into more profitable long-term use drugs
for chronic diseases. This resulted in a fifty year antibiotic innovation gap since the 1960s.
133 Only three new antibiotics were approved by the US Food and Drug Administration
between 2005 and 2009, compared to twenty between 1980 and 1984. More recently, due
to the emerging rise of antimicrobial resistance bacteria and the shortage of antimicrobial
drugs in drug pipeline, many governments and pharmaceuticals have now refocused on

antibiotic regulations, research and development, and finding alternatives to antibiotics.

134-136

Undoubtedly, peptidoglycan biosynthesis has been the most valuable target for
modern day antibiotic development. In theory, every step in the pathway has the potential

for drug target development. Unfortunately in practice, only few steps in the pathway are
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targeted by clinical antibiotics largely due to many natural products also being toxic to
humans or displaying poor absorption and pharmacokinetic properties. The B-lactam class
of antibiotics, including penicillin, remains the most widely used antibiotics for the
treatment of bacterial infections. Table 1.2 lists some of the peptidoglycan biosynthesis

and cell wall inhibitors known to date.

Table 1.2 | Inhibitors of Peptidoglycan Biosynthesis and Cell Wall.23-85-92,127,137-152

Inhibitors Target and Mode of Action
I

FosfomycinV

Blockade of UDP-GIcNAc-enolpyruvate biosynthesis by inactivating MurA

FosmidomycinV

Blockade of isoprenoid biosynthesis in the non-mevalonate pathway

D-Cycloserine¥

Blockade of UDP-MurNAc-pp biosynthesis by mimicking D-Ala used in Alanine
racemase and D-Ala-D-Ala ligase reactions

Liposidomycins*
Tunicamycins*
Strepoviridins*®
Corynetoxins*
Caprazamycins
Muraymycins*
Capuramycin*
Mureidomycinst
Pacidomycins®
Napsamycins’

*

Blockade of lipid | biosynthesis by preventing MraY translocase reaction

Vancomycint
Teicoplanintt

Blockade of peptidoglycan biosynthesis by preventing penicillin binding
proteins transpeptidase and glycosyltransferase reactions via non-covalent
interaction with D-Ala-D-Ala tail of UDP-MurNAc-pp

Moenomycins™

Blockade of peptidoglycan biosynthesis by mimicking lipid Il used in
peptidoglycan glycosyltransferases reactions

Actagardine*

Nisin$ Disruption of bacterial cell membrane integrity by first interacting with lipid Il
Epidermin$ and then forming a pore in the membrane
Mersacidin® Blockade of peptidoglycan biosynthesis by binding to lipid Il and then

preventing penicillin binding proteins transpeptidase and glycosyltransferase
reactions

Daptomycinf

Disruption of Gram-positive bacterial cell membrane potential by forming a
pore complex with calcium ions

Ramoplanin*

Mannopeptomycinst

Blockade of peptidoglycan biosynthesis by binding to lipid Il

Katanosin*

Plectasin*

AmphomycinT Blockade of undecaprenyl-phosphate biosynthesis by forming a calcium ion
Friulimicin® complex with Css-P

Bacitracin® Blockade of undecaprenyl-diphosphate recycling in the periplasm by forming a

zinc-dependent complex with Css-PP
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Penicillins* Blockade of peptidoglycan biosynthesis by inactivating penicillin binding

Cephalosporins* proteins transpeptidases

Monobactams*

Carbapenems*

Doripenem*

Ceftobiprole*

Meticillin*

Polymyxin® Disruption of Gram-negative bacterial outer membrane integrity by binding to
lipid A

______________________________________________________________________________________________________________________________________|
VPhosphonic acid antibiotic; YAnalogue of D-Ala; ‘Nucleoside antibiotic; TUridylpeptide antibiotic: a
polypeptide with core structure of a 3’-deoxyuridine nucleoside attached via a 4’,5’-enamide linkage to an N-
methyl 2,3-diaminobutyric acid residue; *Glycopeptides: glycosylated cyclic or polycyclic non-ribosomally
peptides and comprises some non-proteinogenic amino acids; TLipopeptide antibiotic: a peptide consists of a
lipid chain; *Phosphoglycolipid antibiotic; $Type A lantibiotic: post-translationally modified, ribosomal-
synthesised peptides that are flexible, elongated, amphipathic molecules; #Type B lantibiotic: post-
translationally modified, ribosomal-synthesised peptides that are rigid and globular in shape;
*Glycolipodepsipeptide: a glycopsylated and lipid containing peptide with ester group in place of the amide
group; *Cyclic depsipeptide: a peptide with ester group in place of the amide group; *Defensin: a cysteine-
rich cationic protein; “Polypeptide antibiotics; *B-lactam: a molecules with a core structure of a four-
membered ring with nitrogen attached to the B-carbon of a carbonyl group.

1.2.1.2.1 Bacterial Resistance Mechanisms to Antibiotics

Bacteria are sophisticated and diverse microorganisms that can adapt to changing
and hostile environments, including threats like antibiotics. That is to say, not surprisingly,
bacteria have adapted ways to combat antibiotics and become resistant. The rise in
antibiotic resistance bacteria is a global catastrophe, which mainly the result of poor
surveillance and misuse of antibiotics. According to the Centers for Disease Control and
Prevention, there were 400% more deaths partly due to intestinal infections caused by
resistant Clostridium difficile strains in 2007 than in 2000 in the United States.!3?
Furthermore, the World Health Organisation reported close to a 650% increase of multi-
drug resistant tuberculosis in Africa with 18,146 cases in 2012 compared to 2,445 cases in

2005.154

Bacteria manifest resistance, or multi-resistance, to antibiotics by inheriting
resistance genes coding for enzymes which destroy or modify antibiotics. Alternatively,

bacteria can respond by modifying their cell wall to prevent antibiotics from entering the
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cell, mutating their enzymes to prevent antibiotics from binding, or pumping the
antibiotics out of the cell.!315¢ Moreover, antibiotics that target one peptidoglycan
biosynthetic pathway may not work in all bacteria due to differences in the bacterial cell
structure and internal biological processes. While much is already known about the
process of peptidoglycan biosynthesis, there remains more to explore and understand about
bacteria and thus there is still the potential for antibiotic drug development via new
strategies for tackling bacterial virulence. Table 1.3 summarises the known mechanisms of
resistance that bacteria have developed and the antibiotics that are affected, and Fig. 1.15
highlights a few of the common modes of action by the current clinical antibiotics and

their resistance mechanisms by bacteria.

A point that is often overlooked is that bacterial resistance has been a known
phenomenon since the use of penicillin.!>” In recent reports, speculations point toward the
innate resistance by the majority of bacteria, i.e., microorganisms have constant
competitive/survival mechanisms with each other and there are pre-existing resistance
genes.!’® Considering that the majority of antibiotics originated as secondary metabolites
from microorganisms, and there remains many unknowns regarding their actual role in
nature and the symbiotic relationship that exists between humans and bacteria. It questions
whether ‘anti’-bacterial approaches are the best method in tackling bacterial virulence.!>
Surprisingly, despite our overuse of antibiotics, the relationship between antibiotics and

bacteria in the natural environment remains poorly understood.
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Table 1.3 | Bacterial resistance mechanisms,*!153156,160-162

Strategy Mechanism of Resistance Antibiotics affected

Hydrolysis Inactivating the antibiotic by Penicillins, cephalosporins, penems,
degrading the chemical structure (- | monobactams, erythromycin, azithromycin,
lactamases, C-O lyases, epoxide synercid, fosfomycin
hydroxylase)

Group transfer Inactivating antibiotics by: Gentamicin, streptomycin, spectinomycin,
Phosphorylation erythromycin, azithromycin, clindamycin,
Acetylation synercid, chloramphenicol, ciprofloxacin,
Nucleotidylation rifampin, rifamycin, fosfomycin, tunicamycin
ADP-ribosylation
Monooxygenation

Glycosylation
Glutathione/thiol transfer

Efflux Up-regulation or presence of protein | Penicillins, cephalosporins, penems,
pumps capable of expelling monobactams, gentamicin, streptomycin,
antibiotics from the cell spectinomycin, erythromycin, azithromicin,

clindamycin, synercid, linezolid,
chloramphenicol, ciprofloxacin, trimethoprim,
sulfamethoxazole, rifampin, colistin,
fluoroquinolones, bacitracin

Target alteration Mutation/modification of target site Penicillins, cephalosporins, penems,
preventing interaction with the monobactams, gentamicin, streptomycin,
antibiotic, up- or down-regulation of | spectinomycin, erythromycin, azithromicin,
target/affected protein to dilute the clindamycin, synercid, linezolid,
damage of the antibiotics, or chloramphenicol, ciprofloxacin, trimethoprim,
producing pathways to avoid sulfamethoxazole, rifampin, daptomycin,
interaction colistin, vancomycin, tunicamycin

Peptidoglycan Reprogramming the peptidoglycan, Vancomycin, teicoplanin

response e.g., increase in thickness of the cell
wall

_______________________________________________________________________________________________________________________________________|
*The antibiotics listed target RNA and DNA replications, cellular metabolism, protein synthesis, peptidoglycan
or cell membrane. Bacteria can acquire and pass on plasmids that encode proteins to combat threats like
antibiotics, or respond in stressful situations by initiating cellular stress response or induce mutation under
extended exposure to antibiotics. Plasmids can encode for proteins to carry out hydrolysis, group transfer, or
efflux resistance mechanisms. The exchange of plasmid can occur through transformation, conjugation, or
transduction.
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Figure 1.15 | Examples of antibiotic actions and resistance mechanism by bacteria.
o icillin,

99.140,141,155,160,161,163-167 (g) Inhibition of PBP:transpeptidase by a B-lactam antibiotic, amoxicillin
via formation of a slow hydrolysing acyl-enzyme intermediate. PBP:transpeptidase configuration
limits its access to water, leading to a near dead-end complex. f-lactamase has a different three-
dimensional structure that allows ready access of water and therefore inactivates the amoxicillin
and regenerates the B-lactamase. (b) Inhibition of transpeptidation and transglycosylation on the
bacterial cell wall by vancomycin. Vancomycin forms a complex with the termini peptide on the
bacterial cell wall surface. Vancomycin-resistant bacteria acquires vancomycin-resistant enzymes

that carry out the synthesis of the amino acid and modification of the termini peptide chain. The
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modification of the termini peptide chain to D-Ala-D-Lac has been shown to disrupt the hydrogen
bond of the vancomycin-target complex, which decreases the binding affinity by >1000-fold. Other
vancomycin resistance mechanisms include cell wall stress response that induces thickening of the
cell wall peptidoglycan to prevent vancomycin reaching its target. (¢) Inhibition of MurA by
fosfomycin. It has been proposed that fosfomycin inactivates MurA in a stoichiometric manner
with natural substrates UDP-GIcNAc and PEP. PEP and fosfomycin compete with the same
cysteinel15 in the active site. UDP-GIcNAc facilitates in the inactivation of MurA by promoting
the change of the active site conformation. Fosfomycin is inactivated by fosfomycin-resistant
enzymes FosX (hydrolysis by a conserved Glu44), FosA (glutathione-transfer), and FosB (L-Cys

transfer).

1.2.2 Polyprenol-phosphate N-acetylhexosamine-1-phosphate Transferases
Polyprenyl-phosphate N-acetylhexosamine-1-phosphate transferases (PNPTs) are
an important superfamily of transmembrane enzymes responsible for the synthesis of cell
envelope polymers in prokaryotes to N-linked glycosylation of protein in eukaryotes.
MraY translocase, responsible for the biosynthesis of lipid I as previously mentioned in
subsection 1.2.1.1, is a member of this PNPTs superfamily. Others in the PNPTs family
include TagO/TarO, LIm, WecA, WecP, WbpL, WbcO, RgpG, Alg7, PglF, and GPT (Table
1.4). They all have a common mechanistic function of carrying out the transfer of a sugar
from a sugar nucleotide utilising a polyisoprenyl phosphate. However, despite their
similarity in enzymatic process, they seem to be substrate selective and differ in their
susceptibility to inhibitors. The reason behind the substrate discrimination is largely
unknown and elusive due to difficulties in studying the PNPTs as transmembrane proteins
that are notoriously fragile and problematic to express and isolate for crystallisation.
However, recent gene sequence and topological analysis of the PNPTs and the exciting
first crystal structure in the PNPTs family, MraY translocase from Aquifex aeolicus, has

begun to provide some insights for their discriminative behaviour.!!7-120

35



Chapter 1: An Introduction to Tunicamycins and the Bacterial Cell Wall

PNPTs have six conserved sequences that can be found in the hydrophilic and
hydrophobic domains. These suggest their possible involvement in the substrate bindings
of the hydrophilic sugar nucleotide donor and hydrophobic polyprenol acceptor.'®®
Correspondingly, the conserved C-terminal domain code for nucleophilic aspartic acid
residues, thus implying the region as the diphosphate bond formation region. This creates
five PNPTs subgroups in bacteria, based on their substrate preferences as listed in Table
1.4, MraY, WecA/TagO/TarO, WecP, WbcO/WbpL, and RgpG.!'7:168169 There are
eukaryotic homologues Alg7 and GPT in yeast and mammalian cells, respectively, that

carry out N-linked protein glycosylation in cells.!7%-17!

The following subsections aim to describe the specific inhibitory properties of
tunicamycins in relation to MraY translocase and GPT for the purpose of background
information and to explain the rational behind designing the non-cytotoxic tunicamycin
analogues. Additionally, a summary on TagO/TarO and WecA is also provided to broaden

the scope and applications of the analogues.
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Table 1.4 | PNPTs superfamily of enzymes.!!7.168.169.171-177
I ————— — — — —

Enzyme

Pathway

Reaction

MraY Peptidoglycan UDP-MurNAc-pentapeptide + undecaprenyl-phosphate =
biosynthesis undecaprenyl-diphosphate-MurNAc-pentapeptide + UMP
TagO* Polyglycerol- UDP-GIcNAc + undecaprenyl-phosphate = undecaprenyl-diphosphate-
phosphate wall GIcNAc + UMP
teichoic acid
biosynthesis
TarOf Polyribitol- UDP-GIcNAc + undecaprenyl-phosphate = undecaprenyl-diphosphate-
phosphate wall GIcNAc + UMP
teichoic acid
biosynthesis
WecA Enterobacterial UDP-GIcNAc + undecaprenyl-phosphate = undecaprenyl-diphosphate
common antigen GIcNAc + UMP
and O-antigen
biosynthesis
WecP 0O34-antigen UDP-GalNAc + undecaprenyl-phosphate = undecaprenyl-
lipopolysaccharide | diphosphate-GalNAc + UMP
biosynthesis
WhbpL* O-antigen UDP-FucNAc + undecaprenyl-phosphate = undecaprenyl-
lipopolysaccharide | diphosphate-FucNAc + UMP
biosynthesis UDP-QuiNAc + undecaprenyl-phosphate = undecaprenyl-
diphosphate-QuiNAc + UMP
UDP-GIcNAc + undecaprenyl-phosphate = undecaprenyl-diphosphate-
GIcNAc + UMP
WbcO* O-antigen UDP-FucNAc + undecaprenyl-phosphate = undecaprenyl-
lipopolysaccharide | diphosphate-FucNAc + UMP
biosynthesis
RgpG* Rhamnose- UDP-GIcNAc + undecaprenyl-phosphate = undecaprenyl-diphosphate-
glucose . GIcNAc + UMP
polysaccharide UDP-FucNAc + undecaprenyl-phosphate = undecaprenyl-
biosynthesis diphosphate-FucNAc + UMP
Alg78 N-linked UDP-GIcNAc + dolichol-phosphate = dolichol-diphosphate-GIcNAc +
glycosylation UMP
GPT* N-linked UDP-GIcNAc + dolichol-phosphate = dolichol-diphosphate-GIcNAc +

glycosylation

UMP

*Bacillus subtilis

TStaphylococcus aureus
*Molecular basis for substrate specificity is unclear. The sugar nucleotide is based on their end product,
lipopolysaccharide. In Pseudomonas aeruginosa, WbpL is reported as a bifunctional enzyme catalysing the
FucNAc-1-P and GIcNAc-1-P transfer for A-band and B-band lipopolysaccharide biosynthesis, respectively.
RgpG is reported as a WecA-Wbc hybrid.

§Saccharomyces cerevisiae
*+Campylobacter jejuni
*Mammalian cells
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1.2.2.1 MraY Translocase

MraY translocase™® is a ubiquitous bacterial protein that catalyses the synthesis of
lipid I using UDP-MurNA c-pentapeptide and Css-P, as previously mentioned in subsection
1.2.1.1.2. The mraY gene can be found in all bacteria genomes sequenced to date, but not
archaebacteria or eukaryotic organisms that lack peptidoglycan.!®® Interestingly, mraY
gene orthologues can also be found in some plants.!’8-180 Since MraY is responsible for the
first committed membrane step in synthesising lipid I during peptidoglycan biosynthesis,
any disruption of this protein or enzyme activity has been reported to cause cell stress and
cell death.!8! This makes MraY an attractive antibiotic drug target since peptidoglycan is

present in the majority of bacteria.!®

MraY is a transmembrane protein with ten transmembrane a-helices. A topological
model of MraY typically illustrates ten transmembrane a-helices with five cytoplasmic
loops and four periplasmic loops (Fig. 1.16).'82 Both the N-terminal and the C-terminal

ends face the periplasm.

ix Also known as MraY transferase or translocase 1.
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Figure 1.16 | A common two-dimensional topological model of MraY.!%%.182.183 Topology model
of MraY, predicted by Protter, based on E. coli K12 MraYgc amino acid sequence. Sequence
alignment of MraY from various sources have identified conserved sequences in the cytoplasmic
loops. The cytoplasmic loops 11, II1, and IV are proposed to be involved with the substrate binding,
and cytoplasmic loops I and V are involved in the sugar nucleoside recognition. Red circle:
conserved residue by identity. Blue circle: conserved residue by similarity. Pink: aspartic residues
115, 116, 267. Yellow: VFMGD sequence. Green: HHH motif.

The enzymatic activity for MraY was first demonstrated in 1965. It is reported to
be dependent on the presence of both mono- and divalent metal ions such as K, Na*, Rb",
Cs*, Mg?*, and Mn?".19%8 However, the molecular basis for the enzymatic mechanism and
substrate interactions are still not well understood.!84!8> Mutagenic studies and functional
characterisation of E. coli MraY have found that Aspl115, Aspl16, and Asp267 located in
the cytoplasmic loop are vital catalytic residues in the enzymatic process.!'6:117:182 Agp115
and Asp116 are proposed to be involved in Mg?* chelation, while the Asp267 is proposed
to be the nucleophilic residue in the active site. As shown in Fig. 1.13, MraY is more likely

to follow a two-step mechanism than an one-step mechanism based on the exchange of
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radiolabelled UMP of UDP-MurNAc-pp and the release of the intermediate phospho-
MurNAc-pentapeptide upon inhibition by dodecylamine.!07-108,110-114,116-120 Eyrthermore,
MraY has been shown to be specific for the MurNAc moiety of UDP-MurNAc-penta-
peptide but with low tolerance in the variability of the pentapeptide.!98117.168 This reflects
the variation of the peptide units that exists in the peptidoglycan between bacteria, as
shown in Table 1.1. In vitro, MraY has also been shown to accept shorter polyprenyl
phosphates, despite Css-P being the natural substrate in bacteria. However optimal activity
is observed for polyprenyl phosphates bigger than C3s.19 This may be due to the possible
interaction of the polyprenyl phosphate with the lipid membrane and with MraY. A

molecular basis for the enzymatic reaction has been proposed and is shown in Fig. 1.17.

OH
0 (M C55-PO4 OH MraY
HOG oH Aspl157y HO o
AcHN : Aspti 6 0 OH
0 ! AcHNG = AcHN!  Q
i:,.O'---MgZ" O p-O-Cs
o" e K MraY‘Asp267_P . ‘O OH
p-O O "OH
LAsSP267 O “uridine
MraY
UDP-MurNAc-pentapeptide MraY-MurNAc-pp intermediate Lipid |

+ UMP
R = D-lactoyl-pentapeptide

Figure 1.17 | The proposed two-step catalytic mechanism by MraY.!'6117.186 In E. coli, the first
step involves Aspl15 and Asp116 chelated to a cationic divalent Mg?" with the negatively charged
diphosphate of UDP-MurNAc-pp. This promotes the nucleophilic attack of the phosphate by
Asp267 followed by the liberation of UMP, and the formation of a the MraY-phospho-MurNAc-pp
intermediate. In the second step, the hydroxyl group of the undecaprenyl phosphate attacks the
phosphate regenerating the enzyme. The resulting product is lipid 1.

Due to the nature of MraY as a transmembrane protein, active MraY sample has
mainly been extracted from the bacterial cell membranes of micrococci, S. aureus, or E.
coli using detergents such as Triton X-100 or CHAPS. The detergent-solubilised MraY is

found to require the addition of phospholipids such as phosphatidyl choline, dioleoyl-

40



Chapter 1: An Introduction to Tunicamycins and the Bacterial Cell Wall

phosphatidyl choline, or phosphatidylglycerol for enzyme activity.'?® However, having to
use partially purified protein can lead to ambiguity in results from unknown contaminants.
The first time MraY was purified to homogeneity was by Bouhss et al. in 2004.'07
Subsequently a cell-free expression system was devised by Yi ef al. in 2011.'%7 An array of
assays have been developed to study MraY enzyme and inhibition activity, including
fluorescent or radiolabelled substrates, thin-layer chromatography, and HPLC. However,
there are some differences in observed enzymatic activity between the assays and also in

using either partially purified MraY from membrane extract or purified Mra.!08.188-192

More recently, the first crystal structure of a MraY from Agquifex aeolicus
(MraYaa) (Fig. 1.18) was solved by Chung et al.'?° Tt is also the first crystal structure
solved in the PNPTs superfamily. This has finally allowed the overlapping of previous
mutagenic and functional characterisations to a three-dimensional plane. It was shown that
MraY aa forms a dimer in detergent micelles and the membrane, which was also indicated
in a two-hybrid study in Caulobacter crescentus reported by White et al., and has a
topology consistent with previous predictions.'®%193 For functional studies, Chung et al.
mutated the conserved Aspl17, Aspl18 and Asp265 residues, and His324, His325 and
His326 residues that did not appear to influence the structure of the active site. Consistent
with previous findings, mutation of the three Asp residues nearly abolished enzyme
activity. Interestingly, mutation of His324 had a similar effect. This demonstrated that
Aspl17, Aspl18, Asp265 and His324 residues in MraYaa are important for catalysis.
Furthermore, they investigated the Mg?* chelation site by anomalous scattering studies.
The Mg?" chelation site has been predicted as the Asp115 and Aspl116, in E. coli, but it has

also been questioned as other mutational studies shown it not to be the case.''®!° In
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anomalous scattering studies with Mn?" co-crystallised crystals, surprisingly, Mn?>* was
revealed to interact with Asp265 and not Asp117 and Asp118. But given that native crystal
data had unassigned density peaks at the active site, the metal chelation site is still
uncertain. Moreover, the nucleotide sugar binding site predicted from conserved sequences
in the PNPTs superfamily in the cytoplasmic loop V was investigated. The cytoplasmic
loop V, or cytoplasmic loop E, contains a highly conserved triple histidine, HHH motif,
and anomalous scattering studies found two Ni?>* ions present (Fig. 1.18k). One Ni?*
coordinated to His324 and His325, while the other coordinated to His326 and Glu328. Full
activity of MraY was observed in the presence of both Mg?" and Ni?*, suggesting the
importance of metal coordination at the nucleotide sugar binding site. The Mra¥Y aa crystal
structure supports the proposed Aspl117* involvement in the deprotonation of the hydroxyl
moiety of Css-P, based on the residues, Lys121, Lys133, and Asp265, and Mg?" around the
active site.!!” In addition, the most revealing aspect from the MraYaa crystal structure is
the physical presence of an inverted-U-shaped groove at the active site that may serve as a
binding pocket for the Css-P.!20 These structural insights provide invaluable information to

understand the MraY enzymatic process and allow for improved design of inhibitors.

X Aspll5 in E. coli and Asp98 in B. subtilis.
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Figure 1.18 | Crystal structures of Aquifex aeolicus MraY aa.'2° PyMOL renderings of MraY aa.
(a) The ribbon structure rendering of MraY aa dimer. The dotted line splits the dimer to show the
two monomers and the transmembrane helices coloured to show each transmembrane helices in the

monomer. (b) The surface structure rendering of MraY aa dimer, with each transmembrane helices
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coloured. (¢) The surface structure rendering of MraY aa dimer highlighting the hydrophobic amino
acid residues highlighted in blue (Ala, Gly, Val, Ile, Phe, Met, Pro, Trp). (d) The ribbon structure
rendering of MraY aa dimer highlighting the hydrophobic amino acid residues. (e) The top view of
MraY aa surface structure. (f) The bottom view of MraYaa surface structure. (g) The side view of
MraY aa ribbon structure. (h) The side view of MraY aa surface structure. (i) The side sliced view
of MraYaa surface structure revealing the putative hydrophobic groove. (j) The sliced view of
MraY aa surface structure revealing the oval-tunnel in the dimer that is proposed to accommodate
lipids. (k) The MraYaa active site showing the divalent metals, the putative catalytic residues on
TM3 and TM8 (Aspl17, 118, and 265), and the HHH motif (His324, 325, and 326). Mg?" is found
to interact with Asp265 on TMS8 and two Ni*" are found to interact with His324, 325, 326, and
Glu328 on LoopE.

1.2.2.1.1 Tunicamycins Inhibit MraY Translocase via Substrate Mimicry
Tunicamycins were the first discovered antibiotics to inhibit the MraY.33:194195
Tunicamycins are reversible inhibitors, with a K; = 0.55 uM and ICso = 0.5 - 22 uM (0.4 -
18 pg mL-1)xi 107.143,187.19 They compete with the UDP-MurNAc-pentapeptide and not with
Css-P.143 The molecular basis for inhibition is proposed to involve the 5’- and 8’-hydroxy
groups and the oxygen of the pseudo-galactopyranosyl ring that mimic the diphosphate of
UDP-MurNAc-pentapeptide, and thus compete for the active site (Fig. 1.19).!3 The
mechanism is unclear but it has been proposed that the lipid chain plays a role in cell

membrane penetration, phospholipid interaction, or even possibly MraY interaction.

6,52,61,196

X A range of ICso value is presented but it is dependent on sample source and assay method. It is also worth
to note that the reported values are based on using a mixture of the tunicamycin homologues, as mentioned in
1.2 Biological Properties of Tunicamycins. Thus, some discrepancies may exist and possibly due to the
difference in the potency of the individual homologues in different biological systems.
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Figure 1.19 | An illustration of the proposed UDP-MurNAc-pentapeptide and tunicamycins
chelation with Mg?* and MraY residues Asp115 and Asp116. In the E. coli system. (a) A cartoon
illustration of the MraY dimer with Asp115 and Asp116 chelating with Mg?* and UDP-MurNAc-
pentapeptide. (b) The 5’- and 8’-hydroxyl and oxygen of the pseudo-galactopyranosyl ring of
tunicamycins mimic the diphosphate of UDP-MurNAc-pentapeptide, and thus compete with the

metal chelation in the MraY active site.

Other known inhibitors of MraY are mainly uridylpeptide antibiotics and
nucleoside antibiotics. These include strepoviridins, corynetoxins, caprazamycins,
pacidomycins, napsamycins, muraymycins (ICso = 0.027 mg pl!), capuramycin (ICso =
0.017 mg pl), liposidomycin B (K; is not determined, Ki* = 80 nM, ICso = 0.03 pg ul!),
mureidomycin A (Ki = 36 nM, Ki* = 2.2 nM, ICso = 0.5 pg ul'), A-94964, and
A-102395.108,143,197-199  The chemical structures of the inhibitors mentioned, except for
A-94964 and A-102395, are shown in Fig. 1.5 and Fig. 1.6. The inhibitors are proposed to
work in a similar fashion as tunicamycins, based on substrate mimicry and chelation with
Mg?*. Mureidomycin A has been found to be slow binding and competitive against both
substrates, UDP-MurNAc-pentapeptide and Css-P. Liposidomycin B is also found to be
slow binding but is only competitive against Css-P.143 Interestingly, unlike tunicamycins
that are toxic in bacteria and mammalians cells, these other inhibitors are specific

inhibitors of MraY and appear to be non-toxic to mammalian cells.
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Moreover, there is a unique inhibitor of MraY that has been isolated from
bacteriophage ®X174 called the bacteriolytic E protein. The E protein is a 91-amino acid
protein with a transmembrane domain located at the N-terminus.2%%-201 E protein is a non-
competitive inhibitor and seems to require a host protein peptidyl-prolyl isomerase, SlyD,
for the killing action. It has been proposed that the E protein disrupts MraY activity by
forming a protein-protein interaction within the transmembrane region, possibly at helix 9,
and not at the active site, preventing MraY from assembling with other membrane and
membrane-associated proteins to form a highly-active protein complex during cell

division.!92

Lastly, there is another interesting protein called colicin M. Colicin M is a plasmid
encoded toxin that E. coli synthesises and releases to kill susceptible E. coli and other
related bacterial species. Colicin M does not act on MraY but instead enzymatically
degrades undecaprenyl-phosphate linked peptidoglycan precursors such as the lipid I or
lipid II products of MraY and MurG, respectively. The resulting outcome is the arrest of
peptidoglycan biosynthesis and then cell lysis. This is the first example of such an

inhibition mechanism of peptidoglycan biosynthesis.?0?

1.2.2.2 GPT in the N-linked Glycosylation Pathway

N-Acetylglucosamine-1-phosphate transferase (GlcNAc-1-P transferase, or GPT) is
an important protein encoded by the DPAGTI gene in mammalian cells.!7>203.204 GPT
carries out the transfer of GIcNAc from UDP-GIcNAc to the lipid carrier dolichol-
phosphate (Dol-P) upon the liberation of UDP to form GlcNAc-PP-Dol. This is the first

committed membrane step in the N-linked protein glycosylation pathway on the endo-

46



Chapter 1: An Introduction to Tunicamycins and the Bacterial Cell Wall

plasmic reticulum (ER). GPT, like Mray, is a transmembrane protein with ten helices and
with both the N-terminal and C-terminal ends facing the ER lumen (Fig. 1.20). Similar to
MraY aa, it has been proposed that GPT also exists as a dimer based on radiation, cross-
linking, and mutation studies.?**206 Unfortunately, there is no crystal structure available for
GPT. Its enzymatic reaction follows the conventional PNPTs sugar nucleotide transfer to a
polyprenol phosphate. Protein glycosylation is ubiquitous and a crucial biological process
that affects the physiological role of proteins in eukaryotic cells. The process follows
complex biological pathways in the ER and the Golgi apparatus, which have been
extensively studied and comprehensively reviewed.??’213 The following subsections
highlight the biological relevance of the N-linked glycosylation pathway, the initial lipid-
linked oligosaccharide precursor synthesis, and the proposed inhibitory mechanism of

tunicamycins on GPT.
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Figure 1.20 | A two-dimensional topological model of GPT. A topology of GPT has never been
published.!®? Topology model of GPT predicted by Protter, based on Homo sapiens GPTus amino
acid sequence (UniPro: Q9H3HS, EC 2.7.8.15). Pink: putative catalytic aspartic acid residues.
Yellow: the conserved VFVGD motif.

1.2.2.2.1 N-linked Glycosylation of Proteins

Protein glycosylation adds complex glycans, or oligosaccharides, to cell surface or
intracellular proteins. N-linked glycosylation is one of five distinct types of sugar-peptide
bonds known to date that can be found in eukaryotes. Others include O-glycosylation, C-
mannosylation, P-glycosylation, and glypiation.??” All of these serve as a set of biological
processes that impart additional information content on polypeptide structures, i.e., post-
translational modification. There are estimated to be >7,000 glycan structures that are
assembled from ten monosaccharides: fucose (Fuc), galactose (Gal), glucose (Glc), N-

acetylgalactosamine (GalNAc), N-acetylglucosamine (GlcNAc), glucuronic acid (GIcA),
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iduronic acid (IdoA), mannose (Man), sialic acid (SA), and xylose (Xyl).2!* The glycans
serve various roles in the biological system. Interestingly, the assembly of the glycan
structure is dependent on many factors in a cell, such as enzyme abundance and locali-
sation, the availability of glycoprotein substrates and sugar donors, and the cellular
environment. Generally, glycans contribute to cellular regulation of cytosolic and nuclear
functions, immune surveillance, inflammatory reactions, autoimmunity, hormone action,
and tumour metastasis. The examples include function and signalling, dynamics of
glycoprotein endocytosis and cell surface half-life, ligands for cell adhesion, macro-
molecule interaction, and pathogen invasion. The glycans on newly synthesised glyco-
proteins play an important and crucial role in protein secretion and mediation, protein
folding, and quality control surveillance in the ER.212:213:216 Tt has been postulated that N-
linked glycans mimic molecular chaperons and promote conformational changes during
protein folding, and increase protein solubility. However, this does not apply to every
protein synthesis. The removal of N-linked glycans on some fully folded proteins does not
diminish enzymatic activity, although they do become more susceptible to proteases and

denaturing conditions.64215.217,218

It is estimated that half of mammalian proteins are glycosylated at some point, with
most being N-linked glycosylated.?!® N-linked glycosylation occurs through asparagine-
linked modification of proteins via a specific GIcNAc-B-Asn linkage that is carried out by
an ER membrane protein complex called the oligosaccharyltransferase (OST).22° This
starts from the lipid-linked oligosaccharide precursor biosynthesis of the conserved tetra-
decasaccharide GlcsManygGIcNAc> on the cytoplasmic surface of the ER via the lipid

carrier dolichol-phosphate (Dol-P), where the first step is carried out by GPT (Fig. 1.21).
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The GlcsMangGlecNAc2-P-Dol ends up in the ER lumen. OST then transfers the GlcsMano-
GIcNAc; glycan to the Asn-X-Ser/Thr¥i motif on a nascent growing polypeptide chain via
cotranslational addition.?!2218 The glycan then undergoes trimming and editing through a
variety of glycosidases and glycosyltransferases on the ER and Golgi apparatus. The
resulting protein-bound glycan varies in construct complexity, but are classified into three

main groups: high-mannose, hybrid, and complex (Fig. 1.22).211.212.213
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Figure 1.21 | Lipid-linked oligosaccharide biosynthesis in the /N-linked glycosylation pathway.
212.218,220-222 (a) the lipid-linked oligosaccharide biosynthesis in Saccharomyces cerevisiae. The
conserved GlcsManoGlcNAc: scaffold biosynthesis first starts on the cytoplasmic side of the ER
via a lipid carrier dolichol-phosphate (Dol-P). After the addition of two molecules of GIcNAc and
five Man molecules on Dol-P, the heptasaccharide is flipped to the lumen of the ER where the
biosynthesis towards the GlcsManoGIcNAc: continues. (b) a example of many N-linked glyco-
sylation pathway followed modification from the ER to the Golgi apparatus. The cycle in the
pathway shown in the ER represents the calnexin-calreticulin cycle. The pink-coloured polypeptide
represents the nascent polypeptide, and the purple-coloured polypeptide represents the folded
polypeptide.

xii X is any amino acid except proline. Other recognition motif that is less common includes Asn-X-Cys, Asn-
Gly, and Asn-X-Val.
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Figure 1.22 | Structures of the three main N-glycans in eukaryotic cells.?!!?12.218 The penta-
saccharide core, Man3GlcNAcy, is derived from GlecsManoGIcNACc).

1.2.2.2.2 Tunicamycins Inhibit GPT as Substrate-Product Transition-state Analogues,
and Induce ER Stress Response

Naturally, due to the similarity of MraY and GPT, tunicamycins are also found to
inhibit the enzymatic activity of GPT. Bioinformatic analyses show GPT to contain the
conserved DDxxD Mg?*-binding motif and the conserved VFVGD motif proposed to be
part of the nucleophilic active site.!!”-172223 In fact, the binding affinity between tunica-
mycins and GPT is stronger compared to tunicamycins and MraY due to the substrate-
product transition-state mimicry (Fig. 1.23). This inhibition resulting in non-glycosylation
of nascent polypeptides in the cell, as mentioned previously, is the sole reason that
tunicamycins are not suitable as clinical antibiotics.!>93224 Despite this setback,
tunicamycins have been very useful as biochemical tools for studying the role of
glycoproteins and the N-linked glycosylation pathway in biological systems.® In essence,
tunicamycins allow the study of non-glycosylated proteins because they terminate N-

linked glycosylation by inhibiting GPT.
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Figure 1.23 | The proposed GPT reaction substrates in relation with tunicamycins.!3-63.117.172
A crystal structure for GPT is not available. (a) the molecular basis for tunicamycin-mediated
inhibition of GPT is limited due to the transmembrane nature of the protein. It is proposed to
follow a double displacement mechanism involving the formation of the enzyme-substrate
complex intermediate of the GPT-Asp-P-GIcNAc upon literation of UMP, followed by the
displacement of GPT with dolichol phosphate. (b) molecular modelling and 'H and '*C NMR
studies have shown the preferred conformation of tunicamycins where the 5’- and 8’-hydroxyl and
oxygen of the pseudo-galactopyranosyl ring are proposed to mimic the diphosphate of UDP-
GlcNAc.

Due to the nature of GPT as a transmembrane protein, like MraY, obtaining a pure
sample has proven to be difficult. Thus, GPT is prepared as a partially purified or detergent
solubilised protein from various sources, like soy bean, mung bean seedlings, yeast, pig
aortas, or calf livers.’>293.224225 Tunicamycins are reported to act as irreversible and non-
competitive inhibitors with respect to dolichol-phosphate (Dol-P) and UDP-GIcNAc. The
enzymatic activity is reported to be enhanced by the addition of phospholipids like phos-
phatidylethanolamine, cardiolipin, or monogalactosyldiglyceride.??¢ GPT activity assays
use radiolabelled UDP-GIcNAc substrates to quantify the conversion into the product Dol-
PP-GIcNAc. Tunicamycins inhibit GPT with an ICso range of 0.05 - 0.1 pg ml! (0.6 - 100

nM), (the variation is due to differences in sample preparation and cell type response and
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possibly the potency from each tunicamycin homologues).* In comparison to MraY (cf.
0.4 - 18 ug mL1, 0.5 - 22 uM), tunicamycins are better inhibitors of GPT. Since tunica-
mycins exist as homologues, each homologue has been observed to exhibit different levels
of GPT inhibition in cell cultures. The mechanism is unclear but it has been proposed that
the lipid chain plays a role in cell membrane penetration, phospholipid interactions, or

even possibly, protein interactions.!7-19-21,52,61,64

The inhibitors of the lipid-linked oligosaccharide biosynthesis, the ER stage of the
N-linked glycosylation pathway, are indicated in Fig. 1.24. As previously mentioned,
glycans on newly synthesised glycoproteins influence protein secretion and mediation,
protein folding, and quality control surveillance in the ER. A halt in the N-glycosylation
pathway can lead to a wide range of cellular regulatory responses. Furthermore, in addition
to blocking the N-linked glycosylation, they have also been reported to induce apoptosis
and inhibit protein synthesis.??’-??° The mechanism by which these occur is unclear, but
may be the result of a cellular regulatory response that up-regulates apoptotic proteins or
stops the production of non-glycosylated proteins. The result of non-glycosylated proteins
and therefore misfolded proteins would then cause ER stress. This activates signal
transduction pathways within the cell, which are cumulatively called the Unfolded Protein
Response (UPR). The UPR is a mechanism that serves to maintain the homeostasis in the
cell (Fig. 1.25).239-233 The UPR is also associated with a wide range of diseases such as
Parkinson’s disease, Huntington’s disease, diabetes, obsesity, ischaemia, prion-related
disorder, retinal degeneration, retinas pigmentosa, glaucoma, amyotrophic lateral sclerosis,
excitotoxicity, and cancer. It is uncertain, however, whether the UPR in cancer cells is pro-

or anti-oncogenic.?** In essence, tunicamycins can be extremely valuable biochemical
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tools in disease research. Implications of such potential applications should be considered

when designing tunicamycin analogues.
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Figure 1.24 | Inhibitors of the lipid-linked oligosaccharide biosynthesis.>3> The inhibitors are

shown in red.
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Figure 1.25 | The unfolded protein responses.>’%23! There are three distinct unfolded protein
responses (UPR), and each pathway ultimately induces the transcription of one of several UPR

target genes that intends to overcome the cellular stress.
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1.2.2.3 Tunicamycins Inhibit TagO/TarO as Substrate-Product Transition-state
Analogues

Tunicamycins have also been found to inhibit TagO/TarO, a member of the PNPTs
superfamily, found in Gram-positive bacteria.?6237 TagO/TarO is a transmembrane protein
that catalyses the first membrane step in the wall teichoic acid (WTA) biosynthesis. It
utilises UDP-GIcNAc and undecaprenyl-phosphate (Css-P) in the presence of a divalent
metal, Mg?*, to form undecaprenyl-diphosphate-GIcNAc (Css-PP-GlcNAc) upon the li-
beration of UMP.23%-239 Similarly to MraY, TagO in B. subtilis has been suggested to form a
multi-enzyme complex with the peptidoglycan-synthesis machinery.24%-24! There is not a
crystal structure available for TagO/TarO, but the molecular basis for the enzymatic
reaction is proposed to follow a similar reaction mechanism to MraY. Tunicamycins have
been found to inhibit TagO/TarO at lower concentrations than MraY.?*¢-242 This may be
because tunicamycins have more resemblance to the natural substrate UDP-GIcNAc than
UDP-MurNAc-pp due to the GlcNAc moiety.?*® The tunicamycins inhibition mechanism is
proposed to be similar to the inhibition mechanism of the MraY translocase and GPT

systems due to the similarity of their substrates.

Both the names, TagO and TarO, have been used in the literature to refer to the first
membrane enzyme step in the Wall Teichoic Acid (WTA) biosynthesis in Gram-positive
bacteria. This has caused some confusion. For clarification, there are two types of WTA
(Fig. 1.26a). WTA is an anionic polysaccharide polymer of glycerol phosphate or ribitol
phosphate that is covalently attached to the N-acetylmuramyl unit in the peptidoglycan. In
most B. subtilis, WTA contains polyglycerol phosphate (poly-GroP). The name TagO is

used in the B. subtilis WTA biosynthetic pathway. In most S. aureus, WTA contains poly-
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ribitol phosphate (poly-RboP). The name TarO is used in the S. aureus WTA biosynthetic

pathway (Fig. 1.26b).176:177.238

WTA is one of two essential polymers in Gram-positive bacteria, with the other
being the well-characterised peptidoglycan. WTA contributes to the Gram-positive bac-
terial cell wall integrity, anchoring of surface proteins, biofilm development, autolysin
regulation, cell adhesion, antibiotic resistance, and cell division.?*>-24> Moreover, WTA is
proposed to also act as a phosphate reservoir and in cation homeostasis. In S. aureus,
WTA is implicated in virulence.!””-?46 Due to the importance of WTA to Gram-positive
bacteria physiology, it creates another avenue for antibiotic development. Currently, there
is no clinical drug that targets WTA biosynthesis.?* Thus designing tunicamycin analogues
that can also target TagO/TarO broadens their applicability not just as antibiotics but also

as chemical probes to study WTA biosynthesis and its role in Gram-positive bacteria.
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Figure 1.26 | Wall teichoic acid.?*® (a) chemical structures of polyglycerol phosphate (poly-GroP)
and polyribitol phosphate (poly-RboP). (b) the membrane stages of the wall teichoic acid bio-

synthetic pathway in S. aureus.

1.2.2.4 Tunicamycins Inhibit WecA as Substrate-Product Transition-state Analogues
Tunicamycins are also found to target WecA, a member of the PNPTs superfamily,
an enzyme found in Gram-negative bacteria. WecA is a transmembrane protein, having 11
transmembrane a-helices with the C-terminal end facing the cytoplasm (Fig. 1.27).247 In E.
coli, WecAgc catalyses the first membrane step of the synthesis of bacterial polymers such
as O-antigen and enterobacterial common antigen in Gram-negative bacteria. WecA, like
TagO/TarO, carries out the transfer of phospho-GlcNAc from UDP-GIcNAc via lipid
carrier undecaprenyl-phosphate (Css-P) in the presence of Mg?" or Mn?*, to form undeca-
prenyl-diphopshate-GlcNAc (Css-PP-GIcNAc) upon the liberation of UMP.247 Css-PP-
GlIcNAc is the precursor to O-antigen and enterobacterial common antigen. In Myco-

bacterium, the lipid carrier is decaprenyl-phosphate (Cso-P) (WecAmyco EC 2.7.8.33).248
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There is not a crystal structure available for WecA, but the molecular basis for the
enzymatic reaction is proposed to follow a similar reaction mechanism as with the PNPTs
superfamily of enzymes. The tunicamycins inhibition mechanism is proposed to be similar
to the inhibition mechanism of MraY translocase, GPT, and TagO/TarO systems, as
previously described. In fact, tunicamycins are reported to be a better inhibitor of WecA,
with ICso = 11 nM. This may be, like GPT and TagO/TarO, because tunicamycins have

more resemblance to UDP-GIcNAc than UDP-MurNAc-pentapeptide.?23-247

Figure 1.27 | Topology model of WecA!68.223.249 Topology model of WecA predicted by Protter,
based on E. coli WecAgc amino acid sequence (UniPro: POAC7S, EC 2.7.8.33). For WecAkc, the
Asp217 at VFMGD may not be involved as a nucleophile in the catalysis, but instead the Asp156
and Aspl59 residues. Pink: putative catalytic aspartic acid residues. Yellow: the conserved
VFVGD motif. Green: HIHH motif.

O-antigen, or O-polysaccharide, is the oligosaccharide portion of lipopolysac-

charide (LPS). LPS is a unique cell surface component of Gram-negative bacteria that
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maintains the structural rigidity of the outer membrane, but consequently elicits an innate
immune response. The O-antigen is important in pathogenicity/host colonisation, resis-

tance to complement-mediated killing, and resistance to cationic antimicrobial peptides.?*°

Enterobacterial common antigen (ECA) is a glycolipid that is produced by all
members of Enterobacteriaceae. It is a heteropolysaccharide comprised of trisaccharide
repeating units consisting of —3)-a-D-Fucp4NAc-(1—4)-B-D-ManpNAcA-(1—4)-a-D-
GlepNAc-(1—, with O-acetyl groups. The heterosaccharide chains are linked to the phos-
phatidic acids on the bacterial cell wall via phosphodiester linkage, and are also linked to
LPS in some strains.?>® ECA exists in three forms, a cycle polysaccharide form (ECAcyc), a
linear phosphatidylglycerol-linked polysaccharide (ECApg), or as an endotoxin/lipopoly-
saccharide (ECALps). The biological significance of ECA is not well understood, but it has
been suggested that ECA has a role in cell membrane integrity, flagellum expression, and

resistance to enteric bacteria, acetic acid, and bile salts.23°

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), has a unique
and complex cell membrane structure that is almost indestructible and impenetrable to
majority of clinical antibiotics (Fig. 1.28). The World Health Organisation (WHO)
estimated 8.7 million people developed TB in 2012 and 1.3 million death as a result of TB
the same year.!>* WecA is present in M. tuberculosis where it carries out sugar transfer
from UDP-GIcNAc to the lipid carrier decaprenyl-phosphate (Cso-P) during mycolylara-
binogalactan biosynthesis. The mycolylarabinogalactan is one of many cell wall com-
ponents present in M. tuberculosis.’*® This makes WecA a favourable target for anti-M. tb

drug development. WecA is an underexploited target for antimicrobial drugs, considering
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its important physiological roles of O-antigen and enterobacterial common antigen in
Gram-negative bacteria and in M. tuberculosis. Currently, there is no clinical drug that
targets WecA.?4’ Tunicamycins are reported to inhibit WecA in M. tuberculosis but
cytotoxicity has hindered their clinical potential.>*® Thus designing non-cytotoxic tunica-

mycin analogues that can target WecA as anti-M. tb drugs would be extremely valuable.
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Figure 1.28 | The mycobacterium cell wall compared to the Gram-positive and Gram-
negative bacterial cell walls.”* In Mycobacterium, WecA is involved in the first membrane step in
the GlcNAc transfer to decaprenyl-phosphate to make the building block for arabinogalactan and

lipopolysaccharides.

1.2.3 Tunicamycins Inhibit Posttranslation Protein Palmitoylation via Substrate
Mimicry

Palmitoylation is the lipid modification of a protein carried out by transmembrane
proteins called protein acyltransferases (PATs). However, in vitro, cysteine-containing
proteins and peptides are able to auto-acylate in the presence of palmitoyl-CoA. Therefore,
it has been considered that acylation may also be a spontaneous process in the cell,
depending on the presence of the acyl-CoA and the cellular environment.>3! Several PATs

have been identified, which all share a conserved Asp-His-His-Cys (DHHC) motif located

60



Chapter 1: An Introduction to Tunicamycins and the Bacterial Cell Wall

within a cysteine-rich domain.?’1252 There is a lack of available information on substrate
interactions, thus protein-substrate specificity is difficult to generalise. The substrates
which interact with the DHHC have mainly been identified via coexpression.?>? There are
two types of palmitoylation. N-palmitoylation is the N-linked covalent lipid modification
of a protein via an amide bond. This happens when a palmitoylate is added to a cysteine at
the N-terminus of a protein via a thioester intermediate.>! The other is S-palmitoylation
(thiosylation), which is palmitoylation at a cysteine residue of a protein via thioester
linkage. S-palmitoylation is a reversible modification via thioesterases that lends itself to
regulatory processes, where as N-palmitoylation is an irreversible modification.?>* Palmi-
toylation is one of several posttranslational lipid modifications of proteins in eukaryotic
cells. There are other lipids that can be modified on proteins, these include myristate
(myristoylation), cholesterol (cholesterol modification), glycosyl-phosphatidylinositols
(GPO anchoring of proteins), geranylgeranyl and farnesyl (protein prenylation).?>> Each
type of lipid moiety is transferred by a specific type of lipid transferase, and each modifi-
cation confers a distinct outcome on a protein. Lipid modification of proteins commonly
leads to an increase in membrane affinity.>>* Palmitoylation of proteins is associated with
protein trafficking, protein stability, protein aggregation, organelle inheritance, and vesicle
fusion.?31:254 As such, the associated functions have been linked to diseases such as Hun-
tington’s disease, cancer, and cardiovascular and T-cell mediated immune disorders.??
Thus, the proteins associated with palmitoylation are interesting targets for drug develop-

ments.

Tunicamycins have been shown to inhibit N-palmitoylation.*->® The mechanism of

action is unknown but it has been proposed as the result of palmitoyl-CoA mimicry, which
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involves competing with the natural substrate for binding to PATs (Fig. 1.29). A tunica-
mycins inhibition study comparing palmitoylation and N-glycosyation was reported by
Skene et al. The authors distinguished and noted the tunicamycins homologues, showing
that the effect of protein palmitoylation is dependent on the chain length. This further adds
to the long speculated importance of the lipid chain on tunicamycins. Furthermore, they
noted the structural differences in natural substrates. Tunicamycins do not act as a
substrate-product transition-state analogue but rather as a substrate mimic. This may have
been reflected in the dose range of 1-25 pg mL-' needed in palmitoylation inhibition
compared to only 0.05-0.5 pg mL-!' reported for N-glycosylation inhibition.?3¢ Not sur-
prisingly, the substrate mimicry modes of inhibition observed for MraY and PATs tend to
require higher doses and have lower affinity than with the substrate-product transition-

state mimicry mode of inhibition as observed from TagO/TarO and GPT.

PATs involve in palmitoylation have only begun to be studied due to the difficulty
in the past to express, isolate, and study membrane proteins of eukaryotic origin. Thus,
designing tunicamycin analogues to regulate palmitoylation would be very useful in
treating palmitoylation-associated diseases, or tunicamycin chemical probes that would be

able to assist in the understanding of the biological properties of PATs in eukaryotic cells.
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Figure 1.29 | The chemical structure of palmitoyl-coenzme A.*>>7 The structural resemblance is

highlighted in pink for tunicamycins.

1.2.4 Mechanisms of Resistance Towards Tunicamycins

Bacterial resistance to antibiotics is inevitable. Understanding the mechanisms of
resistance is crucial in drug design, and as well understanding the mode of action of the
drug. This helps in the initial design stage that could help to extend the shelf-life of
antibiotics by preventing or delaying the on-set of resistance in the early stage. This is
done by creating a first-line of potent antimicrobial drug, or a second generation of anti-
microbial drug. Tunicamycin-resistance has been reported in prokaryotic and eukaryotic
cells through several of the mechanisms listed previously in Table 1.3, such as group
transfer or target alteration. Below is a summary of the tunicamycin resistance mechan-

isms known to date.

Tunicamycin-resistant strains of Bacillus subtilis were first isolated in 1978, just
seven years after tunicamycins were first reported.!>3® The tunicamycin-resistance gene is
identified as tmrB. It codes for the TmrB protein, an ATP-binding membrane associated

protein.?>® Based on heterologous expression studies carried out by Noda et al., tmrB
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cloned in E. coli resulted in TmrB protein that was cytoplasmic and membrane-bound. It is
proposed that the C-terminal end of TmrB forms an amphiphilic a-helix, involved in
membrane interactions and tunicamycin binding.25%260 Although the exact function of
TmrB is unknown, it is speculated that TmrB may act as a drug transporter or a permea-

bility barrier in the bacterial cell membrane (Fig. 1.30a).

Another putative tunicamycin-resistance gene, DR 1419, was noted in 2001, from
radiation-resistant bacterium Deinococcus radiodurans, predicted to code for a protein
similar to TmrB.?! The gene was later cloned and expressed, and coined as TmrD by
Kapp et al. in 2008, for which they solved the crystal structure.?%> They suggested that
TmrD is a phosphotransferase based on the structural similarity of TmrD to nucleoside
monophosphate kinases and chloramphenicol phosphotransferase, even though the gene
sequence analysis of DR 1419 showed the presence of the GxxxxGKT/S ATP-binding
signature motif and similarity to tmrB as an ATP-binding membrane associated protein.
261,263 Thus, another mode of tunicamycin-resistance is proposed to involve inactivation of
tunicamycins by phosphorylation of the hydroxyl groups at the 2°, 3°, and 5’ positions

(Fig. 1.30b).

Tunicamycin-resistant mechanisms have also been reported in the eukaryotic
systems. Their resistance mechanisms involve the up-regulation of the targeted protein,
e.g., GPT, GPT-like proteins, or induction of aneuploidy. For instance, a tunicamycin-
resistant soybean cell line showed a 40-fold increase in GPT activity, resulting in over-
expression of GPT in the cell.?** No drastic increase in other enzymes in the lipid-linked

oligosaccharide biosynthesis were observed, although the oligosaccharide constructs were
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found to be shorter and had a lower quantity of large constructs. Similar observations have
also been reported in species of Leishmania,?® plants cells,?® mammalian cells, 6728 and

Saccharomyces cerevisiae.>%°

Recently, a major facilitator superfamily 2A (MFSD2A) was identified by Reiling
et al.?’® The authors reported a mechanism by which tunicamycins enter the cell. They
identified MFSD2A as a putative plasma tunicamycins transporter in mammalian cells.
The MFSD2A-depleted cells were found to be resistant to tunicamycins, whereas
MFSD2A-overexpressing cells had cellular accumulation of tunicamycins (Fig. 28c¢). This
is a crucial find for understanding the mode of action of tunicamycins in mammalian cells
that could provide valuable information for designing non-cytotoxic tunicamycin ana-

logues.
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Figure 1.30 | Tunicamycin resistant mechanisms.?3%260.262270 (a) The membrane-assosicated
TmrB protein is proposed to bind to tunicamycins, preventing the accumulation of tunicamycins in
the cytoplasm. (b) TmrD is proposed to inactivate tunicamycins via phosphorylation. The likeli-
hood of tunicamycins prophorylation site deduced from TmrD crystal structure; the red highlighted
hydroxyl group as most likely, and the yellow as least likely. (¢c) MFSD2A depleted cells are unable

to uptake tunicamycins, thus N-linked glycosylation continues.
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1.3 The Tunicamycin Biosynthetic Pathway

In practice, the majority of pharmaceutical drugs originate from microorganisms,
or are derived from natural product scaffolds.?’! This is unsurprising as nature has evolved
to produce a diverse range of bioactive molecules, like tunicamycins, that are otherwise
difficult to synthesise in a laboratory. Nature is able to synthesise compounds more
efficiently through complex biosynthetic pathways. Despite the first report of tunica-
mycins in 1971, there is still very little that is understood about the tunicamycin
biosynthetic pathway. The genomes of three tunicamycin-producing Streptomyces strains
were only recently reported in 2011.7 Thus, by unlocking the pathway and understanding
the enzymatic processes that formulate and construct the unusual tunicamycin scaffold,
enzymes can be engineered to produce tunicamycins in vitro and in addition to unnatural
analogues. Moreover, the enzymes in the pathway would add to the existing library of

accessible enzymes to construct a diverse range of pharmaceutical drugs.

There are several groups that have proposed the tunicamycin biosynthetic pathway
based on gene sequence analysis and mutational studies. The following subsections sum-
marise the reported biosynthetic pathways that were known up to the start of the work

presented in this thesis in October 2010.

1.3.1 Tunicamycin Biosynthetic Pathway Proposed by Tsvetanova ez al. 2002

In 2002, Tsvetanova et al. reported the first attempt to elucidate the tunicamycin
biosynthetic pathway.?’? The authors conducted metabolic radiolabelling experiments and
stable isotope incorporations on tunicamycin-producing S. chartreusis NRRL3882 to

understand the origin of the eleven-carbon aminodialdose sugar, tunicamine (Fig. 1.31). In
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the metabolic radiolabelling experiments, [2-#CJuridine was found to be incorporated into
the tunicamycins, with D-[1-14C]glucosamine being incorporated into the tunicamine and
the GIcNAc moieties. This suggested that both uridine and glucosamine are biosynthetic
precursors. In the stable isotope incorporation experiments, S. chartreusis were fed D-
[1-13C]glucose. Enrichment was analysed by HSQC '3C-'H correlation NMR spec-
troscopy. Major enrichments were observed at C-11" and C-1”, indicating that both are
derived from the same metabolic pool of GlcNAc or UDP-GIcNAc. Moderate enrichments
were observed at C-1°, C-5°, C-6°, and C-6". Additionally, enrichment in the lipid chains
were also observed at C-2”” and C-4”. These enrichments can be derived from the primary
metabolism of D-[1-13C]glucose via glycolysis and gluconeogensis that produce [3-13C]-
phosphoenolpyruvate (PEP), [2-13Clacetyl-CoA, D-[6-'3C]glucose and UDP-[6-!13C]-
glucose, and the pentose phosphate pathway that produces the [1°,5’-13C]uridine. Further-
more, the authors carried out D-[6,6’-*H,?H]glucose and deuterium incorporation experi-
ments that were monitored by ESI-CDI-MS. The *H atoms were found on tunicamycins at
positions C-5’, C-6°, C-11°, C-17, and C-6, which are similar to the incorporation sites to
those observed in D-[1-13C]glucose incorporation experiment. Presumably the metabolism
of both D-[6,6’-*H,?H]glucose and D-[1-'3C]glucose follows the same metabolic pathway.
Altogether, a tunicamycin biosynthetic pathway was proposed as shown in Fig. 1.32. The

next step would be to identify the tunicamycin biosynthetic gene cluster.
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1.3.2 Tunicamycin Biosynthetic Pathway Proposed by WyszynsKi ez al. 2010

In 2010, Wyszynski et al. identified the minimal tunicamycin biosynthetic gene
cluster, tun, from S. chartreusis NRRL3882.274 The tun gene cluster was heterologously
cloned and expressed in S. coelicolor M1152. The authors selected a wide range of gene
products that could perform biochemical processes similar to the putative tunicamycin
biosynthetic gene cluster. These included glycosidic linkage by glycosyltransferases, N-
acetyl-hexosamine N-deacetylases, lipid-processing enzymes, NDP-hexose epimerases and
dehydratases. Their bioinformatic analysis showed tun consisted of a 12.0 kb stretch of
DNA containing 14 ORFs that orient in the same direction and are translationally coupled

to the preceding gene. Interestingly, the authors proposed the fun cluster was acquired
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elsewhere due to the atypical G+C content (65%) in comparison to that that of Strepto-
myces genome (73%).274275 Fourteen putative enzymes were proposed to participate in the
tunicamycin biosynthesis (Table 1.4). The authors proposed a tunicamycin biosynthetic
pathway from the deduced run gene products (Fig. 1.33). The next steps would be to
isolate the enzymes and perform in vitro experiments to confirm their proposal of the

tunicamycin biosynthetic pathway.

Table 1.4 | The S. chartreusis NRRL3882 fun gene cluster products and their
proposed functions.?’

Gene (protein) aa* Proposed function in the tunicamycin biosynthetic biosynthesis
tunA (TunA) 321 UDP-GIcNAc epimerase/dehydratase
tunB (TunB) 338 Uridine oxidoreductase

tunC (TunC) 318 N-acyltransferase

tunD (TunD) 474 Glycosyltransferase

tunE (TunE) 234 N-deacetylase

tunF (TunF) 327 UDP-GIcNAc-4-epimerase

tunG (TunG) 203 UMP phosphatase

tunH (TunH) 515 UDP-tunicaminyl-uracil pyrophosphatase
tun/ (Tunl) 304 ABC transporter ATP-binding subunit
tund (TunJ) 262 ABC transporter permease subunit

tunK (TunK) 81 Acyl carrier protein

tunL (TunL) 229 Phospholipid phosphatase

tunM (TunM) 216 Radical SAM protein

tunN (TunNN 152 UTP pyrophosphatase

*number of amino acids
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Figure 1.33 | Tunicamycin biosynthetic pathway proposed by Wyszynski et al.?’*

1.3.3 Tunicamycin Biosynthetic Pathway Proposed by Chen ez al. 2010

Chen et al. reported the essential gene cluster for tunicamycin biosynthesis in S.
clavuligerus ATCC27064, and additionally, they reported two additional gene clusters for
the potential biosynthesis of tunicamycin-like antibiotics from S. clavuligerus ATCC27064
(Antibiotic MM19290) and Actinosynnema mirums DSM43827.27¢ The tunicamycin bio-
synthetic gene cluster was heterologously expressed in S. lividans TK24. The authors
listed twelve gene products, tunA-tunl (Table 1.5), that were deduced from gene
disruption experiments and bioinformatic analysis, rather than the fourteen reported by
Wyszynski et al. With their findings, they also proposed a tunicamycin biosynthetic
pathway (Fig. 1.34). In the gene disruption experiments, the authors performed in-frame
deletion of the gene tunA, a putative NAD-dependent epimerase/dehydratase. The tunAd

deletion resulted in the abolishment of the production of tunicamycins, hence identifying
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tunA to be essential in tunicamycin biosynthesis. This is the first knockout experiment
reported, and further gene knockout experiments would need to be conducted to confirm

their proposal of the tunicamycin biosynthetic pathway.

Table 1.5 | The S. clavuligerus ATCC 27064 tun gene cluster products and their
proposed functions.?’

Gene (protein) aa* Proposed function in the tunicamycin biosynthetic biosynthesis
tunA (A) 321 NAD-dependent epimerase/dehydratase
tunB (B) 338 Radical SAM protein

tunC (C) 318 GCN5-related N-acetyltransferase

tunD (D) 472 Glycosyltransferase

tunkE (E) 234 N-deacetylase

tunF (F) 327 UDP-Glc-4-epimerase

tunG (G) 203 Phosphoglycerate mutase

tunH (H) 515 Pyrophosphatase

tunl (1) 304 ABC transporter

tund (J) 262 ABC-2 transporter

tunK (K) 81 Acyl carrier protein

tunN (L) 229 PA-phosphatase related protein

*number of amino acids
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1.3.4 Tunicamycin Biosynthetic Pathway Proposed by Karki ez al. 2011

Karki et al. reported the genome mining of the tunicamycin biosynthetic gene
cluster in S. clavuligerus ATCC27064.277 The authors listed twelve gene products, tunl-
tunl2 (Table 1.6), deduced from the gene cluster, rather than the fourteen as reported by
Wyszynski et al.?’+*’7 With their findings, they proposed a biosynthetic pathway similar to
the others mentioned above (Fig. 1.35). Additionally, to confirm the existence of the tun
gene in S. chartreusis, tunlsc, the putative NDP-hexose 4,6-dehydratase was inactivated
that resulted in the abolishment of tunicamycins production. The next steps would involve
isolating the enzymes, carrying out in vitro activity test and performing further gene

knockout experiments to confirm their proposal of the tunicamycin biosynthetic pathway.
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Table 1.6 | The S. clavuligerus ATCC 27064 tun gene cluster products and their
proposed functions.?”’

Gene (protein) aa* Proposed function in the tunicamycin biosynthetic biosynthesis
tunt (Tun1) 323 NDP-hexose 4,6-dehydratase
tun2 (Tun2) 259 Radical SAM domain protein
tun3 (Tun3) 322 N-acetyltransferase

tun4 (Tun4) 461 Glycosyltransferase

tun5 (Tunb) 236 N-deacetylase

tun6 (Tun6) 327 NDP-hexose 4-epimerase
tun7 (Tun7) 208 Phosphatase

tun8 (Tun8) 518 Phosphodiesterase

tun9 (Tun9) 302 ABC transporter protein
tun10 (Tun10) 263 ABC transporter protein

tun11 (Tun11) 81 Acyl-carrier protein

tun12 (Tun12) 223 Phosphatase

*number of amino acids
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Figure 1.35 | Tunicamycin biosynthetic pathway proposed by Karki et al. 2011.277

1.4 Literature Reports on Tunicamycin Analogues

The first total synthesis of a natural product, urea, was reported by Friedrich
Wohler in 1828.27% Since then, the importance of chemical synthesis of various natural
products, such as tunicamycins, has benefited research across the disciplines of chemistry
and biology, and more importantly pharmacology; this continues to challenge the

capability of synthetic chemists to reproduce the chemistry that occurs in nature. These
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valuable contributions of synthesising natural products have expanded the fundamental
understanding of chemical theories and the repertoire of synthetic methodologies; they
have allowed structural validation of natural products, as well as large scale production,

and functionalisation for therapeutic drug analogues or biochemical tools.

The chemical syntheses of tunicamycins have been reported by several groups,
279-294 with four total syntheses of tunicamycins published.??>-?% The total synthesis of
tunicamycins typically faces several challenges due to their spatial complexity and atypical
construction, such as the R-configuration of the 5’-carbon, the a,B-glycosidic linkage, and
the carbon-carbon linkage of the eleven-carbon tunicamine. The chemical routes published
towards each of those products revolve around multi-step protection and deprotection
strategies that are lengthy and consequently produced low yields. However, despite the
range of synthetic routes toward tunicamycins, to the best of the author’s knowledge, there
are only two reports on the syntheses of tunicamycin analogues that had followed up with

biological evaluations. The following subsections summarise these reports.

1.4.1 Minor Modification of Tunicamycins by Hashim e# al. 1987

Three tunicamycin analogues were reported by Hashim ez al., which suggested the
sensitivity and structural importance of tunicamycins pertaining to their mode of inhibition
towards GPT in the N-linked glycosylation (Fig. 1.36).3% This was concluded from several
inhibitory experiments. The authors measured the N-linked glycosylation of immuno-
globulins (Igs) IgM via tritiated mannose incorporation, established whether the tunica-

mycins inhibit cellular transport of the Igs, investigated tunicamycins acting as substrate-
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product transition-state analogues, and also the effect of tunicamycins on RNA, DNA, and

protein syntheses.

The transport experiment measured the biosynthesis and secretion of radiolabelled
IgM from rat hybridoma cells, upon treatment with 2 pg mL"! of unmodified tunicamycins
and three modified tunicamycin analogues. By analysing both the cell lysate and the
supernatant, the transport of Ig molecules was found to be affected by the absence of the
glycan. Only unmodified tunicamycins were capable of inhibiting the N-glycosylation of
IgM. Although Tunicamycins-3 did reduce the rate at which IgM was secreted from the
cell, unmodified tunicamycins had a more drastic effect with very little I[gM secreted over

a six hour time frame in comparison (Fig. 1.36).

The experiment conducted to determine whether tunicamycins are substrate-
product transition-state analogues showed that any minor modification on tunicamycins
would abolish the inhibitory activity. Upon treatment with unmodified and modified
tunicamycins, intracellular and extracellular IgG products were immunoprecipitated,
digested with endoglycosidase H, and analysed by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE). The high-mannose glycan product resulting from GPT activity are
not susceptible to endoglycosidase H treatment. The authors successfully showed that the
modified tunicamcyins either failed to inhibit GPT activity or had drastic reduced binding

affinity to GPT.

Furthermore, inhibition of DNA, RNA, and protein syntheses were measured via

SH-thymidine, *H-uridine, and 3H-leucine incorporations, respectively. The authors noted
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that only natural tunicamycins had any inhibitory effect on DNA synthesis, whereas the
tunicamycin analogues were slightly mitogenic on the cells. In protein synthesis, the
greatest inhibitory effect was again observed by unmodified tunicamycins, with modified
Tunicamycins-3 having minor effect, whereas Tunicamycins-1 and Tunicamycins-2 had no
pronounced inhibitory effect on the dose tested. This suggested that the unmodified

tunicamycins may have inhibitory effect on macromolecule synthesis.

Na*
' 0 OH { £
NH ' N HO, OH 7/ N—
W M_kg ’ NG _< /WI\HO o) O N—{

AcHN AcHN AcHN ~ °
HO™  "OH
0

OH OH
Tunicamycins-1 Tunlcamycms -2 Tunicamycins-3

Figure 1.36 | Minor modification of tunicamycins by Hashim et a/3% Tunicamycins-1 and
Tunicamycins-2 resulted in the impairment of tunicamycins antibiotic activity. which may be due
to non-specific or low-affinity interaction of the antibiotic with the target protein active site. This
appears to be consistent with other studies in which binding of tunicamycins to yeast protoplasts
may be inhibited in the presence of unsaturated phospholipids.>>¢! However, the difference be-
tween the ribose and the lipid modifications was not distinguished. Modification on the uracil ring
generally eliminated the ability of tunicamycins to inhibit N-linked glycosylation. This is con-

sistent with the substrate discrimination that distinguishes the enzymes in the PNPTs superfamily.

1.4.2 Synthesis of 2-Acetamido-2-deoxy-a-D-galactopyranosyl Analogue of Tunica-
mycin by Kominato ef al. 1988

Kominato ef al. synthesised the 2-acetamido-2-deoxy-a-D-galactopyranosyl, or N-
acetyl-galactose (GalNAc) analogue of tunicamycin (Fig. 1.37).3%' Their synthesis
followed similar steps as the reported total synthesis of tunicamycin V.?*7 First, two precur-
sors are synthesised from D-glucosamine and D-allose (1-5) and condensed in the presence
of KF in acetonitrile to construct the tunicamine undecaose skeleton (6) in 51% yield.?%3-302

This undecose skeleton (6) was then converted to the acetylated tunicamine (7) over five
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steps. The condensation of 7 with bis(trimethylsilyl)uracil in presence of SnCls followed
by hydrogenation, acetylation and then chlorination afforded chlorinated tunicaminyl
uracil (8). The protected GalNAc was added to 8 in DCM in the presence of silver
carbonate and silver perchlorate to give the anomeric products (9 a,p). 9a was O-de-
acetylated and hydrogenolysed to afford the amine product (10a). The 10a product was
treated with tetradecanoic acid and DCC in DCM to give the GalNAc-tunicamycin
precursor 1la product in 72% yield, then finally O-deisopropylidenation with 70%

aqueous acetic acid afforded the final GaINAc analogue of tunicamycin (12a).

The authors carried out a competitive assays using natural substrates UDP-GIcNAc
and dolichol phosphate, which measured the transfer of the GlcNAc-P in the presence of
either the GalNAc analogue or tunicamycins. The GalNAc tunicamycin analogue showed
only 25% of the inhibitory activity of tunicamycins. This further supports previous
findings and the proposed substrate-product transition-state analogue mode of inhibition of
tunicamycins. Interestingly, the authors noted no antiviral or antimicrobial activity for the
GalNAc tunicamycin analogues. The GalNAc analogue of tunicamycin that showed re-
duced inhibitory activity supports the findings by Hashim et a/.3% that minor modification
of the tunicamycin scaffold could abolish the substrate-product transition-state mimicry
mode of inhibition. However, no procedure or condition for the antimicrobial susceptibility
tests was reported, thus it would be difficult to draw any conclusion from the inhibition

studies.
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Figure 1.37 | 2-acetamido-2-deoxy-a-D-galadopyranosyl analogue of tunicamycin Kominato
et al ?9>-296:301,302 1 to 3: 1 was treated with warm aqueous acetic acid and followed by treatment
with mesyl chloride. The mesyl group was then displaced by acetate ions via epimerisation,
followed by deacetylation with methanolic ammonia after which acetonation and Pfitzner-Moffat
oxidation give the requisite galactosamine aldehyde 3. 4 to 5: 4 was first hydrolysed in acetic acid
which preferentially hydrolyses the 5,6-O-isopropylidene group, followed by periodic acid
oxidation, NaBH4 reduction, and tosylation. An Sn2 displacement of a subsequent 5-iodo
intermediate with sodium nitrate resulted in 5. 6 to 7: 6 was first dehydrated with acetic anhydride,
which was followed by hydrogenation with NaBHy4, oxidation with KMnOy4 in presence of sodium
tert-butoxide, and then continued with successive hydrogenation with NaBH4 and hydrolysis with
NaOMe yielding two diastereomers where the desired o product was isolated after flash column
purification. This was then followed by acetylation and then hydrolysis to afford the protected
tunicamine product 7. The protected-GalNAc building block: allyl 2-acetamido-2-deoxy-a-D-
glucopyranoside was first acetylated, then followed by O-deisopropylidenation, mesylation, dis-
placement of sulfonylxyl group with acetate ion, O-deacetylation, and then finally O-isopro-
pylidenation to afford the protected-GalNAc building block. Finally, the condensation of the
tunicamine and the galactose building block in DCM in presence of silver carbonate and silver
perchlorate afforded two products: 9a and 9b. This was followed by O-deacetylation with NaOMe
and then hydrogenolysed using Methanol-Pd black to afford 10a and 10p. this was treated with
tetradecanoic acid and dicyclohexylcarbodiimide in DCM to afford 11a and 11P in 72% yield.
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Then O-deisopropylidenation with 70% aqueous acetic acid afford the final tunicamycin galactose

analogue 12a and 12.

1.5 Hypothesis and Strategy

1.5.1 Hypothesis

The central objective of this thesis is to develop novel tunicamycin analogues that
are non-toxic to eukaryotic cells as potential antimicrobial drug candidates. We hypo-
thesise that by retaining the lipid character of tunicamycin structure and modifying the
GlcNAc moiety then the antimicrobial activity would be retained but the tunicamycins
inhibitory action towards GPT would be abolished, thus diminishing tunicamycins cyto-

toxicity towards mammalian cells.

As discussed earlier in subsection 1.1.2, the lipid chain has long been speculated to
play an important role in tunicamycins biological activities; the tunicaminyl uracil core
and the GlcNAc are proposed to act as substrate mimics. Upon these considerations, as
summarised in Fig. 1.38, several modifications for tunicamycin analogue designs are
proposed. Of the four main modification sites suggested, modifications of lipid chain and
the GlcNAc moieties would be the prime rational choices for the purpose of developing
non-cytotoxic tunicamycin analogues. To the best of our knowledge, no tunicamycin
analogues have been reported to show the retention of their antimicrobial properties with
reduced cytotoxicity in eukaryotic cells. When we envisioned the tunicamycin analogue
design, by taking into consideration of what is reported in the literature, we chose not to
modify the uracil or the tunicamine moiety of tunicamycin as both are speculated to

interact with MraY (as discussed in subsection 1.2.2.1.1). Whilst the importance of the
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tunicaminyl uracil scaffold in antimicrobial activity and the GIcNAc moiety in mammalian
cytotoxicity are reported, the GIcNAc and/or aliphatic chain have never been directly
shown to contribute to either. More so, we were particularly interested in modifying the
GlcNAc moiety to reduce structural similarity of tunicamycin to UDP-GIcNAc but also to

retain the carbon chain and its lipid character.

Modification: not necessary unless targeting
pyrophosphate-indenpendent enzymes or
investigating the tunicamycins B. subtilis
resistant enzymes (TmrB or TmrD)

5'-OH, 7"-0, 8'-OH: pyrophosphate mimic
Lipid chain: facilitates in

membrane and protein O
Interactions OH OH </ (NH Modification: not necessary unless targeting
o - . 0o N _< non-uridine PNPTSs, investigating the effect
Modification: lipid chain could be o) of other nucleosides or tunicamycin resistant
replaced with polyprenols, saturated (0] enzyme (TmrD)
lipid chain, peptide chain, nucleoside/ R .,
nucleotide, saccharide HO OH Uridine: participates

in enzyme active site

interaction
Lipid chain, GIcNAc,
Galactose, Uridine:
Polyprenyl-UDP-GIcNAc

transition-state mime GIcNAc, Galactose, Uridine: UDP-GIcNAc mimic.

Modification: GlcNAc moiety could be eliminated, modified to other monosaccharide or modified with
polyprenols, saturated lipid chain, peptide chain, nucleoside/nucleotide, saccharide to reduce or
enhance UDP-Hex/HexNAc or enzyme substrate mimicry

Figure 1.38 | Structure of Tunicamycins dissected by their biological relevance for analogue

designs. Modification of the tunicamycins structure for analogue designs are highlighted in red.

The substrate mimicry mode of inhibition observed for MraY and PATs tend to
require a higher dosage and have a lower affinity than the substrate-product transition-state
mimicry mode of inhibition with a lower dosage and a higher affinity observed for TagO
and GPT. This could suggest that analogues of tunicamycins resembling the substate-
product transition-state of Css-PP-MurNAc-pentapeptide could be more selective to MraY
than GPT (Fig. 1.39). Furthermore, this may also imply that the tunicamycin core scaffold
without a lipid chain would be the ideal template to use for designing analogues. This is
further speculated from other natural inhibitors of MraY that appear to be non-toxic to
mammalian cells that have the complex architecture resembling the substrate-product

transition-state mimicry without the GIcNAc moiety. Of course, other avenues can be
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explored for using tunicamycin as a template for potential inhibitors to use in biological
applications to understand biological pathways and diseases, and therapeutics as anti-
fungal, antiviral, antitumour, and anti-diabetics. These may involve making tunicamycin
analogues as inhibitors for glycosyltransferases and N-linked glycosylation such as the
DPM1¥il (as discussed in subsection 1.2.2.2.1), investigating the UPR and the associated
diseases (as discussed in subsection 1.2.2.2.2), palmitoylation process and the associated
diseases (as discussed in subsection 1.2.3), PNPTs listed previously in Table 1.4 that
utilise UDP-GalNAc, UDP-FucNAc, or UDP-QuiNAc, the resistance mechanisms (as
discussed in subsection 1.2.4), and other enzymes such as WbbL*V for TB drug develop-
ment.3® These and other possible applications from tunicamycin analogues, such as
fluorescent probes to investigate cellular processes and imaging, and inhibitors for

glycosyltransferases, kinases, pathways and crystallisation studies, are noted in Fig. 1.39.

xit Dolichyl-phosphate B-D-mannosyltransferase. DPMI1 is involved in the N-linked glycosylation.

xiv - N-acetylglucosaminyl-diphospho-decaprenol L-rhamnosyltransferase. WbbL is involved in the early
stages of the arabinogalactan biosynthesis in Mycobacterium cell wall.
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Figure 1.39 | Proposed tunicamycin analogues. MraY, WbbL, OGT, and PATs inhibitors can be

designed based on the substrate-product transition-state mimicry. Chitin synthase, glycosyl-
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transferases, kinases, and fluorescent probes can be designed from the three scaffolds shown. Our

interest in the lipid chain analogues can be designed from the three scaffolds.

1.5.2 Strategy

There are several strategies that can be applied to access the tunicamycin core
scaffolds and tunicamycin analogues. As we have previously discussed in subsections 1.3
on the identification of the tunicamycin biosynthetic gene clusters, the gene cluster can be
bioengineered. Although this is an enticing approach to create a wide range of tunicamycin
analogues, our understanding of the biosynthetic pathway is still in its infancy.
Alternatively, as we have discussed in subsections 1.4 on the synthetic procedures
published on the total syntheses and analogue syntheses of tunicamycins, synthetic
strategies can be adopted. However, the low yields and numerous steps required as
reported in the published procedures render them impractical for our purposes. We have

therefore chosen a semi-synthetic approach to achieve our desired goals.

Firstly, we would isolate the tunicamycins from S. chartreusis, which would
provide sufficient quantities for further experimentation when compared to chemical
syntheses. Subsequently, we would chemically degrade the tunicamycins to isolate the
core scaffolds and additionally use those scaffolds to synthesise the tunicamycin lipid
analogues. We would continue to investigate the tunicamycin biosynthetic pathway by
investigating the enzymes in vivo and in vitro. The investigation of the enzymes in the
biosynthetic pathway could lead to the discovery of unique and novel enzymatic
mechanisms for the construction of tunicamycin’s eleven carbon tunicamine and the a,f3-
(17-11°)-glycosidic linkage. Moreover, the enzymes from the pathway would greatly

complement the semi-synthetic strategies of the tunicamycin core scaffolds and analogues.
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Furthermore, the scaffolds may be used as intermediate substrates for enzyme activity
characterisation and then the characterised enzymes could be used as biochemical tools to
generate analogues. Finally, we would also investigate the biological properties of the
tunicamycin core scaffolds and the lipid analogues to fill the gap in the literature regarding
the influence of the lipid chain. A summary of the strategy is shown in Fig. 1.40. Our

results to this extent will be detailed in this thesis.

Tunicamycins from S. chartreusis NRRL3882 tun gene cluster

= mm—n et =

S Ao U g, ¢ a
N O__N ‘
7-12 H m&g o §O Protein expression '
AcHN —/ ‘ ‘
HO M
B o HO®  OH ‘ )

OH Chemical degradation

Mechanistic & '
crystallisation studies (o)

0 ,—4 Chemoenzymatic

OH oH OH 4 NH synthesis of
HO OH 4 NH HN G O. .N _< analogues
HoN WN _<o ACHN 0 See. Fig. 37
HO ~—, ‘OH
HO OH

Tunicamycin core scaffolds

Chemical synthesis Tunicamycin lipid analogues

o
NWL Ho ¢H OH / NH MHM%
g H%/—%H A~
HO ! © ¥ HO
HO™  “OH HO 0
OH

Figure 1.40 | A summary of the semi-synthetic approach towards the tunicamycin core
scaffolds and analogues. The x represents the diversity of the lipid chain possible that can be

placed on the 10° and 2” terminal end of tunicamycins to make a library of lipid analogues.
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Chapter 2: Semi-synthesis of Tunicamycin Core Scaffolds and Lipid Analogues

2.1 Introduction

In the current era of antimicrobial resistant bacteria, the search for new clinical
antibiotics remains elusive and challenging. As discussed in Chapter 1, tunicamycins are
potent antimicrobial agents. However, they are also toxic to mammalian cells, which
render them clinically impractical to use to treat infectious diseases. Instead, they have
been used extensively as biochemical tools to study the N-linked glycosylation of proteins.
However, despite such a routine application, their inhibitory mechanisms are still not clear.
As part of our on-going work to understand the tunicamycin biosynthetic pathway,! we are
also interested in the synthesis of non-toxic tunicamycin analogues as potential new
antibiotic drug candidates. In order to achieve this goal, we first need to understand their
mode of inhibition by understanding the biological activities of the tunicamycin core
scaffolds. Then, we can use the scaffolds as chemical templates for creating analogues. In
this chapter, the chemical degradation of tunicamycins and the semi-synthetic strategy that
allow for the selective addition of lipid chains at the 10°-N and 2”-N positions of

tunicamycin to yield a library of the novel tunicamycin lipid analogues are discussed.
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Figure 2.1 | The proposed tunicamycin analogues. As described in Chapter 1 Fig. 1.39, there are
a wide range of analogues that can be created from tunicamycins. The core scaffolds and the

analogues described in this chapter are highlighted in yellow boxes.
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2.2 Results and Discussion

2.2.1 Isolation of Tunicamycins from Streptomyces chartreusis NRRL3882
Tunicamycins can be chemically synthesised. However, the synthesis involves
multi-step procedures that are time consuming and offer poor yields, providing insufficient
quantities for use in chemical and biological studies.>!”18-22 Although tunicamycins are
commercially available, they are very expensive.! Fortunately, they can be isolated from
various Streptomyces species, and even Bacillus cereus and Clavibacter toxicus.?>>® Thus,
we decided to isolate tunicamycins from Streptomyces chartreusis NRRL3882. S.
chartreusis NRRL3882 accumulates more tunicamycins compared to the other tunica-
mycin-producing bacteria.?>3% Several reports have been published on the fermentation,
extraction, and isolation methods.?*2>2° We compiled those reported protocols and devised
a protocol that provided approximately 41 mg of pure tunicamycins per litre of culture,
where both the broth and the mycelium were used to isolate the tunicamycins (Fig. 2.2).
The isolated crude tunicamycins were characterised by TLC, LC/MS, HPLC, and 'H
NMR. The crude tunicamycins were also compared with a commercial standard from Enzo

Life Sciences and the purity of tunicamycins was determined by HPLC (Fig. 2.3).

i Sigma Aldrich, £206.50 per 10 mg; Enzo Life Sciences, £116.00 per 10 mg.
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Figure 2.2 | The extraction process of tunicamycins from Streptomyces chartreusis NRRL3882

fermentation culture.
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Figure 2.3 | HPLC analysis of tunicamycins. The analysis was carried out using a WATERS
Symmetry reversed-phase C18 column (a) Chromatograms of tunicamycins samples at 260 nm. (b)
Table of diluted tunicamycins sample concentrations. (¢) Tunicamycins calibration curve plotted

from the HPLC chromatogram total area with respect to tunicamycins concentration. (d) HPLC
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chromatograms of the commercial tunicamycins standard (black) and the isolated crude

tunicamycins (red).

2.2.2 Chemical Degradation of Tunicamycins: Isolation of N-acetyl-tunicaminyl
uracil

It has been previously reported by Myers et al. that by heating tunicamycins (1)
under reflux in 3 M HCl(aq.) for 3 h and then acetylating the crude reaction mixture, the
heptaacetyl-tunicaminyl uracil (2) can be isolated in 30% yield.??> The same degradation
procedure was followed using the crude tunicamycins extracted and both the o and 3

anomers of heptaacetyl-tunicamyl-uracil were isolated in 64% yield (o/f ratio 53:47), (Fig.

2.4).
(0}
i 0 OH 0
/I\MA\)]\ HO oH </ NH o oA opc y
>N WN ~  i.3MHCI(aq), A, 2.25h »)j\ AcO NH
AcHN / O ii. Ac,0, pyridine, 18 h ﬁ 0 O N _<o
gO ) [ AcO
HO o) HO OH 64% AO™ "OAc
OH
1 2

Figure 2.4 | Hydrolysis of tunicamycins (1).

In a subsequent step, the heptaacetyl-tunicaminyl uracil (2) was subjected to de-
acetylation using 0.01M sodium methoxide in methanol to afford the N-acetyl-tunicaminyl
uracil (3) in 98% yield (o/p ratio 37:63) (Fig. 2.5).3! The N-acetyl-tunicaminyl uracil (3) is
a useful core scaffold for biological studies. It allows for the evaluation of the tunicamycin
core for antimicrobial activities without the GIcNAc and the lipid chain, can be used as an
intermediate substrate in the tunicamycin biosynthetic pathway, and can also be used as a
tunicamycin template for further diversification at the 10” and 11’ position to create

tunicamycin analogues (Fig. 2.1).
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Figure 2.5 | Synthesis of the N-acetyl-tunicaminyl uracil (3).

2.2.3 Lipid cleavage of Tunicamycins: Isolation of the a-D-/N-acetylglucosamine-
(17-117)-N-acetyl-tunicaminyl uracil

Previously, F. J. Wyszynski devised a method for the cleavage of the lipid chain on
tunicamycins, which enabled the isolation of the non-lipidated form of tunicamycin, a-D-
N-acetylglucosamine-(17-11")-N-acetyl-tunicaminyl uracil (4), from crude tunicamycins
(1) (Fig. 2.6).3! This non-lipidated tunicamycin is particularly special because it eliminates
the heterogeneity arising from the lipid chains and allows us to evaluate the biological
activities of tunicamycin without the lipid chain and to understand the biological relevance

of the lipid chain.

O

" oH </ NH
NH
AcHN O
O 5 steps o N_<O

OH

OH
1

Figure 2.6 | Chemical degradation of tunicamycins toward the isolation of the a-D-NV-
acetylglucosamine-(1"-11’)-N-acetyl-tunicaminyl uracil (4). The five steps include: acetylation,

bocylation, deacetylation, debocylation, and finally acetylation.

Using the same procedure reported by F. J. Wyszynski, crude tunicamycins (1)
isolated from S. chartreusis NRRL3882 fermentation culture were dissolved in pyridine

and then treated with acetic anhydride (Fig. 2.7). After two rounds of flash column
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purification, pure octa-O-acetylated tunicamycins (5) were isolated in 23-82% yield

(dependent on the purity of the crude tunicamycins used as starting material).

o 0
: I Ho SH oH (/_</ NH : I Aco_ PR onc (/_/< NH
WLH WN _<o Ac;0, pyridine, W]\ﬁ WN _<o
AcHN ~ AcHN o,
HEO HO'  ‘OH A?c%‘?/gj AcO'  ‘OAc
on 23-82% OAc

1

Figure 2.7 | Acetylation of crude tunicamycins (1).

Next, in order to cleave the lipid chain, the tert-butoxylcarbonyl (Boc) protecting
group was added to the secondary amides at positions 3, 10°, and 2” to afford the tri-/N-
Boc-octa-O-acetylated tunicamycins (6a) (Fig. 28). Amide cleavage usually involves the
use of a strong acid or base and high temperatures, but these harsh conditions would be
unsuitable to use in the presence of the uridine moiety as they would degrade the
tunicamycins. Several methodologies have been published on how to remove the highly
stable and unreactive acetyl group.>?-* One of them is Kunieda’s mild N-Bocylation
methodology.3? In this, the presence of the Boc group on the secondary amide acts as an
electron withdrawing group to remove the electron density from the amide carbonyl,
which weakens the carbonyl bond and allows the acetyl group to be readily cleaved in the

presence of a base.

O

0
. ' 0
PG Nl A { A A2 0 U S
NN (o}
HWN_\% Boc,0, THE 7 U R@E&/—K(J,H\O
AcHN —/ AcRN R
AcO > AcO AcO’ ‘OAc
AS g AcO OAc ALS g
6a R =Boc

OAc OAc
5 6b R = 1xH, 2xBoc

Figure 2.8 | Bocylation of the octa-O-acetylated tunicamycins (5).
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The desired product (6a) was isolated in 34% yield and the incomplete di-N-Boc
protected product (6b) was isolated in 24% yield. The 6b product can be saved and used in
the same reaction condition to isolate the 6a product. The 6b product would have been
sufficient for the subsequent step if the Boc protecting groups were at positions 10 and 2”.
Unfortunately, "H NMR analysis of 6b shows a mixture of the Boc protecting groups at
positions 3, 10°, and 2” of tunicamycins, thus it would have been difficult to separate and

purify the desired 10’ and 2” Boc protected 6b.

We investigated different reaction conditions to drive the N-Boc protection of 5 to
completion, or at least to a higher yield (Table 2.1). However, this proved to be difficult.
First we prolonged the reaction time but that did not appear to make a huge difference to
the yield. Next, we increased the equivalents of the di-tert-butyl dicarbonate (Boc2O) and
4-dimethylaminopyridine (DMAP). The yields increased slightly, but the conditions were
not able to drive the reaction to completion. It may be due to the bulkiness of the Boc
protecting group and the sterically hindered secondary amides on 5, which do not seem to
be in our favour. Thus, less bulky amide protecting groups, such as trichloroacetyl, tri-
fluoroacetyl, vinyloxycarbonyl, allyloxycarbonyl, and propargyloxycarbonyl would be

worth considering for future endeavours.3>-3
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Table 2.1 | Reaction conditions for the N-Boc protection.

Compoun | Solven Boc.O Base (eq.) Temperature Time (h) | Yield
d t (eq.) (°C)
5 THF 20 DMAP (0.2) 60 24 34%
5 THF 40* DMAP (0.2) 60 36 53%
5 THF 20* DMAP (0.5) 60 36 23%
5 THF 20* DMAP (0.5) 60 80 38%
5 THF 20* DMAP (1) 60 24 47%
5 THF 20* DMAP (1) 60 48 24%
5 THF 20* DMAP (2.2) 60 144 27%
5 THF 20* DMAP (3.3) 60 19 14%
5 THF 20* DMAP (4) 60 24 36%
5 THF 20* DMAP (4) 60 28 20%
5 THF 20* DMAP (4) 60 50 27%
5 THF 10 DMAP (0.5), 2,6-lutidine (1) 60 28 NP
6a ACN 2 DMAP (3) 60-90 40 3%

*Final equivalent. 10 eq. was added overtime.
NP = No product. No product was isolated.

Finally, in a multi-step procedure carried out at room temperature, 6a was treated
with NaOMe to deacetylate the hydroxyl groups and liberate the lipid chain (Fig. 2.9).
Unfortunately, methoxide cleavage of the uracil ring on tunicamycins was observed when
the reaction was left for longer than 4 h. To avoid the excessive methoxide cleavage of the
uracil ring in the reaction mixture, the reaction was stopped after 4 h even though there
were still partially deacetylated intermediates. The crude reaction mixture was neutralised
with Dowex H* resin, treated with TFA followed by acetic anhydride, and then neutralised

with Dowex -OH resin. The final product (4) was obtained in 23% yield.
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Figure 2.9 | Isolation of a-D-N-acetylglucosamine-(1"-11")-N-acetyl-tunicaminyl uracil (4).

2.2.4 Isolation of the a-D-Glucosamine-(17-11’)-Tunicaminyl Uracil Dihydrochloride,
the Dihydrochloride Salt of Tunicamycins

Next, we were interested in utilising the two tunicamycin core scaffolds (3) and (4)
to create tunicamycin analogues. The free amine salt of tunicamycins, tunicaminyl uracil
hydrochloride salt (7) (Fig. 2.10), is a highly attractive scaffold for us as a template that

would allow the synthesis of a library of analogues, as shown in Fig. 2.1.

(0]

HZNMN_«
HO \ 0

HO"  “OH

7

Figure 2.10 | Tunicaminyl uracil hydrochloride salt

We attempted to isolate the tunicaminyl uracil hydrochloride salt (7) scaffold
following the original reported procedure using tunicamycins.’” Unfortunately, no product
was isolated. The unsuccessful attempts to isolate the hydrochloride chloride salt
derivative may be due to the use of crude tunicamycins, which contained a high amount of
contaminants. Therefore, the contaminants may have reacted with the free amine.
However, since the chemical degradation step involving the acidic hydrolysis of
tunicamycins that resulted in low yields, we considered an alternative approach and target

for creating the tunicamycin analogue due the scarce quantity of tunicamycins that are
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available. Thus, instead of the chemical degradation approach to use scaffold 3, a scaffold
that does not contain the GIcNAc moiety, we decided to use scaffold 4 as a template to

create analogues.

The isolation of scaffold 4 does not involve the harsh acidic hydrolysis of the crude
tunicamycins. For our purpose of investigating the tunicamycins core scaffolds, we did not
find it useful to modify the uracil and the tunicamine moieties of tunicamycin as both are
speculated to interact with MraY, and whilst the importance of the tunicaminyl uracil
scaffold in antibacterial activity and the GIcNAc moiety in mammalian cytotoxicity are
reported, the GIcNAc and/or lipid chain have never been directly shown to contribute to
either (as discussed in Chapter 1 and shown in Fig. 2.1). Thus, biological evaluations of
scaffold 3 and scaffold 4 may help to fill in the gap in the literature regarding the
biological relevance of the GIcNAc moiety and the lipid chain. A tunicamycin analogue
resembling the substate-product transition-state could be more selective to MraY than
GPT, or disrupting the substrate-product transition-state mimicry may help to abolish
tunicamycins cytotoxicity (Fig. 2.11). This may also imply that the tunicamycin core
scaffold without the lipid chain would be the ideal template to use for designing analogues
due to the substrate-product transition state mimicry that involves nucleoside sugar
substrate. Additionally, further speculations from other natural inhibitors of MraY also
appeared to suggest these implications where they are non-toxic to mammalian cells by
having the complex spatial architecture resembling the substrate-product transition-state
mimicry but without the GIcNAc moiety. Thus, scaffold 4 seems to be a better starting
point to create tunicamycin analogues in addition to avoid wasting of tunicamycins with

the chemical degradation process. Essentially, we were interested in modifying the
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GlcNAc moiety to reduce the structural similarity of tunicamycins to UDP-GIcNAc while
retaining the carbon chain and its lipid character. Although the elimination of the GIcNAc
moiety would be the suggested approach to prevent inhibition towards GPT, the absence of
the GIcNAc moiety on the analogue may even reduce the overall feature of tunicamycins
as an UDP-HexNAc mimic and lose its antimicrobial activity. As discussed in Chapter 1,
minor modifications on tunicamycins have been reported to result in great consequences to
tunicamycins bioactivity but further investigation would be needed to understand the
molecular basis of tunicamycins mode of inhibition. The free amine scaffold (7), however,
is definitely worth considering in the future after the initial bioactivity test of the tunica-
mycin core scaffolds and even as inhibitors for other enzymes as discussed in Chapter 1

and shown in Fig. 2.1.
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Figure 2.11 | Designing the tunicamycin lipid analogues. The designing of the tunicamycin lipid
analogues took into consideration the substrate, product, and substrate-product transition-state
mimicries in the MraY and GPT systems. The lipid chain on the analogue can be any desired lipid
chain. The tunicamycin lipid analogue may resemble the substate-product transition-state of MraY
system and may disrupt the substrate-product transition-state mimicry in the GPT system that may

help to abolish tunicamycins cytotoxicity.

As discussed above, the acetylation of crude tunicamycins was considered for two
reasons; firstly, it would be the most efficient use of the crude tunicamycins isolated from
S. chartreusis culture and, secondly, it would allow for the liberation of the lipid chain
upon addition of the Boc protecting group. In the process of isolating scaffold 4, the in situ

tri-N-Boc-tunicamycin intermediate (8) resulting from the lipid cleavage reaction appeared
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to be a promising and accessible scaffold in making the dihydrochloride salt (9) as the free

amine salt equivalent of the tunicaminyl uracil hydrochloride salt scaffold (7) (Fig. 2.12).
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Figure 2.12 | Synthetic approach towards the isolation of the a-D-glucosamine-(17-11")-

tunicaminyl uracil dihydrochloride (9), the dihydrochloride salt of tunicamycins

The dihydrochloride salt (9) is an invaluable scaffold that allows for dual
modifications on two locations on tunicamycins. This method is uniquely capable of
synthesising tunicamycin analogues and tunicamycin lipid analogues by retaining the
overall feature of tunicamycins as an UDP-GIcNAc¢/Glc mimic (Fig. 2.11). As discussed in
Chapter 1, the GIcNAc moiety on tunicamycin appears to be important to their inhibitory
action as substrate mimic or substrate-product transition-state mimic. The dual
modification method fulfills our aim of retaining the lipid characteristics of tunicamycin
by allowing us to attach a lipid chain on the 10” position as well as the 2” position. In
doing so, the dual modification method modifies the glucosamine moiety that would
reduce the transition-state analogue resemblance while also allowing us to selectively add
a lipid chain of our choice (Fig. 2.11). As we have hypothesised, the lipid character of
tunicamycin is important to its overall bioactivity; modification of the GlcNAc moiety
abolishes its inhibitory action towards GPT, thus eliminating tunicamycins cytotoxicity

towards mammalian cells while simultaneously retaining its antimicrobial properties.

The tri-N-Boc-octa-O-acetylated tunicamycins (6a) — which, as described

previously, were derived from crude tunicamycins — were treated with NaOMe to
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deacetylate the hydroxyl groups and liberate the lipid chain (Fig. 2.13). This reaction was
carried out at room temperature for 6 h. Again, the methoxide cleavage of the uracil ring
was observed as previously mentioned. The reaction was discontinued after 6 h and the
product was isolated after flash column chromatography to afford 45% yield of the di-N-
Boc product (8a). The Boc protecting group on the nitrogen of the uracil was lost during
flash column chromatography. This was indicated by a change in product R¢ value of the
product in the collected fractions. The di-N-Boc product (8a) was confirmed by MS and
NMR. Gratifyingly, the loss of the N-Boc on the uracil had no impact on the synthesis of

the tunicamycin dihydrochloride salt (9).
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Figure 2.13 | Isolation of tri-N-Boc-tunicamycins (8) and di-/N-Boc-tunicamycins (8a).

We investigated milder deacetylation conditions to liberate the acetyl and the lipid
groups, as the use of NaOMe was found to result in the degradation of the uracil ring.
Meier et al. reported using triethylamine (TEA) in methanol/water to remove the acetyl
protecting groups.’® The cleavage of the acetyl protecting group is proposed to be TEA-

catalysed, forming a complex with the water, acetate, and methanol (Fig. 2.14).
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Figure 2.14 | The triethylamine-catalysed cleavage of the acetyl protecting group in the presence

of methanol and water.
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The TEA-catalysed cleavage of the acetyl protecting groups was first attempted on
6a at room temperature. The reaction time was longer compared to the use of NaOMe, but
this milder reaction condition successfully removed the acetyl protecting groups and the
lipid chain with no degradation of the uracil (Fig. 2.15). Next, we attempted to improve
the reaction condition to decrease the reaction time (Table 2.2). We found that a reaction
temperature of 71 °C and by increasing the equivalents of TEA used showed good yields
of the desired di-N-Boc-tunicamycins (8a). The product 8a was purified by using prepara-
tive-scale RP-HPLC (Fig 2.16) for the purpose of the lyophilisation process in the sub-

sequent step.
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Figure 2.15 | Isolation of di-V-Boc-tunicamycins (8a) via triethylamine-catalysed cleavage of
6a.

Table 2.2 | Reaction conditions for the TEA-catalysed cleavage.

Starting material TEA (eq.) MeOH:H20 | Temperature (°C) Time (h) Yield
6a 10 3:1 RT 141 77.00%
6a 10 3:1 71 50 60%*
6a 25 3:1 71 9 52%*

*Yield after HPLC puirification
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Figure 2.16 | HPLC chromatogram of di-/V-Boc-tunicamycins (8a). The chromatogram at 260
nm from preparative scale purification using Phenomenex Synergi 4p Hydro-RP 80A 100 x 21.20

mm column.

Finally, the treatment of 8a with TFA and then HCI afforded the desired a-D-
glucosamine-(17-11")-tunicaminyl uracil dihydrochloride (9) in 85% yield after lyophili-
sation (Fig. 2.17). Due to the high purity of the starting material from HPLC purification,
no purification step was required. In the deprotecting step using TFA, the Boc protecting
group was degraded into volatile by-products, CO> and isobutylene.?33° TFA was removed
via lyophilisation.
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Figure 2.17 | The isolation of the a-D-glucosamine-(17-11’)-tunicaminyl uracil dihydrochlor-
ide (9) from 8a.

2.2.5 Synthesis of the Novel Tunicamycin Lipid Analogues
The success in obtaining the dihydrochloride salt (9) then enabled us to proceed to
create a library of tunicamycin lipid analogues as noted in Fig. 2.1 and 2.11. Of all the

possible analogues that can be synthesised from 9, we decided to synthesise the lipid

136



Chapter 2: Semi-synthesis of Tunicamycin Core Scaffolds and Lipid Analogues

analogues 10 - 16 (Fig. 2.14) to test our hypothesis and to understand the effect of the lipid
chain. The role of the lipid chain on tunicamycin homologues is still unclear in the litera-
ture and we thought that the lipid analogues could help fill this gap. We also decided to use
simple saturated lipid chains ranging from seven to twelve carbon atoms. A citronellic
variation of eight carbon chain length was also synthesised in order to investigate the
effect of the unsaturation and the branching on the lipid chain. The citronellic acid is a
short chain mimic of the polyprenyl phosphates that has been used in the membrane stages
of the peptidoglycan assays as a lipid analogue.*** The similarity of the lipid chain
between the citronellyl analogue (16) and undecaprenyl lipid compare to octanoyl

analogue (11) could favour the 16 as a better inhibitor for MraY.

The wide range of fatty acids, including the ones used in the syntheses, are
commercially available, thus a larger library of various lipid carrier analogues can be made
to study the biological effect of the lipid in the tunicamycin mode of action. Moreover,
lipid analogues tailored with a specific lipid chain could be used as target specific
inhibitors due to substrate mimicry or lipid-protein interaction. Last, but not least, scaffold
9 could also be immobilised on resins for pull down studies to identify and characterise

tunicamycin-binding proteins and interactions.
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Figure 2.18 | Tunicamycin lipid analogues (10-16).
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Since the synthesis of the lipid analogues can be achieved directly from 8a as the
starting material instead of 9, we tried this in our first attempt to synthesise the di-N’,N -
octanoyl-tunicamycin (11) (Fig. 2.19). However, the reaction condition involved multi-
steps that were not easily reproduced from the small scale reaction. The direct amide
coupling to the dihydrochloride (9) is a starting point that would allow better monitoring of
the reaction. The lipid chains were coupled on to tunicamycin via conventional coupling

chemistry (Fig. 2.19). An extensive review of these methods are reported.*3#4
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Figure 2.19 | The first synthesis of the di-N’,N”-octanoyl tunicamycin (11) from (8a). The di-
N-Boc-tunicamycin (8a) was first treated with TFA for an hour followed by neutralization of
reaction mixture by TEA. Steglich esterification proceeded by using octanoic acid, N,N-dicyclo-
hexylcarbodiimide (DCC), DMAP in THF. The reaction was left overnight followed by aqueous
workup and then reversed-phase flash chromatography to afford 65% of the product.

Before we used the dihydrochloride salt (9) as the starting material, we first carried
out using 9 in two test reactions to couple with nonanoic acid using N,N'-dicyclo-
hexylcarbodiimide (DCC) to form di-N’,N”-nonanoyl tunicamycin (12). In the first test
reaction, we avoided using TEA due to the difficulties associated with removing it by flash
column chromatography, and instead used an excess amount of DMAP. The reaction was
stopped after 30 h and the product was purified by flash column chromatography.
However, '"H NMR and RP-HPLC analyses showed no presence of our desired product 12.
In the second test reaction, both the DMAP and TEA were used. The reaction was

monitored by analytical scale RP-HPLC using the same condition as tunicamycins analysis
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(Fig. 2.20). The RP-HPLC chromatogram from the reaction showed two distinctive peaks,
the eluted peak at 8-8.5 min representing the mono-nonanoyl product of 12 and the later
eluted peak at 14.5-15 min representing the desired lipid analogue product 12. The
reaction was stopped after ten days in order to isolate and characterise the product and to

not compensate the yield due to the formation of by products observed at 18 min.
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Figure 2.20 | HPLC chromatogram of the formation of the di-V’,/N”-nonanoyl tunicamycin
(12) from 9. The chromatogram at 260 nm from the analytical scale analysis using Phenomenex
Synergi 4p Hydro-RP 80A 100 x 4.60 mm column. The amide coupling reaction for 12 was

monitored over 10 days.

Although we managed to synthesise the desired nonanoyl lipid product (12), the
purification of the reaction product proved to be a challenge due to the contamination of
N,N'-dicyclohexylurea (DCU) by-product from the use of DCC in the coupling reaction.
'"H NMR analysis of the contaminated lipid product showed a one-to-one ratio with the

DCU by-product, even after further purification by reversed-phase HPLC (RP HPLC) and
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normal phase flash column chromatography. A MS analysis of the same sample showed

two masses that corresponded to the lipid product (12) and DCU (Fig. 2.21).
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Figure 2.21 | TOF MS ES- spectrum of DCU-contaminated product (12).

The difficulty in separating the DCU and lipid product (12) was suspected to be
due to the hydrogen bonding and hydrophobic interactions between the lipid chain and the
DCU. Fortunately, we were able to isolate a 69% yield of the pure product after acetylation
and deacetylation followed by purification using RP-HPLC, with an overall yield of 26%

(Fig. 2.22, 2.23).
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Figure 2.23 | Analytical and preparative scale HPLC chromatogram of 12. The chromatogram
at 260 nm from the analytical scale analysis using Phenomenex Synergi 4u Hydro-RP 80A 100 x
4.60 mm column and the preparative scale purification using Phenomenex Synergi 4p Hydro-RP
80A 100 x 21.20 mm column. The sample collected from the preparative scale purification of 12

showed no contamination of DCU.

The coupling reaction with DCC was a slow process; as indicated by RP-HPLC
(Fig. 2.20), the mono-nonanoyl tunicamycin intermediate was still present in the reaction
mixture after the 10 d. The reaction was stopped at the end of this period in order to isolate
and fully characterise the novel tunicamycin lipid analogue (12). The incomplete reaction

partially contributed to the low overall yield of 26% of 12 from 9. The slow reaction time
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may be due to the steric hinderance resulting from the first addition of the lipid chain to
either of the free amines at positions 10’ or 27, thus the second amine to be coupled to the

lipid chain would not be as accessible.

We investigated other coupling agents in order to avoid the problematic DCU by-
product that resulted from using DCC. We conducted test reactions using the starting
materials glucosamine and nonanoic acid, then evaluated the success of the amide bond
formation and, more importantly, the ease of removing the coupling by-product of the
chosen coupling reagent. The coupling reagents we investigated were N,N'-diisopropyl-
carbodiimide (DIC), and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (Fig.
2.24).44 We found that DIC was a better choice than DCC or EDC for mediating the
formation of the amide bond. The coupling reaction using DIC was higher yielding than
the one using EDC after 20 hours. Additionally, the urea by-product from DIC was easily
removed by washing the product with DCM. The low yield of 1% from using EDC may
have been due to the poor quality of the EDC used, however the DCM-soluble urea DIC
by-product was more suitable than water for the purification process in handling milligram
samples. Moreover, in the initial attempt to remove DCU from 12, the lipid product was
found to be soluble in MeOH or DMF and not in water, DCM, chloroform, or EtOAc. This
determined that the DCM-soluble DIC urea by-product would be the ideal coupling

reagent.
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Figure 2.24 | DIC and EDC test reactions.

The test was performed by adding different lipid chain lengths to the dihydro-
chloride salt (12). The syntheses used a number of fatty acids including heptanoic acid,
octanoic acid, nonanoic acid, decanoic acid, undecanoic acid, dodecanoic acid, and
citronellic acid to complete the library of the lipid analogues shown in Fig. 2.18. Similarly,
analytical scale RP-HPLC was used to monitor the reaction progress as shown in Fig.
2.20. The HPLC chromatograms of all the tunicamycin lipid analogues (10-16) are shown
in Fig. 2.25. The reaction conditions and associated yields are summarised in Table 2.3. It
was observed that the amide bond formation with the lipid chains consistently failed to
reach to completion even after adding additional equivalents of the DMAP, TEA, fatty acid
or DIC. We experimented with adding additional equivalents of the fatty acid, adding DIC
exceeding the total 2.5 equivalent in the reaction mixture, and increasing the reaction time.
All of these appeared to favour the formation of minor by-products as indicated by HPLC
and LC/MS (Fig. 2.26). The by-products appeared to be the addition of one or two lipid(s)
to the product. One possible by-product may be the result of the esterification of the
primary 5” hydroxyl group. TEA and the DIC urea by-product were common contaminants
after RP-HPLC preparative scale purification process and flash column chromatography.
As discussed before (Fig. 2.24), DIC was used not only because it promoted the amide

bond formation but also because the urea by-product can be easily removed by DCM. Any
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TEA contaminant was removed by washing the lipid product with MilliQ water. A back-to-
back DCM-MilliQ water washing routine was established for all the lipid analogue

products prior to characterisation or biological evaluations.
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Figure 2.25 | HPLC chromatogram of the tunicamycin lipid analogues (10-16). The chroma-
togram at 260 nm from the analytical scale analysis using Phenomenex Synergi 4pu Hydro-RP 80A
100 x 4.60 mm column, except for (a) where the chromatogram is from the preparative scale
purification using Phenomenex Synergi 4 Hydro-RP 80A 100 x 21.20 mm column. (a) di-N’,N -
heptanoyl-tunicamycin (10). (b) di-N’,N”’-octanoyl-tunicamycin (11). (¢) di-N’,N”’-nonanoyl-
tunicamycin (12). (d) di-N’,N”-decanoyl-tunicamycin (13). (e) di-N’,N "-undecanoyl-tunicamycin
(14). (f) di-N’,N ’-dodecanoyl-tunicamycin (15). (g) di-N’,N "-citronellyl-tunicamycin (16).
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Table 2.3 | Reaction summary of the tunicamycin lipid analogues (10-16).

Starting Fatty acid (eq.) Reagents (eq.) Time (h) Yield

material
8a Octanoic acid TFA, TEA, DCC (2.8), DMAP (1), THF 12 65% (11)
9 Nonanoic acid DCC (2.5), DMAP (2), TEA (4), DMF 240 26% (12)*
9 Heptanoic acid (2.5) | DIC (2.5), DMAP (2), TEA (4), DMF 24 39% (10)*
9 Octanoic acid (2.5) DIC (2.5), DMAP (2), TEA (4), DMF 78 33% (11)*
9 Nonanoic acid (2.5) DIC (2.5), DMAP (2), TEA (4), DMF 78 39% (12)*
9 Decanoic acid (2.5) DIC (2.5), DMAP (2), TEA (4), DMF 78 39% (13)*
9 Undecanoic acid (2.5) | DIC (2.5), DMAP (2), TEA (4), DMF 78 36% (14)*
9 Dodecanoic acid DIC (2.5), DMAP (2), TEA (4), DMF 68 31% (15)*
9 Citronellic acid (2.5) DIC (2.5), DMAP (2), TEA (4), DMF 168 54% (16)*

*Yield determined after HPLC puirification.
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Figure 2.26 | HPLC and LC/MS analysis of the reaction formation of lipid analogue (12). (a)
Preparative scale HPLC chromatogram at 260 nm. The product (11) is highlighted in black. The

by-product is highlighted in blue. (b) TIC chromatogram of the same reaction at different time. (c)

TOF MS ES* of the reaction progress. The corresponding masses are noted by roman numerals i-vi
(TIC chromatogram time 2 - 4.5 min.). Starting material (9), SM: m/z 566.52. Product (11), P: m/z

818.92.
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2.3 Conclusion and outlook

In this chapter, two tunicamycin core scaffolds (3, 4) have been isolated in addition
to the dihydrochloride salt (9) of tunicamycin. The semi-synthetic strategy presented here
would enables further fine-tuning of the tunicamycin core scaffold for the development of
novel antimicrobial drug candidates. More importantly, the dihydrochloride salt (9) tem-
plate has enabled selective lipid chain addition to both the 10°-N and 2”-N positions of
tunicamycin, thereby creating the first library of novel tunicamycin lipid analogues. The
outlook for this template 9 is extremely promising for applications in therapeutics and as
chemical probes, as discussed in Chapter 1.5. With a library of tunicamycin core scaffolds
and lipid analogues, the biological properties of tunicamycins can now be assessed to
understand the importance of the GIcNAc moiety, the presence of the lipid chain, and the
effect of the lipid chain length. In summary (Fig. 2.27), we have developed a semi-
synthetic strategy to synthesise tunicamycin analogues with a defined lipid chain, a
modified GIcNAc moiety, and a final product that is not a mixture of homologues. This
semi-synthetic strategy has allowed the development of the first tunicamycin lipid

analogues known to date.
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3.1 Introduction

Tunicamycin homologues are reported to exhibit different levels of N-linked

glycosylation inhibition in eukaryotic cells, but little is described about their individual

antimicrobial activities.!”” Whilst it is proposed that the tunicaminyl uracil scaffold acts as

an UDP mimic® and the GIcNAc moiety contributes to the mammalian cytotoxicity (see

Chapter 1), this GIcNAc has never been directly shown to be the cause of the cytotoxicity.

-1 Moreover, it has been speculated that the lipid chain of tunicamycin homologues

influences their biological activity, but again, this has never been directly shown to be

associated with the antimicrobial or the mammalian cytotoxic activities.'"”-1> Thus, we

wanted to investigate the biological effects of the tunicamycin core scaffolds and the novel

lipid analogues, as described in Chapter 2, to understand their mode of action. In this

chapter, the biological properties of the tunicamycin core scaffolds and the lipid analogues

(Fig. 3.1) are described.
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Figure 3.1 | Tunicamycins (1), the tunicamycin core scaffolds (3, 4, 8a, and 9), and the tunica-

mycin lipid analogues (10-16).
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3.2 Results and Discussion

3.2.1 Kirby-Bauer Disc Diffusion Test of the Tunicamycin Core Scaffolds and Lipid
Analogues

We first evaluated the core scaffolds (3, 4, 8a, 9) and the lipid analogues (10-16),
shown in Fig. 3.1, for antibacterial activities. This was carried out by the Kirby-Bauer disc
diffusion susceptibility test.!> We used the tunicamycins sensitive and resistant bacteria
strains, Bacillus subtilis EC1524 and Micrococcus luteus, respectively, in the antibacterial
susceptibility test.!#!5 Additionally, we also performed the antibacterial susceptibility test
using a few common standard test strains such as the opportunistic pathogens Bacillus
cereus ATCC11778, Staphylococcus aureus ATCC29219 and Pseudomonas aeruginosa
ATCC27853, and lastly the non-pathogenic strain Escherichia coli ATCC25922.1% These
common strains were chosen because they cause some of the most dangerous bacterial
infections. Generally, B. cereus is associated with causing serious and potentially fatal
non-gastrointestinal-tract infections,'”!® S. aureus is a major concern due to the high
incidence of skin infections in hospitals and the wide-spread emergence of antibiotic-
resistant strains,!®2! while P. aeruginosa is a highly adaptive Gram-negative bacterium
that is a concern typically in hospitals. P. aeruginosa causes respiratory infections and also
affects patients after antibiotic treatment due to the disruption of the patient bacterial flora,
compromising the natural defences.??2* Although E. coli is an important member of the
human intestinal bacterial flora, certain strains can cause serious intestinal complications.
2527 Thus finding new antibacterial drugs to combat these threats are vital to improving
human health, especially considering the emerging problems with antimicrobial resistant

bacteria.28-30
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The Kirby-Bauer disc diffusion test is a routine qualitative approach for deter-
mining the antibacterial activity and could be considered as an quantitative approach to
determine the minimal inhibition concentration (MIC) values of an antibiotic.3!-3? The test
provides the zone of inhibition of bacterial growth for a specific antibiotic of specific dose.
In order to carry out the test, a blank disc is impregnated with a known concentration of
the antibiotic, and then carefully placed on an agar plate that has been inoculated with
bacteria and then incubated for 16-24 h at 3542 °C.3334 The diameter of the inhibition zone
is the reported value. In theory, the antibiotic on the disc quickly diffuses into the agar
where the concentration of the antibiotic is highest closest to the disc and decreases as the
distance from the disc increases. This rate of diffusion is dependent on various factors,
such as the properties of the antibiotic being tested, the solubility, the molecular weight,
and others including temperature, time, and as well as the agar medium with regards to the
salt concentration and nutrient composition.’> The diameter of the zone where there is no
bacterial growth is related to the susceptibility of the tested bacterium to the tested
antibiotic. The antibiotic concentration around the diameter of the zone would be the
critical concentration that is approximately equal to the MIC obtained from a broth
dilution susceptibility test, and would require a series of tested concentrations in order to

obtain a linear plot to determine the MIC value unless an Epsilometer is used.!3-3

We first evaluated the compounds shown in Fig. 3.1 for antimicrobial activity by
Kirby-Bauer disc diffusion test. The purpose of using the Kirby-Bauer disc diffusion test
first is that it provides a quick and simple preliminary qualitative antibacterial evaluation
of the tunicamycin core scaffolds and the lipid analogues prior to the broth dilution

susceptibility test to quantitatively determine the MIC, half-maximal inhibition con-
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centration (ICso) and also minimum bactericidal concentration (MBC) without much
optimisation work to find the inhibitory concentration zone.’%3” We decided to use the
broth dilution test to determine the susceptibility values because it allowed us to carry out
the experiment in a micro broth dilution scale using a 96-well plate. This would not use a
large quantity of the precious tunicamycin compounds. The experiment was conducted in
the liquid culture where diffusion is neglected compared to the Kirby-Bauer disc diffusion
test, and it allowed for serial dilutions to obtain a set of data points to plot for a dose-
response curve to determine the ICso. Furthermore, the same experimental culture can be
used to determine the MBC values.’%37 The process for the susceptibility tests that we

performed is summarised in Fig. 3.2.

Kirby-Bauer disc diffusion test Micro-broth dilution test
Serial dilutions of the
McFarland standard  Impregnated ) test substance
inoculum disc O Bacterial growth
O No bacterial growth
Incubation O
@ O Drop plate test
Testsubstance Diffusion zone OMICvalue ~ © MBC value © Hua Wang

Figure 3.2 | A schematic diagram showing the process to determine antibacterial
susceptibility values. Kirby-Bauer disc diffusion, micro-broth dilution, and drop plate tests are
shown. The Kirby-Bauer disc diffusion test followed the Clinical and Laboratory Standards

Institute standards to ensure uniformity and reproducibility of the results.

A stock of each compounds (Fig. 3.1) was prepared by dissolving the compound in
either MilliQ water or methanol depending on the test compound’s solubility and then
impregnating a specific dose on to a 6mm Oxoid blank disc. The Kirby-Bauer diffusion
tests were done on Mueller-Hinton agar plate according to the Clinical and Laboratory

Standards Institute (CLSI) standards for reproducibility as previously mentioned. Fig 3.3
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shows the results from the Kirby-Bauer disc test and Table 3.1 summarises the zone of

inhibition values.
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Figure 3.3 (continued) | The Kirby-Bauer disc diffusion test. Each disc was impregnated with 5
ug of each antibiotic, unless indicated otherwise (Fig. 3.1), and evaluated for antimicrobial activity
against B. subtilis (a-d), M. luteus (e-h), B. cereus (i-k), S. aureus (I-n, r, s), and P. aeruginosa (o-
q, t, u). Due to the the pigments produced by P. aeruginosa, the light zone of inhibition diameter is
indicated by a dotted line from the lipid analogues (12), (13), and (14) on the plate (q and u). The
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disc with methanol was left to evaporate off before placing on the agar, as with the others, to

ensure no false-positives.

S. chartreusis

commercial

S. chartreusis %
commercial

12)

' S. chartreusis

12) ®

S. chartreusis commercial

Figure 3.3 (continued) | The Kirby-Bauer disc diffusion test. Each disc was impregnated with 5
ug of each antibiotic, unless indicated otherwise (Fig. 3.1), and evaluated for antimicrobial activity
against B. subtilis (a-d), M. luteus (e-h), B. cereus (i-K), S. aureus (I-n, r, s), and P. aeruginosa (o-
q, t, u). Due to the the pigments produced by P. aeruginosa, the light zone of inhibition diameter is
indicated by a dotted line from the lipid analogues (12), (13), and (14) on the plate (q and u). The
disc with methanol was left to evaporate off before placing on the agar, as with the others, to

ensure no false-positives.
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Table 3.1 | Zone of inhibition for the standards and test compounds (Fig. 3.1).

Zone of inhibition (mm):dose (ug)
Compound | B syptilis | M. luteus B. cereus S. aureus P. E. coli
EC1524 ATCC11778 | ATCC29219 aeruginosa ATCC25922
ATCC27853

Ampicillin 24:5 31:5 NI:5 16:10 NI:10 17:10

Gentamicin N/A N/A N/A 18:10 15:10 N/A

(1) Comm. 15:5 NI:5 13:5 25*:10 NI:10 NI:10

(1) S. chart. 16:5 NI:5 13:5 25*:10 NI:10 NI:10
(3) NI:5 NI:5 NI:5 NI:10 NI:10 NI:10
(4) NI:5 NI:5 NI:5 NI:10 NI:10 NI:10
(8a) NI:5, 10, 25 | NI:5, 10, 25 NI:5 NI:10 NI:10 NI:10
(9) NI:5 NI:5 NI:5 NI:10 NI:10 NI:10
(10) NI:5 NI:5 NI:5 NI:10 710 NI:10
(11) 10:5 NI:5 12:5 20*:10 9*:10 NI:10
(12) 16:5 NI:5 13:5 23*:10 13*:10 NI:10
(13) 16:5 NI:5 9:5 14*:10 12*:10 NI:10
(14) 10:5 NI:5 75 NI:10 12*:10 NI:10
(15) 6:5 NI:5 NI:5 NI:10 8*:10 NI:10
(16) NI:5 NI:5 NI:5 NI:10 NI:10 NI:10

N/A = no evaluation was carried out.
NI = no inhibition observed.
*Not the inhibition zone but the diameter of the halo ring, indicative of mild inhibition and resistance.

It has been hypothesised in the literature that the lipid chain of tunicamycins could
facilitate the transfer of tunicamycins through the phospholipid bilayer of the bacterial
outer membrane.”-'>38 Excitingly, for the first time, using the Kirby-Bauer disc test, we
have shown that tunicamycins without their lipid chain lose their inhibitory activity against
the tunicamycin sensitive B. subtilis EC1524 strain and other bacterial standards including
B. cereus and P. aeurginosa. Whether or not the GlcNAc moiety is present, the tunica-
mycin’s core scaffolds did not exhibit any observable antibacterial activity towards
Bacillus strains as long as the lipid chain is not present, as shown for scaffolds (3, 4, 8a,
and 9) in the Kirby-Bauer disc test (Fig. 3.3, Table 3.1). This implies that if tunicamycins

lose the GIcNAc moiety but retain their lipid chain, then selective toxicity towards
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bacterial cells and not mammalian cells might be possible, specifically targeting MraY
transferase instead of GPT. However, as discussed in Chapter 1, the GlcNAc moiety or,
the hexosamine structure, may be necessary in order to preserve or increase inhibition as a
substrate mimic or substrate-product transition state mimic. This speculation is supported
by the results obtained from the tunicamycin lipid analogues (10-16). The tunicamycin
lipid analogues with carbon chain length between seven to ten were shown to have similar
inhibitory activity towards B. subtilis as commercial tunicamycins. Interestingly, as chain
length increases, the inhibitory activity appeared to decrease as shown in Fig. 3.3, from
eleven to twelve carbon chain length as observed for lipid analogues (14) and (15). The
lipid analogue (11), with eight carbon chain, appeared to be more toxic than mixtures of
tunica-mycins. In contrast, when the eight carbon chain was not fully saturated and
includes methyl branches such as the citronellic acid derivative lipid analogue (16), the
antibacterial activity was lost drastically. This is interesting because citronellic acid
derivatives has been used as short chain analogues of the bacterial undecaprenyl phosphate
lipid chain in inhibition studies.?*-#! Only a light halo was observed around lipid analogue
(16) impregnated disc compared to a large zone of inhibition from the lipid analogue (11).
This may suggest that the lipid analogue (16) is not as effective as 11 in facilitating the
transfer through the bacterial membrane to reach to the MraY transferase cytosolic active
site, or other similar enzyme targets, or that the unsaturation and the methyl branches
affected the inhibition binding at the active site and the putative hydrophobic groove on
MraY as discussed in Chapter 1. Moreover, it has been demonstrated that lipid chain
length or presence of the methyl groups can dramatically affect the inhibitory activity of

tunica-mycins based on homologue activity studies.!=3-
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A stark resemblance in antibacterial activity to either the tunicamycins from the
commercial source or isolated from S. chartreusis was observed for lipid analogues (11),
(12), and (13), suggesting that eight-, nine-, and ten-carbon chain lengths and/or degree of
saturations may play important roles in the antibacterial properties of tunicamycins (Fig.

3.3, Table 3.1).

The tunicamycins and the lipid analogues appeared to exhibit similar potent
inhibitory activity against both B. subtilis and B. cereus (Fig. 3.3d,k, Table 3.1). The other
bacterial strains that were used in the Kirby-Bauer disc diffusion test, such as M. luteus, S.
aureus, E. coli, and P. aeruginosa, were found to be less sensitive. Unsurprisingly, the lipid
analogues were found to be similar as tunicamycins inhibitory activity towards those
strains that have been reported to be less sensitive.” Surprisingly, the lipid analogues
appeared to have very mild inhibitory activity against P. aeruginosa that was not observed
for tunicamycins (Fig. 3.3q,u, Table 3.1). Thus, this could imply that further tailoring of
scaffold (9) to create a wider range of lipid analogues with different lipid chain
characteristics may uncover tunicamycin lipid analogues that can increase their potency
towards P. aeruginosa, E. coli, and other Gram-negative bacteria. This is particularly
attractive for further investigation of potential new antibiotics to target Gram-negative

bacteria and emerging antimicrobial resistant bacteria.?8-30
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3.2.2 MIC, ICsp, and MBC Determination of the Tunicamycin Core Scaffolds and
Lipid Analogues

MIC and ICso values can be determined from a micro-broth dilution test, and MBC
values by a drop plate test as previously discussed (Fig. 3.2).13-3637 These are routine

procedures used to quantitatively determine antimicrobial susceptibility values.

First, the micro-broth dilution test was carried out using a 96-well plate to
determine MIC values (Fig. 3.4). The highest concentration that was tested was 400 or 50
ug mL-!, depending on the sensitivity of the bacteria being used to the test compounds, and
ten to twenty serial dilutions were made to find the dilution range that would show no
bacterial growth in the mid-range. The plate was incubated for 18-24 h at 352 °C. The
well with the lowest concentration of the test compound that did not show any visible
bacterial growth would give the MIC value based on the dilutions (Fig. 3.2, Fig. 3.4, Table
3.2). Tunicamycins and the lipid analogues were prepared in methanol. Thus, in order to
avoid methanol contamination and false-positive results, all test compounds (Fig. 3.1)
were first added to a small volume of MH growth medium and the methanol was left to
evaporate before adding the bacterial inoculum. The 96-well plate also contained positive
and negative control growth wells to ensure that any antibacterial activity was not due to

methanol contamination.

The tests that were undertaken on B. subtilis and M. luteus at up to 50 pg mL-! of

the test compounds (Fig. 3.4). From this set of results, it became apparent that the core

scaffolds were not as effective as the lipid analogues in inhibiting bacterial growth. Thus,
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at this stage, we focused our efforts on determining the susceptibility values of the lipid

analogues (Table 3.2).

B. subtilis EC1524

ug mL? |"HH"""HHI"l""ﬁllll’lfﬁllumm

MilliQ water IO S. chart. (1)
< 3

|H"I"I"H‘H""H"Hlllnﬂﬁlllnm’tg

pg mL™1 |

M. luteus
ng mL1

"HH"""HH"'||’||Hllll0lm"n|o.19.

Figure 3.4 | The micro-broth dilution 96-well antimicrobial susceptibility test. A set of B.
subtilis EC1524 and M. luteus micro-broth dilution tests is shown, with serial dilutions from 50 -
0.098 pg mL-!. The MIC values are deduced from the clear culture wells with the lowest con-
centration of the test compound, as depicted by the red circled wells with respect to their
concentration. The (+) and (-) columns were the positive growth and the negative controls. The

MIC values are summarised in Table 3.2.
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Table 3.2 | MIC values for the tunicamycin core scaffolds and lipid analogues.

MIC values* (ug mL"")
Compound - P .
B. subtilis M. luteus® B. cereus S. aureus aeruginosa E. coli
EC1524 ATCC11778 | ATCC29219 ATCC27853 ATCC25922
Ampicillin 1.56 £0.90 | 12.50 +3.61 >200 50.00 £14.43 ND ND
Gentamicin ND ND 1.56 £0.45 ND 0.78 £0.23 1.56 £0.45
0.0015
(1) Comm. +0.0011 >50 0.02 £+0.06 | 50.00 +14.43 >400 >400
0.0015
(1) S. chart. +0.0011 >50 0.02 +0.06 | 50.00 +14.43 >400 >400
(3) >502 >50 ND ND ND ND
(4) >502 >50 ND ND ND ND
(8a) >502 >50 ND ND ND ND
(9) >502 >50 ND ND ND ND
100.00 200.00 100.00
(10) 6.25 +1.80 >50 +28.87 +57.74 +28.87 >400
200.00 100.00
(11) 0.78 +0.23 >50 6.26 £1.81 +57.74 128 87 >400
100.00 100.00
(12) 0.024 +0.001 >50 0.78 +0.23 +28.87 +28.87 >400
100.00 100.00
(13) 0.39 +0.11 >50 0.39 +0.11 +28.87 128 87 >400
200.00 100.00
(14) 1.56 £0.45 >50 0.78 +0.23 15774 128 87 >400
100.00 200.00 200.00
(15) +28.87 >50 50.00 £14.43 +57.74 15774 >400
100.00 200.00
(16) 6.25 +1.80 >50 +28.87 >400 +57 74 >400

The MIC values were obtained from a triplicate experiment.
*We tested up to 400 ug mL"' and made serial dilutions by half concentration of each compounds to
determine the MIC values. If the bacteria growth was observed up to the concentration tested, or if we
observed very little growth at a specific concentration, then we noted as > than the concentration.
ND = not determined. The compound was not tested against the bacteria.
a50 ug mL-" = highest concentration tested.

Then, we generated the dose-response curves from the turbidity value (optical

density, ODeoo) of each well with respect to each dilution concentration (Fig. 3.5) from the

micro-dilution plates. The ICso values were determined from the dose-response curve

using Prism 6.0 software. A summary of the ICso values are summarised in Table 3.3.
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Figure 3.5 | The dose-response curves from the MIC determination of the tunicamycin core
scaffolds and the lipid analogues. The dose-response curves were generated by Prism 6.0
software by plotting percent growth (normalised ODsoo values) vs. logarithmic scale of the
concentrations. The data shown are mean =SEM errors of three independent experiments. (a) B.
subtilis EC1524. (b) B. cereus ATCCI11778. (¢) S. aureus ATCC29219. (d) P. aeruginosa
ATCC27853. (e) E. coli ATCC25922. The ICso values are summarised in Table 3.3.
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Table 3.3 | ICso values for the tunicamycin core scaffolds and lipid analogues.

ICso values* (ug mL-1)
Compound - P .
B. subtilis M. luteus B. cereus S. aureus aeruginosa E. coli
EC1524 ATCC1778 | ATCC29219 | AS@iNos2 | ATCC25022
- 386.00
Ampicilin | 0.42 £0.14 ND e 15.58 £5.23 ND ND
Gentamicin ND ND 0.74 £0.25 ND 0494016 | 0.430.14
0.00018 0.0029 655.30
(1) Comm. | 15 00006 ND +00010 | 20-786.93 | 51843 ND
0.00015 0.0031
(1) S. chart. | 099015 ND ot 2012 +6.71 ND ND
3) ND ND ND ND ND ND
4) ND ND ND ND ND ND
(8a) ND ND ND ND ND ND
9) ND ND ND ND ND ND
(10) 3.12 +1.04 ND 1333445 | 804942683 | 62442081 | o120
(1) 0.20 +0.07 ND 078026 | 58.36419.45 | 46.57+1552 | 44000
(12) 0.015 £0.005 ND 0.072 £0.024 | 48.92 +16.31 | 54.98 +18.32 | 87.06 £29.02
(13) 0.12 £0.04 ND 0.046 £0.015 | 49.20 +16.43 | 53.46 +17.82 | 91.63 +30.54
(14) 0.85+0.28 ND 0.088 £0.029 | 58.03 +19.34 | 63.17 +21.06 12;';8
(15) 58.92 +19.64 ND 140 +0.47 | 61.88 £20.63 | 81.74 +27.31 128'23
176.70 217.90
(16) 0.36 £0.12 ND 6.29 +2.10 1o | 702942343 | 21090

*ICso values were derived from the MIC data from Table 3.2. We tested up to 400 ug mL-' of each compounds
to determine the MIC values. If bacteria growth was observed up to the concentration tested, or if we
observed very little growth at a concentration, then we noted as > than the concentration.

ND = not determined. The compound was not tested against the bacteria.

Lastly, with the drop-plate test, 2-3 pL of the culture from each 96 wells was plated
on a freshly prepared MH agar plate. The plate was then further incubated for additional
18-24 h at 35+£2 °C. The lowest concentration culture inoculated on the MH agar plate that
did not have any visible bacterial growth was noted as the MBC value (Fig. 3.2, Fig. 3.6).

The MBC values are summarised in Table 3.4.
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Figure 3.6 | The drop-plate test from B. subtilis, B. cereus, S. aureus, and P. aeruginosa MBC

evaluation of the tunicamycin core scaffolds and the lipid analogues. The MBC value was

determined by inoculating 2-3 uL of the culture from the MIC experiment on an MH agar plate.

The MBC values are summarised in Table 3.4.
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Table 3.4 | MBC value for the tunicamycin core scaffolds and the lipid analogues.

MBC values* (ug mL-")
O Bgtbtle | tteuss | Bcors, | Suuets | songinosa | pEcoh,
ATCC27853
Ampicillin >50 25.00 >200 >50 ND ND
Gentamicin ND ND 12.50 ND 25.00 >3.13
(1) Comm. >0.012 >50 25.00 >200 >400 >400
(1) S. chart. >0.006 >50 25.00 >200 >400 >400
(3) >502 >50 ND ND ND ND
(4) >502 >50 ND ND ND ND
(8a) >502 >50 ND ND ND ND
(9) >502 >50 ND ND ND ND
(10) >50 >50 >200 >400 >400 >400
(11) >0.78 >50 >50 400 >400 400
(12) >0.048 >50 >25 400 400 400
(13) >0.39 >50 12.50 400 400 400
(14) >1.56 >50 >25 400 400 400
(15) >200 >50 >200 400 >400 >400
(16) >200 >50 >200 >400 >400 >400

*MBC values were derived from the MIC experiment culture. The standard deviation values are not shown
because the MBC values were consistent in triplicate. We tested up to 400 ug mL' of each compounds to
determine the MBC values. If bacteria growth was observed up to the concentration tested, or if we observed
very little growth at a concentration, then we noted as > than the concentration.

ND = not determined. The compound was not tested against the bacteria.

a50 ug mL-" = highest concentration tested.

Satistyingly, all the lipid analogues were shown to be potent antibacterial drug
candidates, particularly lipid analogues (11) and (12) which were most active. The micro-
broth dilution tests showed similar results to Kirby-Bauer disc diffusion test. The highest
concentration tested was 400 pg mL-!. The lipid analogues (11) and (12) exhibited
nanomolar potency, with the susceptibility values similar to that of tunicamycins in
inhibiting B. subtilis and cereus growth (Table 3.2, Table 3.3, Table 3.4). Although there
seemed to be a ten-fold decrease in potency compared to tunicamycins, the bioactivity
arising from each tunicamycin homologues must be considered as noted in Chapter 1.

Nonetheless, the lipid analogues with nanomolar potency are worthy of further pursuit.
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Interestingly, the lipid analogues were not as effective at inhibiting the growth of S.
aureus as tunicamycins. Conversely, tunicamycins were not as effective at inhibiting the
growth of P. aeruginosa and E. coli, but the lipid analogues appeared to have some effect
on P. aeruginosa. This inhibitory activity was similarly observed before from the Kirby-
Bauer disc diffusion test (Fig. 3.3). Based on our results, it appeared that the lipid
analogues may be more effective at targeting Gram-negative bacteria compared to
tunicamycins. It may be that the fully saturated dual lipid characteristic of the lipid
analogues plays a role in membrane interaction or protein interaction that enhances the
antibacterial activity against P. aeruginosa. However, this would need further investigation
to understand the localisation of the tunicamycins. As suggested in Chapter 1, creating a
fluorescently-labelled tunicamycin as a chemical probe could provide some insights into

the localisation of tunicamycins in bacterial and mammalian cells.

It may be possible that the tunicamycins and lipid analogues target MraY and
TagO/TarO in Gram-positive bacteria such as the Bacillus species. This may explain the
sensitivity of B. subtilis and cereus towards tunicamycins and the lipid analogues. The
differences in S. aureus and M. luteus cell wall may explain their resistance to
tunicamycins and the lipid analogues, but other resistance mechanisms are as equally
plausible. In Gram-negative bacteria, such as the ones were tested, P. aeruginosa and E.
coli, tunicamycins and the lipid analogues may have not only targeted MraY but also
WecA. However, these speculations would require further investigation and in vitro

studies.
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Our findings have opened up the possibility that a wider range of tunicamycin lipid
analogues may enhance the antibacterial properties of tunicamycins to target Gram-
negative bacteria by facilitating the interaction with the bacterial cell wall, MraY
translocase, or MraY-related enzymes present in Gram-negative bacteria such as WecA
(Chapter 1). Moreover, there is also the potential to design the lipid analogues to target
specific microbes where phospholipids and lipopolysaccharides play a particular role in

the ineffectiveness or efficacy of antibiotics, such as in most Gram-negative bacteria.*?

3.2.3 Tunicamycin Lipid Analogues are Active Against M. tuberculosis

In order to find out if the lipid analogues (10-16) were potential WecA inhibitors,
we tested the tunicamycin core scaffolds and lipid analogues against Mycobacterium
tuberculosis. M. tuberculosis is the causative agent of tuberculosis (TB), a pandemic
infectious disease causing 1.3 million deaths per annum worldwide.** As discussed in
Chapter 1, WecA is responsible for the sugar transfer from UDP-GIcNAc to the lipid
carrier Cso-P in the mycolylarabinogalactan biosynthesis pathway present in M.
tuberculosis. Tunicamycins are reported to inhibit WecA in M. tuberculosis but cyto-
toxicity has hindered their clinical potential.** Currently no clinical drug targets WecA,
thus designing non-cytotoxic tunicamycin analogues that can target WecA as anti-M.

tuberculosis drugs would be extremely valuable.

The core scaffolds and the lipid analogues were tested against pathogenic M.
tuberculosis strain M. tuberculosis H37Rv.! Pleasingly, all the lipid analogues were active

against M. tuberculosis. In particular, the nine carbon chain length lipid analogue (12) has

I The MIC determination for the tunicamycin core scaffolds and the lipid analogues against M. tuberculosis
H37Rv was carried out by Helena Boshoff from National Institute of Health, Maryland, USA.
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similar potency as current first line drugs such as Isoniazid and are five-fold more potent
than the tunicamycins with MIC values of 0.04 ug mL-! in GAST/Fe growth medium and
0.35 pg mL! in 7H9 growth medium (Table 3.5). The most potent clinically used TB

drugs are Isoniazid (MIC 0.02-0.25 ug mL") and Rifampicin (MIC 0.015-0.4 pug mL™").
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Figure 3.7 | MIC values for M. tuberculosis H37Rv from one- and two-week treatment with
tunicamycin core scaffolds and lipid analogues. The graph shows the titration of the antibacterial

activity due to the difference by one carbon in the lipid analogues.
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Table 3.5 | MIC values for M. tuberculosis H37Rv from one- and two-week treatment

with tunicamycin core scaffolds and lipid analogues.

MIC values (ug mL-")
Compound One-week Two-week
7H9/ADC/Tw GAST/Fe 7H9/ADC/Tw GAST/Fe
MilliQ Water No inhibition No inhibition No inhibition No inhibition
Methanol No inhibition No inhibition No inhibition No inhibition
1, Comm. 0.70 0.12 0.90 0.18
3 >60 45.00 >60 45.00
4 =60 22.50 >60 30.00
8a >60 >60 >60 >60
9 >60 >60 >60 >60
10 7.50 2.80 7.50 2.80
1" 0.94 0.23 1.40 0.35
12 0.23 0.029 0.35 0.040
13 1.40 0.18 1.40 0.35
14 5.60 2.80 5.60 2.80
15 22.50 11.20 30.00 11.20
16 22.50 5.60 22.50 11.20

The potent anti-M. tuberculosis activity of the lipid analogues prompted us to
investigate the stability of the lipid analogues and their efficacy in killing M. tuberculosis
in infected macrophage. We chose the four most potent lipid analogues for investigation,
based on the MIC values (Table 3.5). Satisfyingly, our results showed high stability and

effective killing of M. tuberculosis in infected macrophages (Fig. 3.8).1

ii The microsomal stability test and the macrophage studies were carried out by Andaleeb Sajid from National

Institute of Health, Maryland, USA.
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Figure 3.8 | Macrophage infection assay and microsomal stability test. (a) Macrophage
infection assay. The 1x is the MIC values of the lipid analogues, and 10x is the 10x of the MIC

values. INH and RIF are Isoniazid (MIC 0.02-0.25 ug mL!) and Rifampicin (MIC 0.015-0.4 pg
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mL), respectively. The day in the macrophage graph represent the number of days the

macrophage was infected and treated with the antibiotics. The CFUs were counted after 25

days from culture grown from lysed cells.

3.2.4 Cytotoxicity Test of the Tunicamycin Core Scaffolds and Lipid Analogues
The cytotoxicity of tunicamycins to eukaryotic cells has been the primary reason

for its unsuitability for clinical use as an antibiotic (Chapter 1). This and the following
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subsections describe the evaluations of the tunicamycins core scaffolds and the lipid

analogues on eukaryotic cell proliferation, cell cycle, and N-linked glycosylation.

In order to probe the effect of the aliphatic chain on cytotoxicity, we evaluated the
effect of the core scaffolds and our lipid analogues (Fig. 3.1) on HepG2, HEK293 and Raji
cells in MTS proliferation assays (Fig. 3.9) to obtain the dose-response curve, and we used
microscopy to observe any morphological changes, a typical effect of tunicamycins

treatment.48-31

OCH,COOH

Viable cell > /N ‘N ~
/PESN N=N_Hs
NADH  NAD* \«J(

"/ "
Formazan

Figure 3.9 | The MTS cell proliferation assay. CellTiter 96® AQueous One Solution Cell
Proliferation Assay. A colorimetric method by the live cells ability to reduce MTS (tetrazolium
compound, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) with PES (phenazine ethosulfate) to formazan (absorbance maximum at 490 nm). The
solution changes from yellow to dark purple depending on the cell viability. This bioreduction

conversion is presumably done by NADPH or NADH in metabolically active cells.

An initial tunicamycin cytotoxicity test using HepG2 cells was carried out to
determine the optimum conditions for use with the analogues. We found that 24 h
incubation with tunicamycins provided a good indication of both cytotoxicity and
morphological changes on the cells, compared with longer time frames, where cell stress
responses may distorted the dose-response curve for the proliferation assay (Fig. 3.10).
The proliferation assay was carefully done to avoid any methanol contamination. It is

reported in the literature that HepG2 cells are sensitive to methanol.”? As previously
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mentioned, the lipid analogues were prepared as a stock in methanol solvent. The
methanol solvent was evaporated off from the growth medium before any cells were

added. Methanol positive and negative control were prepared to avoid false-negatives.

HepG2 Proliferation Assay

2.0-
24 h
— s —e- 48h
] ' 72h
[}
[+*)
< 1.0- ‘
[=}
?
(=]
O 0.5
®
0.0 — T ——— T ——— T
0.0001 0.01 1 100

Tunicamycins [ug mL™]

Figure 3.10 | The tunicamycins treated HepG2 proliferation assay over 72 h. HepG2 cells were
treated up to 50 pg mL! of tunicamycins over 18 dilutions. The culture was seeded with about 1e5
cells per well and then treated with tunicamycins. The cells viability was determined by MTS

proliferation assay.

Based on our results (Fig. 3.11, Table 3.6), we found that tunicamycins have an
LDso around 45 £5 pg mL!, 50 £31 pg mL-!, and 27 £11 pg mL-!' for HepG2, HEK293
and Raji cells, respectively. Interestingly, the core scaffolds did not appear to have any
cytotoxic effect on HepG2 and HEK293 cells, but mild toxicity was observed for Raji
cells. The aliphatic analogues at 400 pg mL-! also induced mild cytotoxicity in Raji cells,

but appeared to be chain length dependent.

Furthermore, we were delighted to find that there were at least 75% viable cells

with no morphological changes after 24 hours for HEK293 cells that were treated with a
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high dosage (400 pg mL-") of the lipid analogues (11) and (12). The results from 11 and 12
could presume to reflect similar outcome to the other lipid analogues if there is a small
difference in activity, but further investigation would be needed to determine the values for
other lipid analogues. This was not the case for the tunicamycins treated HEK293 cells.
These cells appeared swollen and apoptotic above 50 pg mL-! of tunicamycins. This
further suggested that the lipid analogues do not have the same effect on mammalian cell
as tunicamycins, and may not have any affect on the cell cycle. Thus, this is a good
indication that the lipid analogues in vivo may not have serious consequences in the

mammalian system over a short period of time until the drugs are excreted.

The modification of the GIcNAc moiety to reduce structural similarity with the
substrate-product transition state analogue of GPT can also reduce tunicamycins cytotoxic
effect as observed from the aliphatic analogues. Together, our results show for the first
time that tunicamycins without a aliphatic chain dramatically lose their cytotoxic effect in
HepG2 and HEK293 cells, and the lipid addition to the GlcNAc moiety can separate
mammalian cytotoxicity from antibacterial activity, leading to a greater range in dose

efficacy and offering promising antimicrobial drug candidates.

Moreover, the aliphatic chain may play more important roles than just facilitating
the transfer through the membrane, as speculated in the bacterial system. It may also be
involved in the interaction with GPT. This is plausible since recent structural insight into
the MraY catalytic site was recently revealed by Chung et al. from the crystal structure of
MraY from Aquifex aeolicus, showing the catalytic site with Mg?" and possibly the

hydrophobic groove for undecaprenol phosphate.>?
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Figure 3.11 | The dose-response from the MTS proliferation assay of HepG2, HEK293, and
Raji cells treated with the tunicamycin core scaffolds and lipid analogues. The dose-response
curves were generated by Prism 6.0 software by plotting percent growth (normalised OD49o values)

vs. logarithmic scale of the concentrations. The data shown are mean +SEM errors of three
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independent experiments. (a) HepG2. (b) HEK293. (¢) Raji. The LDso values are summarised in
Table 3.6.

Table 3.6 | LDso values for the tunicamycin core scaffolds and the lipid analogues.

LDso values (ug mL"), Avg. + Std. Dev.
Compound
HEK293 HepG2 Raji
MilliQ Water N/A N/A N/A
Methanol N/A N/A N/A
1 51.25 £31.27 4474 +4.73 26.82 +11.46
2 N/A N/A 303.80 +9.83
3 N/A N/A 212.30 £51.48
8a N/A N/A 608.9 £394.9
9 N/A N/A 698.3
10 N/A N/A 431.10 +241.81
11 N/A N/A 211.05 £125.94
12 N/A N/A 355.57 £+194.57
13 N/A N/A 196.17 +47.61
14 N/A N/A 103.65 £34.34
15 N/A N/A 81.29 £30.20
16 N/A N/A 177.75 £75.17

N/A = not available. No or low cytotoxicity observed at highest concentration tested (400 ug mL"), thus a
reliable dose-response curve could not be generated from the experimental data.
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a. Tunicamycins (1), commercial HEK293
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b. Lipid analogue (11) HEK293
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Figure 3.12 | Tunicamycins (1) and the lipid analogues (11 and 12) treated HEK293 cell
microscope images after 24 h. The images were obtained using FLoid® Cell Imaging Station
(Life Technologies). The MeOH control culture was prepared to exclude any false-negatives. This
was prepared by adding the same volume of methanol as volume of test compounds used to the
culture medium and left to evaporate before adding the cells. (a) tunicamycins (1) treated HEK293
cells. Apoptotic cells were observed at 400 ug mL-!. The change in cell morphology was apparent
with tunicamycins (1) above 25 pg mL-l. (b) No apparent changes to the cell morphology of
HEK293 cells treated with 11. (¢) No apparent changes to the cell morphology of HEK293 cells
treated with 12.
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Figure 3.12 (continued) | Tunicamycins (1) and the lipid analogues (11 and 12) treated
HEK?293 cell microscope images after 24 h. The images were obtained using FLoid® Cell
Imaging Station (Life Technologies). The MeOH control culture was prepared to exclude any
false-negatives. This was prepared by adding the same volume of methanol as volume of test
compounds used to the culture medium and left to evaporate before adding the cells. (a)
tunicamycins (1) treated HEK293 cells. Apoptotic cells were observed at 400 ug mL-!'. The change
in cell morphology was apparent with tunicamycins (1) above 25 pg mLl. (b) No apparent
changes to the cell morphology of HEK293 cells treated with 11. (¢) No apparent changes to the
cell morphology of HEK293 cells treated with 12.

3.2.5 Cell Cycle Arrest Test

The results from our antibacterial susceptibility test, cytotoxicity test, and the anti-
M. tuberculosis studies all suggested that the lipid analogues are promising antibacterial
drug candidates. However, thus far, our mammalian cell studies have been limited to a
short period time frame of 24 h. Additionally, although the lipid analogues showed no
cytotoxicity after 24 h of antibiotic treatment, we also needed to consider the effect of the
unfolded protein response induced by tunicamycins (see Chapter 1) that consequently

affects the eukaryotic cell cycle and viability.>'4-2 Thus, we investigated the effect of the
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lipid analogues on the cell cycle by quantifying the cell phases through cell cycle arrest
test. We chose to test only lipid analogues (11) and (12) because they have the most potent
antimicrobial activity of the lipid analogues and displayed no cytotoxicity up to 400 ug
mL-!. The results from 11 and 12 were presumed to reflect similar outcome to the other
lipid analogues unless a particular trend was observed. The cell cycle arrest test was
carried out using propidium iodide (PI) staining and FACS analysis. The PI stain allows
the differentiation of fixed cells in the Go/Gi, S, and G2/M cell phases due to the
differences in DNA content in each, thus allowing FACS to measure the quantity of the
DNA in the cell, which reflects the cell cycle (Fig. 3.13). FACS is also a very useful

method to quantitatively evaluate cell death and changes in cell morphology.

a. b. HEK293 Control Tunicamycins (1.56 ug mL™")
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Figure 3.13 | The eukaryotic cell cycle®-%5 and FACS histogram. (a) The eukaryotic cell cycle.
(b) Propidium iodide FACS histogram of DNA content of HEK293 cell phases of untreated and

tunicamycins-treated after 24 h.

First, we carried out an initial cell cycle analysis of a 24 h incubation period with
HEK?293 cells in the presence of tunicamycins, and the two most potent lipid analogues
(11) and (12), based on the MIC values (Table 3.5). We tested up to a concentration of 400
ug mL-!' (Fig. 3.14). As expected from our proliferation studies, the appearance of dead
and apoptotic cells dramatically increased in the presence of tunicamycins concentration

greater than 20 pg mL-!'. The number of cells in the presence of the lipid analogues did not
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appear to be drastically different in the cell phases compared to the control growth (points
on the Y-axis). The cells in Go/ Gi1 phase in the presence of tunicamycins appeared to be
higher than the control. This has also been observed in the literature.’*33-3%61 Since
tunicamycins inhibit and disrupt the N-linked glycosylation pathway in the ER, it would be
reasonable to observe a higher percentage of the cells arrested in the Go/G1 phase in their
checkpoint undergoing UPR, which would prevent the cells from proceeding into the

synthesis phase, S phase, until homeostasis was restored.>”
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Figure 3.14 | 24 h cell cycle analysis of HEK293 cell treated with tunicamycins (1) and lipid

analogues (11) and (12). (a) The percentage from propidium iodide FACS histogram of DNA

content of HEK293 cell cell cycles are shown. 1, 11, and 12 were evaluated up to a concentration

of 400 pg mL-! The 1e x-value on the Y-axis represents the control growth. An increase of cells in

the Go/G1 phases was observed for tunicamycin treated cells, but not for 11 and 12 treated cells.

Consequently, a decrease of cells in S phases was observed for tunicamycin treated cells. The 11

and 12 treated cells appeared normal compared to the control (Y-axis values). A sudden increase in

dead cells occurs at about 50 pg mL-! of tunicamycins, which corresponded to about the reported
LDso of tunicamycins for HEK293 cells (Table 3.6). (b) Propidium iodide FACS histogram of
DNA content of HEK293 cell phases of control, 1-, 11-, and 12-treated after 24 h.
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Finally, when we carried out time-course cell cycle arrest studies, we quantified the
cell cycles at 0, 24, 48, and 72 h in the presence of tunicamycins, the lipid analogues, and
in other antibiotics standards such as actinomycin, vancomycin, and 5-fluorouracil (Fig.
3.15).% Our results showed that the cells treated with the lipid analogues (11) and (12)
appeared to be similar to the control HEK293 cells. The concentrations used in the
experiment were based on literature values where differences in cell phases can be
observed that would not result in cell death over several days. Our results suggested that
the lipid analogues may not affect the cell cycle compared to tunicamycins. This further
supported our cytotoxicity studies suggesting that the lipid analogues do not have the same
effect on mammalian cell as tunicamycins and may not have any affect on the cell cycle
over 72 h. This is, again, a good indication that the lipid analogues in vivo may not have a
detrimental effect on a mammalian system over a short period of time. Moreover, this
could indicate that the lipid analogues do not inhibit GPT or the N-linked glycosylation

pathway.
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Figure 3.15 | 24, 48, and 72 h cell cycle analyses of HEK293 cells. HEK293 cells treated with

tunicamycins, lipid analogues 11 and 12, 5-fluoruracil, actinomycin D, and vancomycins. The
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graphs show the cell cycle results based on the percentage of DNA content of HEK293 cells over
time from propidium iodide FACS histogram.

3.2.6 N-linked Glycosylation test: IgG1Fc expression

We showed previously that the lipid analogues (11) and (12) did not appear to
affect the cell cycle compared to tunicamycins. Thus, we also wanted to investigate if the
lipid analogues had any effect on the N-linked glycosylation pathway. As discussed in
Chapter 1, tunicamycins inhibit the N-linked glycosylation pathway by inhibiting GPT.
We followed a reported protocol that used a HEK293T:pHLsec/IgG1Fc-Hiss expression
system to study the N-glycan on IgG1Fc-Hiss (~37 kDa).®” IgG1Fc has only one N-linked
glycosylation site, thus it can be easily observed by SDS-PAGE and Western blot analyses
if the expressed IgG1Fc-Hiss 1s not glycosylated. The maximum non-toxic concentration
of tunicamycins at 10 pg mL-! was used, based on the literature reported range between
0.5-10 pg mL! to show N-glycosylation inhibition, where higher concentration of
tunicamycins would simply result in cell apoptosis.®® Notably, based on our findings (Fig.
3.16), the lipid analogues did not appear to inhibit N-linked glycosylation of IgG1Fc in
HEK293T cells in comparison to tunicamycins. Interestingly, serial dilution of tunica-
mycins showed a gradual transition from normal glycosylated IgG1Fc to non-glycosylated
IgG1Fc, and then to no expression of IgG1Fc. This shows that tunicamycins not only
inhibited the N-linked glycosylation process but also protein synthesis, or that the non-

glycosylation of protein led to the halt in protein synthesis.

In our SDS-PAGE and Western blot analyses (Fig. 3.16), the IgG1Fc-Hiss appeared
glycosylated. We wanted to investigate if the glycosylated IgG1Fc-Hiss expressed by the

HEK293T cells that were treated with the lipid analogues (11) or (12) had the same glycan
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attached as the non-treated HEK293T cells that expressed IgGlFc-Hiss. In order to
characterise the glycan, we performed in-gel PNGase F digest.®’ In the digest, the PNGase
F cleaves the N-linked glycan, deposits the glycan in the aqueous solution, from which the
glycan can be extracted. Unfortunately, the glycan solution was not able to crystallise on
the matrix plate for MALDI analysis despite several attempts to clean the sample via
Vivaspin (3K MWCO and 5K MWCO) and C-18 RP-column to remove any impurities.
Glycerol or SDS gel contaminants may be the cause of the problem. Nonetheless, the lipid

analogues did not appear to inhibit the N-linked glycosylation pathway.
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Figure 3.16 | SDS-PAGE and Western blot analyses of IgG1Fc-Hiss expression. Left: SDS-
PAGE analysis. Right: Western blot analysis confirming the [gG1Fc-Hiss. Lane 1: molecular ruler.
Lane 2: IgG1Fc-Hise standardi. Lane 3: negative control. Lane 4: positive control. Lane 5: MeOH
control. Lane 6-17: test compound concentration in two-fold dilutions from 10 ug mL-! down to
0.0049 ug mL-!. (a) IgG1Fc-Hiss expression in presence of tunicamycins (1). (b) IgG1Fc-Hiss
expression in presence of lipid analogue (11). (¢) IgG1Fc-Hiss expression in presence of lipid

analogue (12).

3.3 Conclusion and Outlook
Firstly, our results have shown the importance of the lipid chains for cytotoxicity

activity in both eukaryotic and prokaryotic systems. For the first time, we have shown that

iii JoG1Fc-Hise sample provided by Keisuke Yamamoto, University of Oxford.
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in prokaryotic and eukaryotic systems, the inhibitory property for tunicamycins are
abolished in absence of their lipid chain. Early studies succeeded in only showing longer
chain homologues are generally more biologically active in prokaryotes, whereas shorter
chain homologues are generally more active in eukaryotes.'-”” Additionally, the tunica-
mycin lipid analogues were found to be potent antibacterial agents, revealing a titrated
inhibitory effect that is dependent on their lipid chain length. This suggests that the use of
tunicamycins as a mixture of their homologues should be carefully evaluated to minimise
ambiguity. Furthermore, our results showed that from our library of lipid analogues, the
cytotoxicity can be drastically reduced while maintaining nanomolar antibacterial potency
by modifying the GIcNAc moiety of tunicamycin with the addition of a lipid chain that is
between seven to twelve carbons in length. These revealed the importance and effect of the
chain length and lipid modification on GlcNAc moiety of tunicamycin on the antibacterial
activity and mammalian cytotoxicity. In essence, these results supported our hypothesis
that by retaining the lipid character of the tunicamycin structure and modifying the
GlcNAc moiety then the antimicrobial activity would be retained but the inhibitory action
towards GPT would be abolished, thus eliminating tunicamycins toxicity towards

mammalian cells (Chapter 1).

Moreover, our biological evaluations have highlighted the essential role for a lipid
chain on tunicamycin. These add further evidence to the suggested hydrophobic interaction
mechanisms of tunicamycins with either lipid membranes or target enzymes, as demon-
strated in yeast protoplast through the interaction between tunicamycins and the cell
membrane phospholipids.>>!23% This further shows the importance of retaining hydro-

phobic character in designing tunicamycin analogues. However, it remains to be seen
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whether our lipid analogues will be effective against tunicamycin resistant strains.*!2
While we have revealed the importance of the lipid chain on tunicamycin on antibacterial
activity and modification of GIcNAc moiety on mammalian cytotoxicity, it is not known
whether the analogues exhibited any interaction with MraY translocase or GPT, or induced
any ER stress response. Future work could include real-time PCR, kinetic, inhibition, and
crystallisation studies. Regardless, our scaffolds could assist with the design of the next
generation of tunicamycin analogues for inhibition studies and resistance mechanism in

prokaryotes and eukaryotes (Chapter 1).

Secondly, structure-based tunicamycin analogues can be now designed using MraY
structural data that may result in more potent inhibitors and be used to study other
enzymes in the PNPT superfamily.>® In a broader sense, our scaffolds and lipid analogues
may be tailored for crystallisation studies, binding studies, chemotherapeutic cancer drugs,
or molecular probes to study the unfolded protein response, eukaryotic cell development,
or bacterial membrane cellular growth during the division process, considering the known

bioactivities tunicamycins exhibit.

Lastly, and most importantly, we have developed a set of tunicamycin lipid
analogues that are as effective as tunicamycins as antibacterial agents but without the
mammalian cytotoxicity effect. In comparison to tunicamycins, our lipid analogues have
relative therapeutic index values up to several thousand folds more than tunicamycins
(Table 3.7). Additionally, we have not only developed a set of promising antibacterial drug

candidates but also a set of promising anti-M. ¢tb drug candidates.
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Table 3.7 | The relative therapeutic index of the tunicamycins and the lipid analogues.

Minimal lethal dose (MLD), minimal inhibitory concentration (MIC), relative therapeutic index (RTI*)

Compound MLD 2 wk in 7H9/ 2 wk in GAST/Fe MIC MIC
ADC/Tw

Hep HEK M. tuberculosis RTI M. tuberculosis RTI B. subtilis RTI B. cereus RTI

G2 293 H37RV H37RV EC1524 NRRL11778
(1) 100 100 0.90 111 0.18 556 0.00 66667 0.20 513
(10) >400 | >400 7.50 107 2.80 286 6.25 128 100.00 8
(11) >400 | >400 1.40 571 0.35 2286 0.78 1026 6.25 128
(12) >400 | >400 0.35 2286 0.040 20000| 0.024 33333 0.78 1026
(13) >400 | >400 1.40 571 0.35 2286 0.39 2051 0.39 2051
(14) >400 | >400 5.60 143 2.80 286 1.56 513 0.78 1026
(15) >400 | >400 30.00 27 11.20 71 100.00 8 50.00 16
(16) >400 | >400 22.50 36.0 11.20 71.0 6.25 128.0 100.00 8.0

*Relative therapeutic index (RTI). RTI is the ratio between the minimal lethal dose and the minimal inhibition
concentration. The micro-broth dilution and the cytotoxicity tests were carried out by serial 2-fold dilutions. For
no detectable cytotoxicity at 400 ug mL-' (>400), a minimal lethal dose of 800 ug mL-" was used to calculate
the RTI.
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4.1 Introduction

In recent work published by our group, the pathway start point catalysed by the
gene products TunA and TunF were investigated.! Amino acid sequence homology
analyses revealed structural similarity of TunA to NAD-dependent epimerase/dehydratases
and TunF to 4-OH-sugar epimerases.? After recapitulation of TunA activity in vitro and in
addition to the TunA crystal structure, TunA was observed to be the first natural enzyme to
exhibit NDP-sugar 5,6-dehydrogenase activity converting the 4, 5, and 6 positions of
GlcNAc into an allylic alcohol moiety. This may also be considered to be the first vinyl
ether (exo-glycal) in sugar biology.! A 1,2-reduction was observed rather than a 1,4-
reduction of a 4-keto-5,6-ene-hexose intermediate — to the best of our knowledge, this is
the first of its kind. In a time-course '"H NMR assay of TunF with UDP-GlcNAc showed
the establishment of a 30 % equilibrium of UDP-GalNAc. Similarly, 30% equilibrium of
GalNAc-exo-glycal from GlcNAc-exo-glycal.! Furthermore, the recapitulation of TunF
activity in vitro showed a kinetic preference (~8-fold) for the TunA 5,6-ene product over
UDP-GIcNAc. This suggests that TunA precedes TunF in the tunicamycin biosynthetic

pathway.!

The investigation of TunA and TunF activities led to the revision of the
tunicamycins biosynthetic pathway. The results suggested that TunA acts on UDP-GIcNAc
to produce an exo-glycal intermediate product, which appeared to be a substrate for TunF
(Fig. 4.1). The formation of the GalNAc-exo-glycal intermediate suggests, in turn, that the
tunicamine backbone may be the product of a radical addition mechanism.! To test these
hypotheses, relevant mutations in the tunicamycins biosynthetic pathway needed to be

made. In this chapter, the investigations of single knockout strains of Streptomyces to test
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the possibilities of TunA’s unique control of reductive regioselective enzymatic reaction

and the formation of intriguing exo-glycal intermediate are discussed.
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Figure 4.1 | The revised tunicamycins biosynthetic pathway.!
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4.2 Results and Discussion

4.2.1 Construction of tunB and funF Knockout in the fun Gene Cluster in Hetero-
logous host 8. coelicolor by PCR-targeting

We carried out the mutational studies on the tunicamycins biosynthetic (fun) gene
cluster for heterologous expression in Streptomyces coelicolor to detect the tunAd exo-
glycal product, UDP-6-deoxy-GIlcNAc-5,6-ene, or UDP-6-deoxy-GalNAc-5,6-ene pro-
duct. Recently S. coelicolor was genetically manipulated to produce tunicamycins in a
heterologous manner.? Using the same method, we made constructed individual knockouts
of tunB and tunF in the tun gene cluster, in plJ12003a, for heterologous expression. The
knockout was accomplished by the PCR-targeting method reported by Gust et al. (Fig.
4.2).34 Based on our revised proposed tunicamycins biosynthetic pathway from funAd and
tunF studies, we proposed that the knockout of funB or tunF would halt tunicamycins

production while exo-glycal intermediate metabolite production continues (Fig. 4.1).
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PCR-targeting
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Figure 4.2 | The PCR targeting process.

© Hua Wang

The mutant construct, made by PCR-targeting, was transferred into S. coelicolor
MI1152 by conjugation via tri-parental mating, as shown in the last stage in Fig. 4.2.
Successful integration of the mutant construct into the chromosomal ¢BT1 attachment site
was determined by single-colony PCR and kanamycin resistant selection.> The kanamycin
resistance gene is derived from the plJ12003a construct. We denoted the mutant
recombinant strains of Streptomyces as S. coelicolor M1152:tunB(-) and S. coelicolor
M1152:tunF(-). Heterologous expression was carried out in TYD liquid culture. The
cultures, along with relevant controls, were grown for five days before the mycelium
pellets were collected and extracted via acid treatment (for cell lysis, nucleotide sugars
extraction, and tunicamycins precipitation) or methanol (for tunicamycins extraction). In
order to detect the exo-glycal product from tunA, extractions from acid treatment were

neutralised and purified via solid-phase extraction (SPE) to isolate the sugar nucleotides
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from the cell lysate.® We used LC-MS analysis to detect the exo-glycal product with mass

of 589 Da.

4.2.2. Detection of TunA Intermediate Metabolite, LC-MS Analysis of Sugar
Nucleotides from Heterologous Expression.

After SPE, cell lysate was subjected to LC-MS analysis.® Our results confirmed the
presence of several known nucleotide sugars, including UDP-HexNAc and UDP-Gal,
associated with cellular metabolism (Fig. 4.3). More importantly, a mass of 588 [M-H]
corresponded to our proposed TunA exo-glycal product was observed (Fig. 4.3e).
Tunicamycins (Enzo Life Sciences) were used as the standard in LC-MS. TYD cultures
from our positive control S. coelicolor M1131 harbouring the minimal fun gene cluster
showed tunicamycins production, whilst the negative control S. coelicolor M1135 without
tun gene cluster showed no tunicamycins production (Fig. 4.4). We also isolated authentic
tunicamycins from Streptomyces chartreusis that matched with commercial standard and
heterologous expressed tunicamycins in S. coelicolor (Fig. 4.4¢). For the mutant strains,
cell lysate of S. coelicolor M1152 tunB(-) after SPE showed detectable amounts of exo-
glycal product (588 [M-H]") along with UDP-Gal (565, [M-H]") and UDP-HexNAc (606,
[M-H]") (Fig. 4.3e). No tunicamycins were detected in S. coelicolor tunB(-). The cell
lysate from S. coelicolor M1152:tunF(-) after SPE also contained UDP-Gal and UDP-
HexNAc but showed only trace amount of exo-glycal product (Fig. 4.5). We also spiked
the cell lysate with tunA product to show the same elution and mass with just the cell
lysate alone. Based on these results, we offered further evidence to support the TunA in

vitro studies showing this novel enzyme as an UDP-GIcNAc 5,6-dehydratase.
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Figure 4.3 | LC-MS analysis of the nucleotide-rich extract of S. coelicolor M1152:tunB(-)
culture. (a) TIC chromatogram of TunA exo-glycal product. (b) TIC chromatogram of the acid
extract from S. coelicolor M1152:tunB(-) culture. (¢) TIC chromatogram of S. coelicolor
M1152:tunB(-) extract spiked with TunA exo-glycal product. (d) TOF-ESMS- of the TunA exo-
glycal product. (¢) TOF-ESMS- of the acid extract from S. coelicolor M1152:tunB(-) culture,
showing the presence of the exo-glycal along with other nucleotide sugars (retention time, 4-6
min.). (f) TOF-ESMS- of the acid extract from S. coelicolor M1152:tunB(-) culture spiked with
TunA exo-glycal product, showing the intensified peaked from the addition of TunA exo-glycal
product.
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Figure 4.4 | LC-MS chromatogram analysis of the methanol extract of S. coelicolor M1135

and S. coelicolor M1131 cultures. No tunicamycins were detected in S. coelicolor tunB(-). (a)
TOF-ESMS- of the TunA exo-glycal product. (b) TOF-ESMS- of the methanol extract from the
negative control, S. coelicolor M1135:tun(-) without the fun gene cluster (only the pRT802 vector),

showing no production of tunicamycins. (¢) TOF-ESMS- of the methanol extract from the positive

control, S. coelicolor M1131:tun(+) harbouring the tun gene cluster for heterologous expression,

showing the production of tunicamycins. (d) TOF-ESMS- of the methanol extract from S.

chartreusis showing the production of tunicamycins. (e¢) TOF-ESMS- of the commercial

tunicamycins standard.
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Figure 4.5 | LC-MS analysis of the nucleotide-rich extract of S. coelicolor M1152:tunF(-)
culture. LC-MS (a) TIC chromatogram of TunA exo-glycal product. (b) TIC chromatogram of the
acid extract from S. coelicolor M1152:tunF(-) culture. (¢) TIC chromatogram of S. coelicolor
M1152:tunF(-) extract spiked with TunA exo-glycal product. (d) TOF-ESMS- of the TunA exo-
glycal product. (e) TOF-ESMS- of the acid extract from S. coelicolor M1152:tunF(-) culture,
showing the presence nucleotide sugars. The cell lysate from S. coelicolor M1152:tunF(-) after
SPE also contained UDP-Gal and UDP-HexNAc but showed only trace amount of exo-glycal
product that can be observed at specific time in the LC-MS analysis. The average of the retention
time 4-6 min. is shown. (f) TOF-ESMS- of the acid extract from S. coelicolor M1152:tunk(-)
culture spiked with TunA exo-glycal product, showing the peak from the addition of TunA exo-
glycal product.
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4.2.3 tunB and tunF Complementation Studies

In addition to the mutant constructs, S. coelicolor M1152:tunB(-) and S. coelicolor
M1152:tunF(-), the complement constructs, noted as S. coelicolor M1489:tunB(+) and S.
coelicolor M1490:tunF(+) were also investigated.! Essentially, the tunB or tunF gene was
inserted back in the knockout strain’s chromosome of the respected S. coelicolor M1152
mutant (Fig. 4.6). This was to confirm that the results from our analysis were not due to
the disruption of the gene knockout in the fun cluster. The same procedures for the
knockout studies were followed to isolate and to analyse the metabolites from the
complementation strains. Satisfyingly, our LC-MS analysis of the metabolites from the
methanol extracts of S. coelicolor M1489:tunB(+) and S. coelicolor M1490:tunk(+)
cultures indicated the revival of the tunicamycins production (Fig. 4.7). This further

confirms our S. coelicolor M1152:tunB(+) results.

N

\

@C31
integration

© Hua Wang

Figure 4.6 | The construction process of the complementation strain. The gene was inserted at

another chromosomal integration site, ¢C31 (see Appendix).

i The complementation constructs, S. coelicolor M1152 tunB(+) and S. coelicolor M1152 tunF(+), were made by Juan
Pablo Gomez-Escribano, John Innes Centre, Norwich, UK.
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Figure 4.7 | LC-MS analysis of the methanol extract of runB and funF complement S.

coelicolor M1489:tunB(+) and S. coelicolor M1490:tunF(+) cultures. No tunicamycins were

observed from the negative control M1037. The complementation strains showed the revival of the

tunicamycins production. Based on the S. coelicolor M1040:tun(+) control strain, the production of

tunicamycins was observed after one day of incubation in L scale culture. In a 100 mL scale, the

tunicamycins production was observed after three days of incubation, which may indicate that

smal

until

l-scale culture did not produce detectable quantity of tunicamycins for the sample preparation

the third day. The S. chartreusis culture produced sufficient quantity of tunicamycins that

were detectable by LC-MS from 100 mL culture from one day of incubation (see subsection 4.2.4,

Tabl

e 4.1, Appendix).
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4.2.4 Investigation of Mutant S. coelicolor M1152:tunF(-) Metabolite

Gene sequence alignment predicted TunF as a putative UDP-GIcNAc-4-epimerase,
based on the closest protein homologue UDP-glucose-4-epimerase.? The knockout of tunF
in the fun gene cluster experiment provided some insight in its role in the tunicamycin
biosynthetic pathway. We proposed that by knocking out tunF in the pathway, it would
either impede the production of tunicamycins or result the C7’-OH of tunicamycins in
glucose configuration instead of the galactose configuration. Interestingly, we observed a
minuscule quantity of tunicamycin mass-like products from the methanol extract by MS

analysis (Fig. 4.8).
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Figure 4.8 | MS/MS analysis of the crude S. coelicolor M1152:tunF(-) metabolite.” The -221

mass lost corresponding to a HexNAc moiety.

This suggested that the biosynthesis of tunicamycins may have continued, even
without the epimerase TunF as proposed, and if the tunicamycin mass-like products
observed could be the glucose configuration of tunicamycins. Thus, we investigated the S.

coelicolor M1152:tunF(-) tunicamycin mass-like products.
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First, we monitored the tunicamycins production to observe any differences
between the native strain S. chartreusis NRRL 3882, and heterologous expression strains
S. coelicolor M1037 (negative control), M1040 (positive control, containing tun gene
cluster), M1152:funB(-), and M1152:tunF(-). The same growth conditions were followed
as previously described in TYD medium.? A 50 mL seedling culture was first grown
overnight from spore stock. Samples were collected after 24 h on consecutive days
following the initial inoculation from the seedling culture. Extract sample preparation
involved 5-10 mL methanol extraction from mycelium pellet, with 10 mL of culture, using
a pestle and mortar. The methanol extracts were concentrated in vacuo and filtered via 0.2

pm membrane before LC-MS analysis.

The monitoring of S. coelicolor M1152:tunF(-) growth over seven days is
summarised in Fig. 4.9. The tunicamycin mass-like products from the methanol extract
appeared after three days of growth at 30 °C. The LC-MS analysis showed production of
tunicamycins from the natural producer S. chartreusis just after 24 h from the initial
inoculation in 100 mL TYD medium from the seedling culture. The heterologous S.
coelicolor strains harbouring the fun gene cluster, as a positive control, and fun gene
cluster with tunF knockout started to produce an observable quantity of tunicamycin mass-
like products at day three, by LC-MS. This, in comparison to the natural tunicamycins
producing strain and the heterologous expression strains, showed a large difference in
tunicamycins production time. This may be the result of the differences in the metabolic
process. As expected, no observable quantity of tunicamycins was produced by S.

coelicolor without tun gene cluster, as a negative control, and S. coelicolor harbouring the
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tun gene cluster with funB knockout. A summary of the observation from each

Streptomyces strains is noted in Table 4.1.
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Figure 4.9 | LC-MS analysis of the methanol extract of S. coelicolor M1152:tunF(-) culture

over seven days.
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Table 4.1 | Tunicamycins production by Streptomyces over seven days.

Growth Period (day) & Tunicamycins* Detected by LC-MS2
Streptomyces
One Two Three Four Five Six Seven
S. chartreusis ™ ™ ™ ™ ™ ™ ™
S. coelicolor M1137:tun(-) NoTM | NoTM | NoTM | NoTM | NoTM | NoTM | No TM
S. coelicolor M1140:tun(+) NoTM | NoTM | NoTM ™ ™ ™ ™
S. coelicolor M1152:tunB(-) NoTM | NoTM | NoTM | NoTM | NoTM | NoTM | NoTM
S. coelicolor M1152:tunF{-) NoTM | NoTM | NoTM ™ ™ ™ ™
S. coelicolor M1140:tun(+)2 ™ ™ ™ ™ ™ ™ ™
S. coelicolor M1489:tunB(+)a ™ ™ ™ ™ ™ ™ ™
S. coelicolor M1490:tunF(+)2 ™ ™ ™ ™ ™ ™ ™

*Methanol extracts from the Streptomyces culture were used for the LC-MS analysis.

aBased on the S. coelicolor M1040:tun(+) control strain, the production of tunicamycins was observed after
one day of incubation with a 1 L scale culture. On a 100 mL scale, the tunicamycins production was observed
after three days of incubation, which may indicate that the small-scale culture did not produce detectable
quantities of tunicamycins for the sample preparation until the third day. The S. chartreusis culture produced a
sufficient quantity of tunicamycins that were detectable by LC-MS from 100 mL culture from one day of
incubation.

Next, we carried out 'H NMR analysis of the S. coelicolor M1152 tunF(-) crude
tunicamycin mass-like products from methanol extraction. Despite tunF being knocked-
out from the tun gene cluster, tunicamycin mass-like products continued to be produced,
albeit in extremely low quantities (crude, <1.7 mg per L culture, see Appendix). Oddly,
repeated attempts to extract the tunicamycin mass-like products, using the same method-
ology for tunicamycins extraction from S. chartreusis, from 1 L scale cultures were less
successful, but detectable amounts were observed by LC-MS from the methanol extracts.
This may be due to the fact that the production of tunicamycin mass-like products in S.
coelicolor was extremely low, the metabolic processes in the engineered S. coelicolor
greatly differ from that of S. chartreusis and the S. coelicolor M1152 tunF(-) growth
condition may need optimisation to improve the yield, or the extraction protocol need to be
optimised for S. coelicolor cultures. With the crude tunicamycin mass-like products

sample, we analysed the sample by LC-MS, MS/MS, 'H NMR, and COSY. Our analyses
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showed that the tunicamycin mass-like products strongly resemble the structure of
tunicamycins. The similarities included the presence of lipid chain, tunicaminyl uracil, and
GlcNAc adduct (Fig. 4.10, see Appendix). More importantly, based on the existence of
the anomeric H-11" coupling with H-10" and H-9°, the galactose configuration was
observed, thus it showed that the tunicamycin mass-like products did not have a glucose
configuration (Fig. 4.10c). The H-9' and H-8' eqg-ax coupling was not observed and
appeared to be overlapped as it is also reported in the literature, which is similarly
observed with the commercial standard.® Even though funF had been eliminated from the
tunicamycin biosynthetic pathway, it appeared that other epimerases present in the S.
coelicolor metabolic pathway may have also acted on the tunicamycins intermediate
resulting in the galactose configuration. An example of such epimerase could be the UDP-

glucose-4-epimerase in S. coelicolor A3(2).°

The result from the funF knockout experiment showed that TunF does play an
important role in the tunicamycin biosynthetic pathway. The exo-glycal intermediate
appeared capable of being transformed by other epimerases in S. coelicolor. Moreover, S.
coelicolor and S. chartreusis belong to the largest genus of Actinobacteria known for their
production of secondary metabolites for medicinal purposes, thus it is also possible that
orthologues of TunF epimerase exist in S. coelicolor. This is a plausible explanation as

Streptomyces are known to produce a wide range of antibiotics.!”
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Figure 4.10 | "TH NMR and 1-D TOCSY of the S. coelicolor M1152:tunF(-) metabolite.}(a) 'H
NMR spectra of tunicamycins and the crude S. coelicolor M1152:tunF(-) metabolite. The chemical

shifts corresponding to the tunicaminyl uracil, lipid chain, and GIcNAc can be observed in the
metabolite spectrum. (b) Overlap of 'H NMR spectra of the two samples. (¢) Overlap of 1D
TOCSY spectra of tunicamycins and S. coelicolor M1152:tunF(-) metabolite, irradiation of the
H-11". The slight distortion of the metabolite spectrum from the tunicamycins spectrum may be

caused by impurities and the homologues.

4.3 Conclusion and Outlook

In summary (Fig. 4.11), the tunB knockout studies were successful in showing the
exo-glycal product of TunA and indicated the importance of TunB in the tunicamycin
biosynthetic pathway. These results suggested that the tunicamine backbone may, in fact,

be the product of an exciting radical addition mechanism.! Although we did not fully
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characterised tunf(-) tunicamycin mass-like products, the possibility of other epimerases
in the S. coelicolor may be the cause of the minuscule production of tunicamycins from the
tunF knockout studies, and the tunicamycin mass-like products appeared to retain the
galactose and not the glucose configuration for the tunicamine scaffold. In the complement
studies, S. coelicolor M1489:tunB(+) and M1490:tunF(+), tunicamycins production was
successfully revived as expected in returning the necessary genes in the tunicamycin gene
cluster for tunicamycins production. Tunicamycins production was observed in M1131 and
not in M1135, as expected. S. coelicolor M1489 and M1490 fully regained their pro-
duction of tunicamycins. Moreover, the PCR-targeting method appeared to be a useful
method for studying other genes and stop points in the tunicamycin biosynthetic pathway,
and possibly isolating intermediates that can be used as templates for synthesising
analogue. Lastly, it would be interesting to engineer the tunicamycin biosynthetic pathway
to produce tunicamycin analogues. This is not far fetched as our complementation studies
were able to restore the tunicamycins production, and engineering the pathway with
enzymes to perform similar or different enzymatic processes may be a worthwhile pursuit

to create tunicamycin analogues.

tun gene cluster
- e B T

PCR-targeting, tunB and tunF knockout

B(-) F(-)

) D) = ) el — o))
Heterologous expression in S. coelicolor

- Suspended the tunicamycins - Suppressed the tunicamycins
production in S. coelicolor production in S. coelicolor,
- Confirmed the existence of the - Tunicamycin mass-like products are
exo-glycal intermediates, product of produced in low quantity, suggesting
TunA, by MS analysis a TunF orthologue exists in S. coelicolor,

or other epimerases carried out the
epimerisation

Figure 4.11 | A summary of the runB and tunF knockout studies.
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5.1 Introduction

TunD and TunE are the putative glycosyltransferase and N-deacetylase, res-
pectively, in the tunicamycin biosynthetic pathway.!> Wyszynksi et al. proposed that TunD
catalyses the a,B-1,1-glycosidic linkage between the GlcNAc and tunicaminyl uracil, and
the TunE is proposed to deacetylate the N-acetyl moiety of either N-acetyl-tunicaminyl
uracil (3), tunicaminyl uracil (7), or a-D-N-acetylglucosamine-(1"-11")-N-acetyl-tunicamyl
uracil (4). Since the order of TunD and TunE is uncertain, where 3 can either first be
deacetylated or glycosylated, three possible pathways for TunD and TunE have been
proposed (Fig. 5.1).2 The two proposed substrates, 3 and 4, for either TunD or TunE were
prepared from chemical degradation of crude tunicamycins isolated from S. chartreusis
NRRL3882 discussed in Chapter 2. As discussed in Chapter 1 and concluded in
Chapter 4, functional characterisation of TunD and TunE would provide insights to the
unique biological chemistry that could enable us to construct tunicamycin analogues in
vitro and engineer the pathway to create tunicamycin analogues. In this chapter, the

investigation of TunD and TunE are discussed.
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Figure 5.1 | The three proposed enzymatic pathways for TunD and TunE in the tunicamycin
biosynthetic pathway.? The order of the enzymatic reaction of TunD and TunE in the tunicamycin
biosynthesis is unknown. It is proposed that substrates 3, 4, and 7 can be the starting substrate of

either TunD or TunE. The pathway steps investigated in this chapter is highlighted in yellow.

5.2 Results and Discussion

5.2.1 Gene analysis of tunD

The TunD is predicted to be a putative glycosyltransferase in the tunicamycin
biosynthetic pathway.! A BLAST! sequence alignment analysis of TunD showed amino
acid sequence character of a GT1 family and a GT-B type fold glycosyltransferase.>? GT-A
type is considered to be metal-dependent glycosyltransferase, whereas GT-B type is

considered to be metal-independent glycosyltransferase.’

i Basic Local Alignment Search Tool. http://blast.ncbi.nlm.nih.gov
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Table 5.1 | TunD amino acid sequence.’

Protein | Amino acids | Amino acid sequence MW (avg.) / pl

MEIFTVSDQVWGGKHRYMHDMALGLAQAGHTVTVLAEEGG
AMLQQCRAAGVTTVSVPAFASDDAAEAVRKALRHRRPHIVCV
SGRADAAAVHHAQSQGVTDAAVCLFRHSAFPLGTTDEVRDLF
TGVNLVFTTSLEQRQRQFEPLINAGVLKDEQVEILTSGVGEPL
LAALDAADRGAARKELRAESDQFVFLVLARLAWEKGIDQVIDA
FADLELPPDAAPPLLVVAGEGPLEAELRGQTIERGVAERVQFL
GHQDHVAPVIKASDAVVLTSTVPETGPLALKEAMAAGRPVIAS
VQGGIPEFVEDERHGLLVIDDEDLRQAMQRLLSDREAAETMG
AAGSESVRGGHRAVRRVEYLAHRLDLLALEQLAPDTVLHEVV
WDDVRLREETQGGFVFVPRTSHIMELDSATYAVVRTAVEAGD
PLQLIKLPEETLGVIAHRLYAMGALVRQDGQATPAARTADGER
PVTEPA

Native Mw = 50832 Da

TunD 472

pl = 5.01

5.2.2 Recombinant Expression of TunD in E. coli

Previously, in the work that was carried in our the group by F. J. Wyszynski, TunD
was heterologously expressed in E. coli as a recombinant protein.? However, despite
several attempts in different cloning expression vectors and optimising the expressions,
TunD was mainly expressed in the inclusion bodies, except the E. coli BL21(DE3)/
pET-21a:tunD system resulted in partially soluble TunD-Hiss protein. The TunD-Hise
protein was isolated as impure fractions from Ni%* affinity purification. It was showed that
by using the spectrophotometric coupled assay for glycosyltransferases of TunD the
hydrolysis of UDP-GIcNAc was observed. However, no isolation of the product was
noted.? This may have resulted from using the wrong acceptor for the glycosyltransferase,
or due to unspecific hydrolysis of UDP-GIcNAc by unknown contaminants in the TunD-

Hise sample.

We repeated E. coli BL21(DE3)/pET-21a:tunD expression system in order to
investigate the possible substrate acceptor and possible enzymatic activity observed from
the TunD-Hise¢. Unfortunately, no soluble protein was detected in the soluble fraction after

using BugBuster system to lyse cells (TunD-Hiss ~52 kDa) based on SDS-PAGE and
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Western blot analyses (Fig. 5.2) after several attempts were made to reproduce and isolate
the partially soluble TunD-Hiss, although TunD appeared to be highly expressed. Due to
the high level of protein expression, we slowed the protein expression by lowering the
incubation temperatures (37 to 30, 23, 18, and 15 C) in the hope that we could induce
proper folding of the proteins. Additionally, we also attempted using E. coli Lemo21(DE3)
expression system* (E. coli Lemo21(DE3):pET-21a:tunD) (Fig. 5.2). Again, unfortunately
TunD was consistently expressed in the inclusion bodies. This could suggest that the E.
coli recombinant expression system may not be most suitable to express the Streptomyces
proteins® or that the TunD would need to be co-expressed® with another protein in the
tunicamycin biosynthetic pathway in equivalence for complex formation based on the

closely overlap of the genes in the fun gene cluster.

a. SDS-PAGE Western blot b. SDS-PAGE C. SDS-PAGE Western blot
kDa kDa 1234567 89
150 - | 160----t=---
100 y 110
80 ™
75
60
50 50 .
40 ‘.--— - ‘
35
30 N
25
20 N
! 1
15
108
BL21(DE3)/pET-21a:tunD BL21(DE3)/pET-21a:tunD Lem021 DE3)/pET-21a:tunD

Figure 5.2 | TunD expression. (a) Lanes 1-3 correspond to cell lysate, soluble fraction, inclusion
bodies. TunD-Hiss was in the inclusion body. (b) Manual Ni-NTA purification by discontinuous
imidazole gradient. No soluble TunD-Hiss was isolated. (¢) Lemo21(DE3) expressions were
induced by L-rhamnose (Western blot lanes 2 to 6 correspond to 0, 250, 750, 2000 uM). Lanes 6-9

correspond to the soluble fractions. As shown, no soluble TunD-Hiss was isolated.

Next, considering the high expression level of TunD, we attempted protein
refolding using the iIFOLD Protein Refolding System 1 Kit to determine the optimum

protein refolding condition. The iFOLD screened 92 conditions with different buffer, pH,
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salts, detergents, reducing agents, and metals (Fig. 5.3). First we maximised the TunD
inclusion bodies using E. coli BL21(DE3)/pET-21a:funD system in TB+glycerol medium,
15 °C overnight expression. The insoluble protein was washed, denatured and then
screened for the optimum refolding condition in the iFOLD plate by measuring the
turbidity of each condition in the plate (Fig. 5.4). The absorbance was measured at A340.
The low absorbance may indicate folded protein. However, the absorbance values need to
be interpreted with caution as low absorbance does not necessary correlate with properly
folded or active protein. From the conditions screened, we chose the condition in well E7
(50 mM Tris, pH 8.0, 250 mM NaCl, 1 mM TCEP, 12.5 mM B-cyclodextrin) with A340
absorbance value of 0.1340 to proceed forward. E7 was chosen because of its low ab-
sorbance and the refolding condition that was absent of EDTA and GuHCI compared with

the other conditions, which may indicate properly folded protein.
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Figure 5.3 | iFOLD protein refolding system 1 96-well plate refolding conditions. In Tris

yclodextri
GSH/GSSG
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I

buffer. The ‘cyclodextrin’ refers to methyl-B-cyclodextrin.
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Figure 5.4 | Bar graph showing the absorbance values from the TunD refolding in the 96-well
iFOLD plate. The E7 well has an absorbance value of 0.1340.

We repeated the refolding process and then purified the refolded TunD via manual
Ni-NTA. The protein was eluted using discontinuous imidazole gradient (25 mM, 50 mM,
100 mM, 250 mM, 500 mM). The eluted samples were analysed by SDS-PAGE (Fig. 5.5).
Fractions containing pure TunD were collected, concentrated, and dialysed in the E7
refolding buffer to remove the imidazole. The concentration of the dialysed TunD sample
was measurement by BCA assay, ~3 mL sample volume at 1.4 mg mL-!' (Fig. 5.5). The
purified TunD sample was further analysed by CD (Fig. 5.5), which showed TunD with a-
helical structure. A convoluted CDNN analysis using 0.5 mg mL-! sample showed mostly
helical protein structure. The purified refolded TunD-His¢ mass was confirmed by LCMS

(Fig. 5.6).
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Figure 5.5 | Refolding of TunD. (a) Lanes 1 and 2 correspond to cell lysate and soluble fraction,
respectively. (b) The washed samples of the inclusion bodies from iFOLD process. (¢) Manual Ni-
NTA purification by discontinuous imidazole gradient. Soluble TunD-Hiss was isolated. (d) A
FPLC chromatogram of TunD purification via anion exchange purification on Hi Trap Q HP 5 mL,
1 M NaCl gradient in 20 mM Tris pH 7.5. SDS-PAGE showing the eluted protein fractions. (e¢) MS
analysis of the purified, refolded TunD-His6. Expected mass: 52026, observed mass: 52026. (f) CD
spectrum of 0.5 mg mL! of refolded TunD sample in 50 mM Tris, pH 8.0, 250 mM NaCl.

We also dialysed the refolded TunD in HEPES buffer with and without MgCl to
see if salt affected the protein solubility. TunD is predicted to resemble a GT-B fold
glycosyltransferase, which is metal-independent, thus the addition of metal ion should not
have much affect on the protein. However, we did not want to rule out the possibility that
divalent metal plays a role in the protein folding process. Based on the CD analysis, the
protein sample after dialysis appeared to show no difference if MgCl. was added. The
protein concentration was determined using BCA assay and the most concentrated protein
obtained was about 2 mg mL-! before any precipitation occurred. Additionally, refolded
TunD was also dialysed in presence of KCI, metals, and other buffer conditions and

protein stabilising agents (see Table 5.2). We used the continuous spectrophotometric
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glycosyltransferase activity assay to measure TunD activity (Fig. 5.6).” We ensured that
the assay was functional by spiking the assay mixture with UDP as a positive control
compared with a negative control without the presence of UDP-GIcNAc. Sadly, despite
our efforts to observe any activity from the refolded TunD and by using the proposed
substrates, N-acetyl-tunicamyl uracil (3) as the proposed acceptor and UDP-GIcNAc as the
proposed donor, and other possible acceptors and donors, no activity was observed. The

conditions and substrates used in the activity assay are summarised in Table 5.2.

TM precursor

UTpP

Lactic acid
TunD
TM precursor-GIcNAc

UDP,

Pyruvate Pyruvate NAD+ ---->

kinase Lactate

Dehydrogenase

UDP-GIcNAc

NADH ------ 2 absorbs at 340 nm
PEP

Figure 5.6 | The continuous spectrophotometric glycosyltransferase activity assay.” The
activity assay continuously measures the absorbance of NADH at 340 nm. The consumption of

NADH is represented by the decreased in absorbance.

Table 5.2 | A summary of the combination of TunD reaction condition and substrates.

Assay* | TunD (ug mL") | Buffera* Acceptor? Donore Activity
1 100 B1,B2,B3,B4,0rB5 | A1,A2, orA3 D1 No
2 100 B1, B2, or B3 A2 D1 No
3 100 B1, B2, or B5 A4 D3 No
4 600 B5 A1, A5, AB, or A7 D1, or D2 No
5 500 B5, or B6 A1, A5, A6, or A7 D1, or D2 No
6 500 B7 + 10 mM MgCl2 A1, A5, A, or A7 D1, or D2 No
7 500 B7 + 10 mM MnCl A1, A5, A, or A7 D1, or D2 No

*Assay condition: standard assay mixture contains 10 mM MgCl..
temp. = 30 °C, volume = 100-200 pL

aBuffer:

B1 =50 mM HEPES, pH 7.5, 5 mM MgClz, 10% glycerol

B2 = 50 mM HEPES, pH 7.5, 10% glycerol

B3 =50 mM Tris, pH 8.0, 250 mM NaCl, 1mM TCEP, B-cyclodextrin
B4 = 50 mM Tris, pH 8.0, 250 mM NaCl, 1mM TCEP

B5 = 50 mM HEPES, pH 7.5, 5 mM MgCl2, 250 mM KCI, 10% glycerol
B6 = 50 mM MOPS, pH 7.5, 5 mM MgClz, 250 mM KCI, 10% glycerol
B7 = 50 mM Tris, pH 8.0, 250 mM NaCl

B8 = 20 mM Tris, pH 8.0

bAcceptor:

A1 = N-acetyl-tunicaminyl uracil (3)

A2 = Glucosamine (Glu)
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A3 = Galactosamine (Gal)

A4 = Glu, Gal, Fucose (Fuc), Fructose (Fru), Rhamnose (Rha), Mannose (Man), N-acetylglucosamine
(GIcNAc), N-acetylgalactosamine (GalNAc), Glucose-6-phosphate (Glu6P), Fructose-6-phosphate (Fru6P),
Ribose-6-phosphate (Rib6P), Galactosamine-1-phosphate (Gal6P), (3)

A5 = Glu, Gal, Fuc, Fru, Rha, Man, GIcNAc, GalNAc

A6 = Glu, Gal

A7 =GIc6P, Fru6P, Rib6P, Man6P, Gal1P

Donor:

D1 = UDP-GIcNAc

D2 = UDP-Glc

D3 = UDP-Glc, UDP-Gal, UDP-GIcNAc, UDP-GalNAc, GDP-Man, GDP-Fuc, GDP-Glc

Due to the many unsuccessful attempts to observe any enzymatic activity from the
refolded TunD sample, we screened the other 91 refolded TunD samples in iFOLD system.
In the activity assay, we used GIcNAc as the acceptor and UDP-GIcNAc as the donor
substrate. Since GIcNAc and UDP-GIcNAc were used as acceptor and donor, respectively,
then the expected product would be GlcNAc-GIcNAc (m/z 424) if the refolded TunD
sample acted as a glycosyltransferase upon the release of UDP (m/z 404). Unfortunately,

no product was found by LCMS that correlated with the predicted mass.

We also set up crystallisation plates (Table 5.3). The refolded TunD sample was
purified by cation exchange chromatography (Fig. 5.7). Ion exchange purification on
refolded protein could separate forms of misfolded protein due to their differences in
surface charge. lon exchange purification of refolded TunD eluted as one peak and mass
was confirmed by LCMS. The protein sample was co-crystallised with UDP-GIcNAc. We
obtained several crystals, but unfortunately the X-ray diffraction from those crystals

revealed as salt crystals.
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Table 5.3 | Crystallisation conditions

Plate | Condition Observation Result
1 JCSG crystals salt
2 PEG/ION crystals salt
3 STRUCTURE - -
4 PACT - -

We were puzzled with the refolded TunD sample not showing any activity on
proposed substrates and from other acceptors and donors screened, thus we investigated if
there is any biomolecular interaction between the refolded TunD and the selected donors
and acceptors. This led us to carry out substrate-protein binding studies. For the binding
studies, to determine if the proposed substrates have any kind of interaction with the
refolded TunD sample, isothermal titration calorimetry (ITC) was used. ITC is a powerful
instrument to study biomolecular interactions. It measures the heat released/absorbed
during binding events. From a single experiment several binding parameters can be
determined simultaneously (n, reaction stoichiometry; Kb, binding constant; AH, enthalpy;
A S, entropy). ITC experiments were carried out using the proposed donor UDP-GIcNAc
and acceptor N-acetyl-tunicaminyluracil. Due to the nature of glycosyltransferase, it can be
metal-dependent or —independent and the presence of donor and divalent metals have been
reported in the literature to induce conformational changes in the enzyme that would open
another active site for the binding of the acceptor.? However, as previously mentioned,
since TunD is predicted to have the GT-B fold as metal-independent glycosyltransferase,
we did not want to rule out the possibility of metal-dependency or in protein stability.
Presumably, the induced conformational change would appear to have biomolecular
interaction of the enzyme and the proposed acceptor N-acetyl-tunicaminyl uracil and that

would allow us to detect any biomolecular interactions. Unfortunately, the ITC
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experiments showed no biomolecular interactions between the refolded TunD with UDP-
GlcNAc or N-acetyl-tunicaminyl uracil. Moreover, no interaction was observed in the
presence of divalent metal (Mg*2, Mn*2, Ca*?), nor in the presence of divalent metal with

sugar nucleotide present (UDP-GIcNAc).

From our efforts to recapitulate the TunD activity in vitro, the enzymatic activity of
TunD remained a mystery. There are several potential reasons that might explain why we
were not able to observe any activity from TunD. It could be that the refolded TunD may
not have folded properly, the substrates we used were not the correct ones, the TunD
substrate may be the lipid intermediate shown in Fig. 5.1, or TunD forms a complex with
other enzymes in the tunicamycin biosynthetic pathway in order to carry out the activity.
With regards to TunD solubility, TunD could attempt expression in a Streptomyces host.
Alternatively, as mentioned before, on the overlap of the genes in the fun gene cluster,
TunD can be co-expressed with other proteins in the pathway that may assist in protein

folding, stability, complex formation, and activity.

5.3 Gene analysis of tunE

The TunE is predicted to be a putative N-deacetylase in the tunicamycin bio-
synthetic pathway.! Based on homology comparison, TunE belongs to the PIG-L super-
family of enzymes.!> TunE has an HPDD zinc-binding motif. Thus, it is proposed that
TunE catalyses a Zn?*-mediated cleavage of either 3, 4, or the lipid substrate intermediate
to reveal the free amine in preparation for the addition of the lipid chain or the GIcNAc¢ in
the tunicamycin biosynthetic pathway, as previously discussed in Fig. 5.1. In vitro

functional characterisation of TunE would allow selective deacetylation at position 10’ of 3

234



Chapter 5: Investigation of the TunD and TunE Enzymatic Activities
in the Tunicamycin Biosynthetic Pathway

or 4. This would not only allow selective addition of lipid chains to create specific
tunicamycin homologues but also a selection of tunicamycin analogues via amine

alkylation or acylation.

Table 5.4 | TunE amino acid sequence. The HPDD zinc-binding motif is highlighted.

Protein | Amino acids Amino acid sequence MW (avg.) / pl

VKVLVIAAHPDDEVLGAGATVSALSQQGAVVQIHILAEGISLRH
SGVKIEEARERCQVAAKDLGAAEVSFGGLAADGRLLADLPQR
QVVDAVSHALREAEPEVVFTHHPGDIHADHRSVAHAVGYGTR
ILGSGSVRQVLHFEVLSSTEQQTGLVAPFTPNLFYDVTGHVEA
KCRALAAYPYELYDPPHPRSLAAVRTLASYRGTQVGVEAAEA
FMIGRELRGPMAAVPSGVDVR

Native Mw = 24799 Da

TunE 234

pl =5.93

5.3.1 Recombinant Protein Expression of TunE in E. coli

Previously, in the work that was carried in our the group by F. J. Wyszynski, TunE
was heterologously expressed in E. coli as a recombinant protein.> An extensive array of
expression hosts and conditions were screened and the E. coli BL21(DE3)/pET-28a:tunkE
expression system resulted in the low quantity of soluble Hise-TunE protein. HPLC was
used to carry out the TunE activity assay to detect the deacetylation of 3, but no activity or

product was found.

We repeated the Hiss-TunE (26,994 Da) expression in E. coli BL21(DE3)/

pET-28a:tunE expression system and managed to isolate partially soluble Hiss-TunE

protein (Fig. 5.7).
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Figure 5.7 | TunE expression. Western blot, lanes 1-3 correspond to cell lysate, soluble fraction,
inclusion bodies. SDS-PAGE shows the Hise-TunE (~ 27 kDa) fractions collected from manual Ni-
NTA purification. Lane 7 shows the solubilised TunE.

5.3.2 HPLC activity assay of TunE

We also reassessed the enzyme activity using substrates 3 and 4. Furthermore,
since we were intrigued with the fact that there may be harmonious protein interaction in
the tunicamycin biosynthetic pathway due to the overlap of the genes in the fun gene

cluster, we tested TunE with TunD in a complementation reaction.

In the TunD and TunE complementation HPLC assay (Fig. 5.8 and 5.9), the
proposed substrate and product clearly showed distinct differences in the chromatogram.
The activity assay for TunD used N-acetyl-tunicamyl uracil (3) and UDP- GlcNAc.
Reaction was initiated after adding TunD and incubated at 30 °C for one hour. A sample of
the reaction mixture was used for HPLC analysis. In the complementation assay, using the
same TunD reaction mixture, TunE was added. This was to investigate if the proposed
pathway from TunD to TunE was able to yield the proposed product (Fig. 5.9). The same
process was carried out for TunE and then TunD. Unfortunately, based the HPLC

complementation assay, no activity or product was observed from either TunD or TunE.
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Figure 5.8 | TunD and TunE HPLC assay. Overlap of HPLC chromatograms, 260 nm. No

product (4) was detected from the reactions.
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Figure 5.9 | The three proposed enzymatic pathways for TunD and TunE in the tunicamycin

biosynthetic pathway.? This is the same figure as Fig. 5.1.
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5.4 Conclusion and Outlook

The activity for TunD and TunE was not determined. The challenge in TunD and
TunE was mainly in protein expression and the isolation of soluble proteins. Despite our
efforts to improve protein expression, to refold TunD, and carrying out binding and
activity assays, none of these methods showed any activity with our proposed substrates.
The protein refolding attempts were promising, but we were unable to confirm properly
folded TunD without the crystal structure or recapitulation of its activity. Although we
were able to obtain the soluble TunD from refolding, it did not confirm properly folded
protein. The CD analysis was limited to mainly secondary structure analysis. The tertiary
structure analysis could be done at 320-260 nm where aromatic amino acids and disulfide
bonds can provide some form of indication for three dimensional structure (incorrect fold
or molten-globule), but this would still be a challenge without a clear indication of a
similar protein or able to show the protein activity. The complementation activity assay
with TunD and TunE would be an interesting approach for future work when working with
soluble proteins. Nonetheless, this led us to consider other heterologous host expression
systems and alternatively to reevaluate the tunicamycin biosynthetic pathway. Based on
the complementation studies of tunB and funF knockout heterologous expression of
tunicamycins in S. coelicolor (see Chapter 4), S. coelicolor or other Streptomyces strains
could be used as a potential host for protein expression. In the complementation strains,
the runB or tunF gene was reintroduced back in respected S. coelicolor knockout strain.
This was similarly done by Park et al.® and is a promising approach for TunD expression.
Moreover, we reconsidered the interpretation of the tun gene cluster, instead of viewing the
each gene product individually as one, the overlap of the genes in the pathway may

suggest co-expression, equivalences in expression, or complex formation that is needed for
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tun proteins solubility, stability or activity. Thus, alternative host expression system or co-
expression system would be an ideal approach to solve the TunD and TunE expression

problem.
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Chapter Six

Summary

6.1 Chapter One: An Introduction to Tunicamycins and the Bacterial Cell Wall

The central objective of this thesis was to develop novel tunicamycin analogues
that are non-toxic to eukaryotic cells as potential antimicrobial drug candidates. We
hypothesised that by retaining the lipid character of tunicamycin structure and modifying
the GIcNAc moiety then the antimicrobial activity would be retained but the tunicamycins
inhibitory action towards GPT would be abolished, thus diminishing tunicamycins
cytotoxicity towards mammalian cells. When we envisioned the tunicamycin analogue
design, taking into consideration of what has been reported in the literature, we chose not
to modify the uracil or the tunicamine moieties of tunicamycin as both are speculated to
interact with MraY. Whilst the importance of the tunicaminyl uracil scaffold in anti-
bacterial activity and the GIcNAc moiety in mammalian cell cytotoxicity are reported, the
GlcNAc and/or aliphatic chain have never been directly shown to contribute to either.
More so, we were particularly interested in modifying the GIcNAc moiety to reduce the
structural similarity of tunicamycin to UDP-GIcNAc but to retain the carbon chain and its

lipid character.

We devised a semi-synthetic approach to isolate the tunicamycins from S.
chartreusis and then chemically degrade the tunicamycins to isolate the core scaffolds and
additionally use those scaffolds to synthesise the novel tunicamycin lipid analogues.

Moreover, the scaffolds may be used as intermediate substrates for the tun enzymes and
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also in the investigation of the biological properties of the tunicamycin core scaffolds and

the lipid analogues to fill the gap in the literature regarding the influence of the lipid chain.

6.2 Chapter Two: Semi-synthesis of Tunicamycin Core Scaffolds and Lipid Analogues

In this chapter, two tunicamycin core scaffolds (3, 4) have been isolated in addition
to the dihydrochloride salt (9) of tunicamycins. The semi-synthetic strategy presented here
enables further fine-tuning of the tunicamycin core scaffold for the development of novel
antimicrobial drug candidates. More importantly, the dihydrochloride salt (9) template has
enabled selective lipid chain addition to both the 10’-N and 2”-N positions of tunicamycin.
This has allowed the selective addition of lipid chains to be added, thereby creating the
first library of novel tunicamycin lipid analogues. The outlook for this template 9 is
extremely promising for applications as therapeutics and chemical probes. With a library
of tunicamycin core scaffolds and lipid analogues, the biological properties of tunica-
mycins can now be assessed to understand the importance of the GIcNAc, the presence of
the lipid chain, and the effect of the lipid chain length. In summary, we have developed a
semi-synthetic strategy to synthesise tunicamycin analogues with a defined lipid chain, a
modified GIcNAc moiety, and a final product that is not a mixture of homologues. This
semi-synthetic strategy has allowed the development of the first tunicamycin lipid

analogues known to date.

6.3 Chapter Three: Biological Evaluations of the Tunicamycin Core Scaffolds and Lipid
Analogues
The tunicamycin homologues are reported to exhibit different levels of N-linked

glycosylation inhibition in eukaryotic cells, but little is described about their individual
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antimicrobial activity.”” Whilst it is proposed that the tunicaminyl uracil scaffold acts as a
UDP mimic® and the GIcNAc moiety contributes to the mammalian cytotoxicity, the
GIcNAc has ever been directly shown to cause the cytotoxicity.”!! Moreover, it has been
speculated that the lipid chain on tunicamycin homologues influences their biological
activity, but again, this has never been directly shown to be associated with the
antibacterial or the mammalian cytotoxic activities.!"”!2. Thus, we investigated the
biological activities of the tunicamycin core scaffolds and the novel lipid analogues to

understand their mode of action.

Firstly, our results have shown the importance of the lipid chains for the toxic
activity in both eukaryotic and prokaryotic systems. For the first time, we have shown that
in prokaryotic and eukaryotic systems, tunicamcyins inhibitory properties are abolished in
absence of their lipid chain. Early studies succeeded in only showing longer chain
homologues are generally more biologically active in prokaryotes, whereas shorter chain
homologues are generally more active in eukaryotes.!”” In addition, the tunicamycin lipid
analogues were found to be potent antibacterial agents, revealing a titrated inhibitory effect
that is dependent upon their lipid chain length. This suggests that the use of tunicamycins
as a mixture of their homologues should be carefully evaluated to minimise ambiguity. Our
results further showed that from our library of lipid analogues, the cytotoxicity can be
drastically reduced while maintaining nanomolar antibacterial potency by modifying the
GlcNAc moiety of tunicamycin with the addition of an lipid chain that is between seven to
twelve carbons in length. These revealed the importance and effect of the chain length and
GlcNAc modification on tunicamycin on the antibacterial activity and mammalian

cytotoxicity. In essence, these results supported our hypothesis that by retaining the lipid
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character of the tunicamycin structure and modifying the GlcNAc moiety then the
antimicrobial activity would be retained but the inhibitory action towards GPT would be

abolished, thus eliminating tunicamycins cytotoxicity towards mammalian cells (Chapter

1.

Moreover, our biological evaluations highlighted the essential role for the lipid
chain in tunicamycins function and importance of retaining hydrophobic character in
designing tunicamycin analogues. This may further suggest the hydrophobic interaction
mechanisms of tunicamycins with either lipid membranes or target enzymes, as reported in
yeast protoplast through the interaction between tunicamycins and the cell membrane
phospholipids.?->!%13 However, it remains to be seen whether our lipid analogues will be
effective against tunicamycin resistant strains.*!'> While we have revealed the importance
of the tunicamycins lipid chain on antibacterial activity and modification of GIcNAc
moiety on mammalian cell cytotoxicity, it is not known whether the analogues exhibited
any interaction with MraY translocase or GPT, or induced any ER stress response. Future
work could include real-time PCR, kinetic, inhibition, and crystallisation studies.
Regardless, our scaffolds could assist with the design of the next generation of
tunicamycin analogues to study the molecular basis for the inhibition and resistance

mechanism in prokaryotes and eukaryotes (Chapter 1).

More importantly, we have developed a set of tunicamycin lipid analogues that are
as effective as tunicamycins as antibacterial agents but without the mammalian
cytotoxicity effect. In comparison to tunicamycins, our lipid analogues have relative

therapeutic index values up to several thousand folds more than tunicamycins.
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Additionally, we have not only developed a set of promising antimicrobial drug candidates

but also a set of promising anti-M. ¢b drug candidates.

6.4 Chapter Four: Investigation of the tunB and tunF Knockout in the tun Gene Cluster
The products of TunA and TunF were investigated.!* Amino acid sequence
homology analyses revealed structural similarity of TunA to NAD-dependent epimerase/
dehydratases and TunF to 4-OH-sugar epimerases.!> Previously, the recapitulation of
TunA activity in vitro and in addition with the TunA crystal structure, TunA was observed
to be the first natural enzyme to exhibit NDP-sugar 5,6-dehydrogenase activity. The
formation of the GalNAc-exo-glycal intermediate suggests, in turn, that the tunicamine
backbone may, in fact, be the product of an exciting radical addition mechanism. To test
these hypotheses, funB and tunF mutated strains of Streptomyces heterologous host were
made to test these possibilities of TunA’s unique control of reductive regioselective

enzymatic reaction and the formation of intriguing exo-glycal intermediates.

We made individual tunB and tunF knockout by PCR-targeting. The tunB knockout
studies were successful in showing the exo-glycal product of TunA, and indicated the
importance of TunB enzyme in the tunicamycins biosynthetic pathway. The possibility of
other epimerase in the S. coelicolor may resulted in the minuscule production of tunica-
mycins found in the funF knockout studies, but the tunicamycins in the methanol extract
from tunF(-) strain appeared to retain the galactose and not the glucose configuration for
the tunicamine scaffold. Lastly, it would be interesting to engineer the tunicamycin
biosynthetic pathway to produce tunicamycin analogues. This is not far fetched as our

complementation studies were able to restore the tunicamycins production and engineering
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the pathway with enzymes that perform similar or different enzymatic process may be

worth of future pursuit to create tunicamycin analogues.

6.5 Chapter Five: Investigation of the TunD and TunE Enzymatic Activities in the
Tunicamycin Biosynthetic Pathway

TunD and TunE are the putative glycosyltransferase and N-deacetylase, res-
pectively, in the tunicamycin biosynthetic pathway.!>1¢ Since the order of TunD and TunE
is uncertain, three possible pathways for TunD and TunE have been proposed.!® The two
proposed substrates, 3 and 4, for either TunD or TunE were prepared from chemical
degradation of crude tunicamycins isolated from S. chartreusis NRRL3882 discussed in
Chapter 2. The functional characterisation of TunD and TunE would provide insights to
the unique biological chemistry that could enable us to construct tunicamycin analogues in

vitro and engineer the pathway to create tunicamycin analogues.

The activity for TunD and TunE was not determined. The challenge in TunD and
TunE was mainly in protein expression and the isolation of soluble proteins. Despite our
efforts to improve protein expression, to refold TunD from inclusion bodies, and carrying
out binding and activity assays, none of these methods showed any activity with our
proposed substrates. The protein refolding attempts were promising, but we were unable to
confirm properly folded TunD without the crystal structure or recapitulation of its activity.
This led us to consider other heterologous host expression systems and alternatively to
reevaluate the tunicamycin biosynthetic pathway. In the complementation strains, the tunB
or tunF gene was introduced back in respected S. coelicolor knockout strain. This was

similarly done by Park ef al!’” and is a promising approach for TunD expression.
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Moreover, we reconsidered the interpretation of the fun gene cluster, instead of viewing the
each gene product individually as one, the overlap of the genes in the pathway may
suggest co-translation, equivalences in expression, or multi-complex formation that is
needed for fun proteins solubility, stability or activity. Thus, alternative host expression
system or co-expression system would be an ideal approach to solve the TunD and TunE

expression problem.
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Chapter Seven

Outlook

The following subsections are discussion of preliminary results and future
directions that may be useful in creating tunicamycins analogues, studying the molecular
basis of the MraY enzyme mechanism, understanding the tunicamycins biosynthetic
pathway, and expanding the use of tunicamycins core scaffolds as chemical tools or other
therapeutic applications discussed in Chapter 1. Methods and preliminary results can be

found in the Experimental and the Appendix.

7.1 Semi-synthesis of N-acetyl-tunicaminyl uracil analogues

The methodology used to isolate the dihydrochloride salt of tunicamycins (9),
discussed on Chapter 2, may also be employed to isolate the tunicaminyl uracil hydro-
chloride salt (7). The interesting feature of this core scaffold is the absence of the GlcNAc.
Although we have discussed the implications of the presence of the GlIcNAc moiety that
contributes to the overall mimicry of UDP-GIcNAc substrate and also the sensitivity of
tunicamycin structure losing its bioactivity from minor modifications, it would be
interesting to use this core scaffold for lipid analogues and other biological applications as

discussed in Chapter 1.
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Figure 7.1 | Semi-synthetic route towards tunicaminyl uracil dihydrochloride salt (7) and

analogues.

7.2 Towards a continuous UMP-coupled assay (PAP-PK-LDH-coupled assay)

The study of MraY and the PNPTs family of enzymes are not only limited due to
their nature as integral membrane proteins but also because there are limited methods
available to evaluate their activity. Current methods have mainly relied on radio-labelling
or placing fluorescent tags on the substrate.!-* Furthermore, the PK-LDH coupled assay for
glycosyltransferases has been limited to NDP-released enzymatic reactions.”> A high
throughput assay is proposed for MraY, PNPTs family of enzymes, and NMP-release
enzymes. The idea is to modify the conventional continuous spectrophotometric assay for
NDP dependent glycosyltransferase for NMP-release enzymes. If UMP is to convert to
UDP, UMP kinase could be used. However, ATP is required for UMP kinase and this
reaction would release ADP as a by-product. With UDP and ADP in the reaction mixture
for continuous spectrophotometric assay, pyruvate kinase will take both ADP and UDP as
substrate to phosphorylate phosphoenolpyruvate (PEP). Thus, UMP from MraY enzymatic
reaction needs to be phosphorylated in a manner that does not depend on ATP. Poly-
phosphate has been known for some time to be a source of energy storage in organism, and
polyphosphate-phosphotransferase is known to use polyphosphate to phosphorylate NDP

sugars. More importantly, there is a polyphosphate: AMP-phosphotransferase (PAP), which
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is a polyphosphate-dependent nucleoside monophosphate kinase.®! PAP has been shown
to also phosphorylate other nucleoside sugars with different specificities dependent on the
reaction condition. Here we begin to explore possibly a novel continuous spectro-
photometric assay for MraY transferase and other enzymatic reactions that release NMP as

a by-product.

The introduction of PAP to the PK-LDH coupled assay system would allow for the
continuous assessment of NMP-release enzymes (Fig. 7.2). This would be a valuable tool
for studying enzyme kinetics. PAP was recombinantly expressed in E. coli. Preliminary
tests of the PAP-PK-LDH-coupled assay have shown promising results. Further optimi-

sation would be required.

Poly(P)n

UTP
Lactic acid
PAP
Poly(P)n-1 UDR
Pyruvate Pyruvate NAD* ---->
UMP kinase Lactate
Dehydrogenase
NADH ------= > absorbs at 340 nm
UDP-MurNAc-pentapeptide PEP
MraY

Lipid |
Undecaprenyl-phosphate

Figure 7.2 | PAP-PK-LDH coupled assay system.

7.3 Isolation of the UDP-MurNAc-pentapeptide

One of many limitations to study the bacterial cell wall is the difficulty in obtaining
the peptidoglycan precursors. UDP-MurNAc-pentapeptide is a substrate used by MraY
translocase in the synthesis of the Lipid I, a building block to the peptidoglycan. In our

development of tunicamycin lipid analogues and evaluations of the antibacterial activities,
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we did not carry out MraY inhibition studies to evaluate the kinetic properties of the lipid
analogues. Thus, MraY inhibition studies would help to understand the inhibitory mechan-
isms of the lipid analogues and can also help in designing the next generation of tunica-
mycin analogues. The protocols from the literature were followed and UDP-MurNAc-

pentapeptide was extracted from Bactillus subtilis W23 culture.

UDP-MurNAc-pentapeptide (L-Ala-D-y-Glu-m-DAP-D-Ala-D-Ala) TOF MS ES+
100 1194.5 465
465 1195.5
267
= MW: 1193.34
8803 Observed: 1194 [M+H]*
C N T + T T T T 1 T 1 T U T 1 T 1 1 T T 1 /
900 1000 1100 1200 1300 1400 1500 1600 1700

Figure 7.3 | MS analysis of UDP-MurNAc-pentapeptide extract from B. subtilis W23.

7.4 N-acetyl-tunicaminyl uracil as putative inhibitors of glycosyltransferase and
kinases

Tunicamycins are proposed to inhibit the PNPTs family of enzymes by mimicking
the UDP and chelating with a magnesium ion at the active site, as discussed in Chapter 1.
We investigated if the tunicamine core mimics UDP, as this could be very helpful to know
in developing better inhibitors for MraY and for biochemical tools to study glycosyl-
transferases. We carried out OtsA inhibition assay, using the PK-LDH coupled assay
system, with N-acetyltunicaminyl uracil.’> Our preliminary results showed mild inhibition,
but further investigation is needed to confirm the inhibitory action. A mild inhibition was
also observed in the PK-LDH system alone, thus it may be possible that the pyruvate

kinase is also inhibited by N-acetyltunicaminyl uracil.
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The crystal structure for OtsA has been reported,'! which makes OtsA a good co-
crystallisation candidate with N-acetyltunicaminyl uracil. We isolated OtsA and carried out
differential scanning fluorometry analysis to investigate the N-acetyltunicamyl uracil
interaction with OtsA. It appeared to have a similar interaction as the natural substrates
that may indicate enzyme-substrate interaction (Fig. 7.4), but further analysis is needed.!?
Then, we prepared crystallisation plates by the hanging-drop method with OtsA protein
soaked in N-acetyltunicaminyl uracil (Fig. 7.4). We were able to obtain protein crystals,
but they were poorly scattered. These were promising preliminary results. The future work
to attempt co-crystallisation using other crystallisation conditions may able to obtain

crystals that can be scattered and to determine if the N-acetyltunicaminyl uracil is present

in the OtsA active site.
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Figure 7.4 | OtsA Tm shift and and crystals. (a) The Tm shift of OtsA with natural substrates and

N-acetyltunicaminyl uracil. (b) OtsA crystals in N-acetyltunicaminyl uracil solutions.
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Experimental

Chemical Syntheses and Characterisations

General considerations

Proton nuclear magnetic resonance (du) spectra were recorded on Bruker DPX 200
(200 MHz), Bruker DPX 400 (400 MHz), Bruker DQX 400 (400 MHz), Bruker AVC 500
(500 MHz), or Bruker AV 700 (700 MHz) spectrometer. Carbon nuclear magnetic
resonance spectra were recorded on DPX 200 (50 MHz), Bruker DQX 400 (100 MHz),
Bruker AVC 500 (125 MHz) with a 13C cryoprobe (125 MHz), or Bruker AV 700 (176
MHz) with a 13C cryoprobe (176 MHz). Spectra were fully assigned using a combination
of 'H, 3C, HSQC, HMBC, COSY, and TOCSY. All chemical shifts were quoted on d-scale
in ppm, with residual solvent as internal standard. Coupling constants (J) are reported in
hertz (Hz). Infrared spectra were recorded on a Bruker Tensor 27 Fourier Transform
spectrophotometer recorded in wave numbers (cm™'). Low-resolution mass spectra were
recorded on a LCT Premier XE using electrospray ionisation (ES). High-resolution mass
spectra were recorded on a Bruker microTOF. Specific rotations were measured on Perkin
Elmer 241 polarimeter, or Perkin Elmer 341 polarimeter, with pathlength of 1.0 dm and
concentration (c¢) in g/100 mL. Thin layer chromatography (TLC) was performed on
Merck EMD Kieselgel 60F2s4 precoated aluminum backed plates. Reverse-phase thin layer
chromatography (RF-TLC) was performed on Merck EMD Silica Gel RP-18 W F254s
precoated glass backed plates. TLC and RF-TLC were visualised in combination of:
254/365 nm UV lamp; sulfuric acid (2 M in EtOH/W 1:1); ninhydrin (2% ninhydrin in

EtOH); aqueous KMnO4 (5% KMnO4 in 1 M NaOH); aqueous phosphomolybdic acid/
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Ce(IV) (2.5% phosphomolybdic acid hydrate, 1% cerium(IV) sulfate hydrate, and 6%
H2S04); or ammonium molybdate (5% in 2M H2SOg). Flash chromatography was carried
out with Fluka Kiegselgel 60 220-440 mesh silica gel. All solvents (analytical or HPLC)
used were purchased from Sigma Aldrich, Fisher Scientific, or Rathburn. Anhydrous
solvents were purchased from Sigma Aldrich and stored over molecular sieves (<0.005%
H>0). Petrol refers to the fraction of petroleum ether boiling point in the range of 40 — 60

°C. Brine refers to saturated solution of NaCl.

Analytical and Preparative HPLC Method for tunicamyins-like compound:
Analytical-scale HPLC analysis and preparative-scale HPLC purification were

done on UltiMate 3000, and data was analysed on Chromeleon software.

Analytical Scale Analysis. Column: Phenomenex, Synergi 4u Hydro-RP 80A 100 x

4.60 mm 4micron; Flow rate: 1 mL/min.; Solvent A: 5% ACN and 0.1% FA in H20;

Solvent B: 0.1% FA in ACN; UV 260 nm.

Eluent gradient

Min. %B
1.000 0.0 [%]
25.000 100.0 [%]
27.010 100.0 [%]
29.010 0.0 [%]
35.010 0.0 [%]
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100 x 21.20 mm 4micron; Flow rate: 12 mL/min.; Solvent A: 5% ACN and 0.1% FA in

H20; Solvent B: 0.1% FA in ACN; UV 260 nm.

Eluent gradient

Min. %B
1.000 0.0 [%]
25.000 100.0 [%]
27.010 100.0 [%]
28.010 0.0 [%]
35.010 0.0 [%]

Preparative Scale Purification. Column: Phenomenex, Synergi 4u Hydro-RP 80A
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Experimental: Chemical Syntheses and Characterisations

Chemical Syntheses and Characterisations

Tunicamycins (1)'

Crude tunicamycins (1) were isolated from S. chartreusis NRRL3882 fermentation
culture by methanol extraction (Experimental: Biological Materials and Methods).
TLC: Rr 0.3 in water/isopropanol/ethyl acetate (W/iPOH/EtOAc, 1:3:6); '"H NMR (400
MHz, CD30D) & ppm 0.89, 0.91 (2 x s, 2 x 3 H, -CH(CH3)2), 1.14 — 1.66 (m, n x CHyfatty
acid) 1,95 (s, 3 H, -CH3NHA®) ' 3.36 — 4.05 (m, -CH™e, -CHs'¢), 4,10 (t, J = 9.30 Hz, 1 H,
H-10"), 4.20 (t, J2»,;r =5.80 Hz, 1 H, H-2"), 4.59 (d, Ji1",10 = 8.9 Hz, 1 H, H-117),4.94 (d, J
= 3.6 Hz, 1 H, H-1"), 5.77 (d, Jss = 8.2 Hz, 1 H, H-5vl), 595 (d, Jr» = 5.5 Hz, 1 H,
H-17), 5.96 (d, Juc=cH trans = 15.4 Hz, 1 H, =CHC(O)-), 6.84 (dt, Juc=cH trans = 14.5 Hz, J =
7.85 Hz, 1 H, -CH2HC=), 7.94 (d, Js;5= 8.2 Hz, 1 H, H-6"il); LRMS m/z (ESI*): [(M +
Na)*] = 839 (18%), 853 (100%), 867 (92%), 881 (30%); (ESI'): [(M + CI)] = 851 (20%),
865 (100%), 879 (94%), 893 (34%). Flanking peaks with mass =+ 14 corresponded to 8 x
CHa, 9 x CHz, 10 x CHz, and 11 x CHaz. IR: 3325, 2925, 2360, 2342, 1665, 1376, 1234,
1093, 1025; LC/MS m/z (TOF MS ES+): 761, 775, 789, 803, 817, 831, 845, 859, 873,
887, 901. Full assignment was not possible due to the presence of possibly at least 11

homologues with mass + 14.
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Experimental: Chemical Syntheses and Characterisations

TOF MS ES+
100, TUnicamycins (commercial sample) 832 816 860 3.55e4
- I m\ WMW
TOF MS ES+
100, Tunicamycins (S. chartreusis NRRL3882) ., o5 832 846 860 b.43ed
790 875
E'e- e . M ) \M k } 889 903
763
o fug JJUu JMn J! A ’}\MW,\ ottt Wl o Mo II'UL. pee o, iz
700 | 710 | 720 | 730 | 740 @ 750 | 760 770 | 780 790 = 800 ' 810 = 820 830 @ 840 850 = 860 870 880 890 ' 900 = 910 ' 920

LC-MS Analysis of Tunicamycin Production by S. chartreusis NRRL 3882 by TOF-
MS: Crude tunicamycins extracted from S. chartreusis culture, and commercial

tunicamycins standard (retention time, 14-19 min.).

Parameter Value
Title Nov24-2010-27
Origin Bruker BioSpin GmbH
Spectrometer dpx400
Solvent MeOD
Temperature 300.0
Pulse Sequence 2960
Number of Scans 16
Receiver Gain 256
Relaxation Delay 1.0000
Pulse Width 7.3000 / /
Spectrometer Frequency 400.13 — - — -
Spectral Width 5592.8
Lowest Frequency -795.8
Nucleus 1H
Acquired Size 16384
Spectral Size 32768
N\ M M
T I T T 1 1 T 1
g 2 R 3 8 g 8 ROE s
- S —- o - = % w & a
T T T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 55 5.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Tunicamycins (1) "TH NMR spectrum
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Experimental: Chemical Syntheses and Characterisations

Heptaacetyl-tunicaminyl uracil (2)?

)

)Ol\ AcO OAc  OAc \//_qNH
N WN ~
AcO ~ o
AcO OAc

Crude (1) (183 mg, 0.218 mmol) was suspended in 3 M aq. HCI (5 mL) and stirred
under reflux at 105 °C for 2 h and 15 min. After 2 h and 15 min the solvent was co-
evaporated with toluene in vacuo. The residue was re-dissolved in dry pyridine (3 mL) and
Ac20 (2 mL). After 18 h of stirring at RT, TLC showed a product spot with R 0.3. After
solvent was evaporated in vacuo, flash column chromatography (MeOH/EtOAc, 1:19)
afforded 3 (98.4 mg, 0.141 mmol, 64%, o/p ratio 53:47); TLC: Rr 0.3 in methanol/ethyl
acetate (MeOH/EtOAc, 1:19); TH NMR (500 MHz, CDCIl3) 6 ppm 8.53 (d, /= 1.00 Hz, 1
H, N-Hwa<ilB) 8 43 (d, J= 0.95 Hz, 1 H, N-Hureeiloy - 722 (d, Js 5 = 8.2 Hz, 1 H, H-6vracile),
7.19 (d, Jo,5= 8.2 Hz, 1 H, H-6%2lP), 6.13 (d, Jir,100 = 3.5 Hz, | H, H-11"%), 5.90 (d, Ji-»> =
54 Hz, 1 H, H-1"%), 5.83 (d, Jr2> = 3.8 Hz, 1 H, H-1"P), 580 (d, J = 2.2 Hz, 1 H,
H-5uraciley -5 78 (dd, J = 2.1 Hz, Js6 = 8.0, 1 H, H-5w2cilB) 564 (d, Jirr100 = 8.8 Hz, 1 H,
H-11°P), 5.55 (d, Jn-n,10 = 9.5 Hz, 1 H, N-HAP), 5.44 (d, /n-m10 = 9.1 Hz, 1 H, N-HAc),
5.42 (dd, J»4 = 5.4 Hz, J>»» = 10.4 Hz, 1 H, H-3"F), 5.36 (dd, J»4 = 5.0 Hz, J3>»» = 5.9
Hz, 1 H, H-3’%), 5.33 (app t, J2»,;r = J2:3» = 5.7 Hz, 1 H, H-2’%), 5.30 (app t, J2»,;r = J2 30 =
6.0 Hz, 1 H, H-2"P), 5.25 (d, Jo g’ = Jo,100 = 2.8 Hz, 1 H, H-9’%), 5.22 (dd, Jg°,7» = 3.2 Hz,
Jpo =6.6 Hz, 1 H, H-8°F), 5.19 (dd, Js 4 = 1.9 Hz, Js» = 3.5 Hz, 1 H, H-5F), 5.19 (dd,
Jy7=1.5Hz, Jgo=3.5Hz, 1 H, H-8%), 5.12 (ddd, J = 2.8 Hz, Js» 4 = 5.0 Hz, Js°6o = 7.9
Hz, 1 H, H-5°%), 5.08 (dd, Jo g = 3.50 Hz, Jo>10- = 11.3 Hz, 1 H, H-9°P), 4.72 (ddd, Jio>11> =
4.1 Hz, Jio N1 = 9.5 Hz, Jio,» = 11.4 Hz, 1 H, H-10%), 4.42 (ddd, Ji0’e = 7.6 Hz, Jio’ N-1°

=9.5Hz, Jivo=11.3 Hz, 1 H, H-10’p), 4.13 (app t, Ja.s = Ja3= 4.7 Hz, | H, H-4’P), 4.09
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Experimental: Chemical Syntheses and Characterisations

(app t, Jos=Jr3=4.7 Hz, 1 H, H-4’%), 4.05 - 4.07 (m, 1 H, H-7°%), 3.90 (dd, J» 8= 2.5
Hz, Jrs=9.7 Hz, 1 H, H-7F), 2.20 (s, 3 H, -CH3A%%), 2.20 (s, 3 H, -CH3A%P), 2.18, 2.13 (2
xs,2x 3 H,2x-CH3?e), 2,13, 2.12, 2.11, 2.11 (4 x s, 4 x 3 H, 4 x -CH32%$), 2.09 (2 x s,
2 x 3 H, 2 x -CH3A%%), 2.04 (s, 3 H, -CH3A%%), 2.02 (s, 3 H, -CH3A%P), 1.99 - 2.01 (m, 1 H,
H-6’), 1.97 - 1.99 (m, 1 H, H-6’%), 1.96 (s, 3 H, -CH3NHAc%) 1,94 (s, 3 H, -CH3NHACH),
1.74 (ddd, Jo.7» = 3.5 Hz, Joo 5 = 6.9 Hz, Joasr' = 14.9 Hz, 1 H, H-6’F), 1.57 (ddd, Je,7» =
1.9 Hz, Jo 5 = 8.2 Hz, Joaeb = 16.7Hz, 1 H, H-6’%); 13C NMR (126 MHz, CDCl3) & ppm
173.6, 171.2, 170.7, 170.6, 170.6, 170.3, 170.1, 170.0, 169.7, 169.6, 169.4, 169.3, 169.3,
169.1 (14 x s, 14 x C, C=0NHAco_ 14 x C=0NHACP 6 x C=04A%e, 6 x C=0AP), 162.5 (C-4
C=0P), 162.5 (C-4 C=0v), 149.8 (C-2 C=0%), 149.8 (C-2 C=0P), 140.1 (C-6vracilB) 139.8
(C-6uracilay 103.4 (C-5waciley 103.3 (C-5wacilB), 93.0 (C-11°F), 91.1 (C-11"%), 88.7 (C-1°P),
88.1 (C-1%), 82.5 (C-4’F), 82.5 (C-4’%), 72.4 (C-2’%), 72.4 (C-2°B), 71.0 (C-7°P), 70.5
(C-9°P), 69.6, 69.6, 69.3, 68.7, 68.1 (5xs,7 x C, C-3’, C-3’F, C-5’¢, C-5’B, C-8"¢, C-8’P,
C-9’%), 49.6 (C-10°P), 46.7 (C-10’%), 32.5 (C-6’%), 31.5 (C-6’P), 23.3 (-CH3NHAcB) 232 (-
CH3NHAC9) 120.3 — 21.0 (12 x C, 6 x -CH3A%%, 6 x -CH34%P); IR: 3370, 1736, 1710, 1697,
1651, 1635, 1540, 1520, 1370; LRMS m/z (ESI*): 722 [(M+Na)*, 100%]; (ESI'): 734 [M
+Cl), 100%]. HRMS m/z (EST"): calc. for C2oH37N3NaO17 (M+Na)* = 722.2015, found

722.2023.
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Experimental: Chemical Syntheses and Characterisations

Parameter Value
Title hw22322501
Origin Bruker BioSpin smbH
Spectrometer ave500
Solvent cpci3
Temperature 298.0
Pulse Sequence 2930
Number of Scans 16
Receiver Gain 4

Relaxation Delay 1.0000 /
Pulse Width 9.6000 /
— —— S i g~

SpectroméféFﬁequency 500.30

Spectral Width 10330.6
Lowest Frequency -2099.7
Nucleus 1H
Acquired Size 32768
Spectral Size 32768

- —
2 S S

o]
2.24{
043

i T e e E .
g & 8 S @
T

T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5
f1 (ppm)

Heptaacetyl-tunicaminyl uracil (2) '"H NMR spectrum

XTRRAS3GIvARRE B8 98 2% sssngsdteazasuT@me 5 aRk 8%% 2
SSdooooogagaTan ag oSa Mo 2CSSWNBMANGIN T OO MmN G00 N ] y m
REGSRESRE88888s LI I3 SS Ro83SRYRRNRNSTTIIRTE B 8md K|S =)
T Y VooV Yo F===""11 | NI/ "I
Parameter Value

Title hw22322501

Origin Bruker BioSpin GmbH

Spectrometer avc500

Solvent cDci3

Temperature 298.1

Pulse Sequence zgpg30

Number of Scans 936

Receiver Gain 1820

Relaxation Delay 2.0000

Pulse Width 9.5000

Spectrometer Frequency 125.80

Spectral Width 31250.0

Lowest Frequency -3053.7

Nucleus 13C

Acquired Size 32768

Spectral Size 32768

s

T T T T T T T T T T T T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 f %00 ) 90 80 70 60 50 40 30 20 10 0 -10 -20
ppm

Heptaacetyl-tunicaminyl uracil (2) 13C NMR spectrum
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Experimental: Chemical Syntheses and Characterisations

N-acetyl-tunicaminyl uracil (3)

0
0
I ko OH  oH ¢ \H
N 0 O _N=
HO \__/ O
HO®  ‘OH

2 (41.4 mg, 0.059 mmol) was dissolved in dry MeOH (5 mL), stirred and cooled to
0° C. NaOMe was then added to make a final concentration of 0.01 M. Reaction was
monitored by TLC (1:2:2, W/iPOH/EtOAc). Then, the reaction was neutralised after 3 h
with Dowex 50W X8 H" resin. Finally, the reaction solution was filtered and concentrated
in vacuo. Flash column chromatography (W/iPOH/EtOAc, 1:2:2) afforded 3 (25.9 mg,
0.058 mmol, 98 %, o/p ratio 37:63); TLC: Rr 0.5, 0.6 in water/isopropanol/ethyl acetate
(W/iPOH/EtOAc, 1:2:2); [a]p* = +12, ¢ = 1, H,O; TH NMR (500 MHz, D>0) 6 ppm 7.78
(d, J&.5s = 8.2 Hz, 1 H®, H-6v3¢il%), 7.76 (d, Js5s = 8.2 Hz, 1 HP, H-6v2ilB), 587 (m, 1 H* + 1
HP, H-1"%, H-1’P), 5.84 (d, Js¢s = 8.2 Hz, 1 H*, H-5waile) 582 (d, Jsg = 8.2 Hz, 1 HF,
H-5wacilBy 513 (d, Jirr,100 = 3.8 Hz, 1 He, H-11°%), 4.58 (d, Ji1°,10 = 8.5 Hz, 1 HP, H-11°P),
423 -427 (m, 2 H* + 2HP, H-2’¢, H-2°F, H-3"%, H-3"P), 4.19 (d, J = 9.1 Hz, 1 H*, H-7°%),
4.04 (dd, Jio,o» = 11.0 Hz, Jio>,11 = 3.8 Hz, 1 H%, H-10°%), 4.00 (dt, J = 10.7 Hz, J = 3.2 Hz,
1 HB, H-5P), 3.92 - 3.97 (m, 2 H* + 1 HP, H-4"*, H-4’B, H-5°%), 3.88 (dd, Jo>,100= 11.4 Hz,
Jog'=3.2 Hz, 1 H*, H-9°%), 3.79 (d, Js",o= 3.5 Hz, 1 H*, H-8"%), 3.78 (dd, J10,o- = 10.7 Hz,
Jio = 8.2 Hz, 1 HP, H-10°P), 3.75 (dd, J76 = 8.5 Hz, J7s = 1.0 Hz, 1 HP, H-7°P), 3.73 (d,
Jgo=3.5 Hz, 1 HF, H-8°P), 3.69 (dd, Jo,10=10.7 Hz, Jos> = 3.2 Hz, 1 HP, H-9°F), 1.98 (s, 3
He + 3 HP, -CH3NHAcB, _CH3NHAco) 186 - 1.96 (m, 1 H* + 1HP, H-6a’*, H-6a’F), 1.54 -
1.63 (m, 1 H* + 1HP, H-6b’, H-6b’F); 3C NMR (126 MHz, D;0) & ppm 175.0, 174.7
(C=ONHASB - C=QNHAc®) = 166.22 (C-4 C=0%F), 151.9 (C-2 C=0%'PF), 141.8 (C-6uraciletp)

102.5 (C-5ureciloB) 95 3 (C-11°P), 90.9 (C-11°%), 88.1 (C-1°w*B), 87.1, 87.1 (C-4°%, C-4°P),
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Experimental: Chemical Syntheses and Characterisations

73.4, 73.4 (C-2’¢, C-2°B), 71.2, 71.1, 70.8, 70.4 (C-7°8, C-8’F, C-9’B, C-8’%), 68.9, 68.9
(C-3’%, C-3°P), 67.5 (C-9’%), 67.1, 67.0 (C-5’¢, C-5’P), 66.3 (C-7°F), 53.6 (C-10’F), 50.2
(C-10’%), 33.7, 33.6 (C-6’%, C-6’P), 23.3, 22.2 (-CH3NHACe _CH3NHACB): TR v: 3362, 1638,
1410, 1264, 1072; LRMS m/z (ESI): 470 [(M+Na)*, 100%]; (ESI): 482 [(M+Cl),
100%]; HRMS m/z (ESI"): calc. for Ci7H2sN3NaOin (M+Na)® = 470.1381, found

470.1367.
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Parameter Value
Title hw25741502
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent D20
Temperature 298.0
Pulse Sequence 2930
Number of Scans 16
Receiver Gain 4
Relaxation Delay 1.0000
Pulse Width 9.6000 f ya JJ
Spectrometer Frequéency 500.30
Spectral Width 10330.6
Lowest Frequency -2075.7
Nucleus 1H
Acquired Size 32768
Spectral Size 32768
1 L N
E) £ ENE) 5 5
- - =) % ©
T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
. . .
N-acetyl-tunicaminyl uracil (3) "H NMR spectrum
g g g R % ngoss oasssanamn B8 IR§
S g @ g § 68855 SRRSEEEEEE 28 Q8K
Voo NS SSWeae=—="11 AN
Parameter Value
Title hw25741502
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent D20
Temperature 298.0
Pulse Sequence zgpg30
Number of Scans 2048
Receiver Gain 1820
Relaxation Delay 2.0000
Pulse Width 9.5000
Spectrometer Frequency 125.80 \
Spectral Width 31250.0
Lowest Frequency -3044.9 [
Nucleus 13C o
Acquired Size 32768
Spectral Size 32768
I
T T T T T T T T T T T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20

f1 (ppm)

N-acetyl-tunicaminyl uracil (3) 1*C NMR spectrum
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a-D-N-acetylglucosamine-(1”-11")-N-acetyl-tunicaminyl uracil (4)

0
HO oH OH (/_«NH
AcHNWN%
AGHN / °
WO ZRE HO “OH
OH

6a (127 mg, 0.086 mmol) was dissolved in dry MeOH (5 mL), stirred and cooled
to 0° C. NaOMe was added to make a final concentration of 0.01 M, and monitored by
TLC (1:3:6, W/iPOH/EtOAc). The reaction was neutralised after 4 h with Dowex 50W X8
H* resin. Then, it was filtered and concentrated in vacuo, and redissolved in TFA (1 mL)
and stirred at RT for 1 h. TFA was co-evaporated with toluene and then redissolved in
MeOH (5 mL) with the addition of Ac2O (1 mL). The reaction was stirred at RT for 12 h
and then neutralised to pH 6-7 with Dowex Marathon A -OH resin, and stirred for
additional 1 h. The reaction solution was filtered and purified via flash column
chromatography (W/iPOH/EtOAc, 1:2:2) to afford 4 (13.1 mg, 0.020 mmol, 23%) as
yellow glass; TLC: Ry 0.3, in water/isopropanol/ethyl acetate (W/iPOH/EtOAc, 1:2:2);
[a]p® =+50.7, ¢ = 0.7, H2O; "TH NMR (500 MHz, CD30D) & ppm 7.76 (d, Js;5 = 7.9 Hz, 1
H, H-6vrecil) 584 (d, Jir»» = 7.9 Hz, 1 H, H-1), 5.83 (d, Js6 = 5.4 Hz, 1 H, H-5vil), 4,98
(d, Ji»»=3.5 Hz, 1 H, H-17), 4.58 (d, Ji1°,100= 8.5 Hz, 1 H, H-6v2il), 425 (dd, J»1» = 5.4
Hz, J»3=9.1 Hz, 1 H, H-2"), 422 (dd, J> 4 = 3.5 Hz, J>>»» = 5.7 Hz, 1 H, H-3’), 4.08 —
4.03 (m, 2 H, H-4’, H-5), 3.87 (dd, Ji0,»» = 10.7 Hz, J10,11° = 8.5 Hz, 1 H, H-10), 3.82 —
3.82 (m, 1 H, H-4”), 3.80 (dd, J2»,;» = 3.8 Hz, J»»3» = 10.7, 1 H, H-2”), 3.77 (d, J = 10.1
Hz, 1 H, H-7"), 3.73 — 3.67 (m, 2 x 1 H, H-8’, H-6b”), 3.70 (dd, J3»2» = 10.7 Hz, J3»4» =
3.2 Hz, 1 H, H-3”), 3.68 — 3.41 (m, 2 H, H-6"a, H-9’), 3.44 (app t, J5»6a> = 9.8 Hz, 1 H,

H-5"), 1.98, 1.94 (2 x s, 2 x 3 H, 2 x -CH3NHA) 1,94 (dd, Jev’ 620 = 6.6 Hz, Jop>,5» = 3.2 Hz,
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Experimental: Chemical Syntheses and Characterisations

1 H, H-6b%), 1.57 (app t, Jeasb> = Jo>,5» = 13.2 Hz, 1 H, H-6a"); 13C NMR (126 MHz,
CD30D) & ppm 174.5, 174.1 (2 x C=0NHA¢)  166.2 (C-4, C=0), 151.8 (C-2, C=0), 141.9
(C-6uracil) 102.5 (C-5uracil) 1 99.8 (C-117), 98.3 (C-17), 88.5 (C-17), 87.2 (C-4"), 73.4 (C-2"),
72.6 (C-4”), 71.3 (C-7"), 71.1, 70.4, 69.8 (C-3”, C-8’, C-9”), 69.6 (C-57), 68.9 (C-3"), 67.0
(C-5%), 60.4 (C-67), 53.4 (C-27), 52.8 (C-10%), 33.5 (C-67), 22.2, 22.1 (2 x -CH3NHAC); IR
(neat) v: 3344, 2362, 2341, 2110, 1636, 1371, 1216; LRMS m/z (ESI"): 673.26 [(M+Na)*,
23%]; (ESI'): 649.23 [(M-H)-, 100%]; HRMS m/z (ESI*): calc. for C2sH3sN4NaOis (M

+Na)* = 673.2175, found 673.2195.
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Parameter Value
Title hw57103108
Origin Bruker BioSpin GmbH
Spectrometer ave500
Solvent D20
Temperature 298.0 B
Pulse Sequence 2930
Number of Scans 16
Receiver Gain 4
Relaxation Delay 1.0000
Pulse Width 9.6000
Spectrometer F@@ncy 500.30 S S s J / — . -
Spectral Width 10330.6
Lowest Frequency -2075.7
Nucleus 1H
Acquired Size 32768
Spectral Size 32768
g & g R < o o & g
- - = - ~ = o a - S
T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

a-D-N-acetylglucosamine-(1"-11")-/N-acetyl-tunicaminyl uracil (4)

4.5 4.0
f1 (ppm)

TH NMR spectrum
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Parameter Value

Title hw57103108

Origin Bruker BioSpin GmbH

Spectrometer ave500

Solvent D20

Temperature 298.0

Pulse Sequence gpg30

Number of Scans 1024

Receiver Gain 1030 !

Relaxation Delay 2.0000 '

Pulse Width 10.0000

Spectrometer Frequency 125.80 i

Spectral Width 31250.0

Lowest Frequency -3044.9

Nucleus 13C '

Acquired Size 32768

Spectral Size 32768 ‘

T T T T T T T T T T T T T T T T T T T T T T T T T

220 210 200 190 180 170 160 150 140 130 120 110 f %00 ) 90 80 70 60 50 40 30 20 10 0 -10 -20

ppm

a-D-N-acetylglucosamine-(1”-11")-N-acetyl-tunicaminyl uracil (4) 3C NMR spectrum
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Octa-0-acetyl-tunicamycins (5)

Crude (1) (682 mg, 0.814 mmol) was dissolved in dry pyridine (5 mL) with an
addition of Ac2O (3 mL). After stirring at RT for 18 h TLC (EtOAc) show a major product
at Rr 0.4 (2). The solvent was evaporated in vacuo and purified via flash chromatography
(MeOH/DCM, 3:97) to afford 5 (782 mg, 0.667 mmol, 82 %) as clear glass. The
percentage yield various between 23-82%, which was dependent on the purity of the crude
tunicamycins (1); TLC: Rr 0.4 in methanol/dichloromethane (MeOH/DCM, 3:97); H
NMR (500 MHz, CD;0D) & ppm 7.48 (d, Js5s = 8.0 Hz, 1 H, H-64il), 6.83 (dt, Juc-cH trans
=14.2 Hz, J=17.3 Hz, 1 H, C=CH-CH>»), 5.87 (d, Juc=cH trans = 15.5 Hz, 1 H, C=CH-CO),
5.81 (d, Jr2 =5.1 Hz, 1 H, H-1), 5.75 (d, Js,6 = 8.0 Hz, 1 H, H-5vil), 5.56 (dd, J3' 2> =
6.1 Hz, J3 4 = 5.5 Hz, 1 H, H-3"), 5.51 (dd, J2:1» = J2 3> = 5.3 Hz, 1 H, H-2"), 5.26 (dd, J3~,
»»=10.6 Hz, J3»4» = 9.9 Hz, 1 H, H-3”), 5.27 (ddd, Js's» = 9.7 Hz, Js»4» = 6.8 Hz, J = 3.6
Hz, 1 H, H-5"), 5.11 (dd, Jg°o» = 9.7 Hz, Js: » = 7.3 Hz, 1 H, H-8"), 5.07 (app t, Ja»5» = 11.3
Hz, J4-3»=3.2Hz, 1 H, H-4”), 5.03 (dd, Jo.10 = 3.6 Hz, Jo- 3 = 3.2 Hz, 1 H, H-9"), 4.98 (d,
Jim2» =49 Hz, 1 H, H-17), 4.75 (d, Jir100 = 8.4 Hz, 1 H, H-11"), 4.33 (dd, Jea"6b" =11.1
Hz, Jos» = 3.9 Hz, 1 H, H-6), 4.34 (dd, Ji0,9» = 4.6 Hz, Ji011» = 3.6 Hz, 1 H, H-10’), 4.32
(ddd, Js»4» =10.4, Js»6» = 2.9 Hz, Js»s» = 2.2 Hz, 1 H, H-57), 4.20 (dd, J+ 3 = 7.7 Hz, J4 5
=3.6 Hz, 1 H, H-4"), 4.19 (dd, J2>3» = 7.2 Hz, J»»,1» = 3.1 Hz, 1 H, H-2"), 4.19 (dd, Jsa"6b"
=14.2 Hz, Js»5» = 2.6 Hz, 1 H, H-6"), 3.92 (ddd, J=9.4 Hz, J7 ¢ = 3.8 Hz, J7 8 = 3.1 Hz,

1 H, H-7"),2.22 (s, 3 H, CH3%°), 2.17 (m, 2 H, -CH>CH=C), 2.14 (s, 6 H, 2 x CH3%°), 2.10
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(s, 3 H, CH3%°), 2.06 (m, 2 H, H-6"), 2.04, 2.03, 1.98, 195, 1.89 (5xs,5x 3 H, 5x
CH3%%), 1.78 (ddd, Jev o> = 14.8 Hz, Jo 5> = 8 Hz, J¢,7» = 3.3 Hz, 1 H), 1.55 (spt, J = 6.7 Hz,
1 H, -CH(CHa)2), 1.46 (quin, J = 6.8 Hz, 2 H, -CH.CH2,CH=C), 1.23 - 1.37 (m, 14 H, -
CHy), 1.18 (dt, J = 13.1, 7.0 Hz, 2 H, CH,CH(CH3),), 0.91, 0.89 2 x s, 2 x 3 H, -
CH(CHs)2); 3C NMR (126 MHz, CD3;0OD) 6 ppm 173.2, 172.4, 172.3, 172.3, 172.0,
171.7,171.5,171.3, 171.2 (9 x 5, 9 x C, 8 x C=04¢, C=0NHAc) ' 169.5 (C=02), 165.9 (C-4
C=0), 151.8 (C-2 C=0), 147.7 (C=CH-CH>), 143.4 (C-6vr2cil) 124.2 (C=CH-CO), 103.5
(C-5uracil) 1101.6 (C-117), 100.0 (C-17), 91.1 (C-1"), 84.1 (C-4"), 73.5 (C-2"), 72.2 (C-37),
72.2 (C-9%), 71.7 (C-7°), 70.9 (C-37), 70.8, 70.3 (C-5°, C-8°), 69.8 (C-57), 69.7 (C-4"),
63.0 (C-6”), 52.6 (C-2”), 51.8 (C-10’), 40.3 (-CH2CH(CHs)2), 33.2 (-CH2CH=C), 33.1
(C-6%),30.3 -31.1 (5x C, 5 x -CH2*"), 29.4 (-CH,CH>CH=C), 29.2 (-CH(CH3)2), 28.6 (-
CH2*), 23.0, 23.1 (2 x C, -CH(CH3)2), 22.9 (-CH3NHA®) 21,1 (-CH3%¢), 20.7 2 x C, 2 x -
CH3%°), 20.6, 20.6, 20.6, 20.6, 20.3 (5 x C, 5 x -CH3%°); IR v: 2927, 2361, 2341, 1745,
1696, 1540, 1369, 1219, 1031; MS m/z (ESI*): 1203 [(M+Na)", 100%]; (ESI)): 1179 [M
+Cl), 100%]. Flanking peaks with mass & 14 corresponded to 8 x CHz, 9 x CHz, 10 x CHo,
and 11 x CHa. Full assignment was not possible due to the presence homologues with mass

+ 14.
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Parameter Value
Title hw26682102
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent MeOD
Temperature 298.0
Pulse Sequence 2930
Number of Scans 16
Receiver Gain 4
Relaxation Delay 1.0000
Pulse Width 9.6000 / j f
Spectrorﬁer Frequency 500.30 -~ J / - -
Spectral Width 10330.6
Lowest Frequency -2075.7
Nucleus 1H
Acquired Size 32768
Spectral Size 32768
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Parameter Value
Title hw26682102
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent MeOD
Temperature 298.0
Pulse Sequence zgpg30
Number of Scans 2048
Receiver Gain 1820
Relaxation Delay 2.0000
Pulse Width 9.5000
Spectrometer Frequency 125.80
Spectral Width 31250.0 !
Lowest Frequency -2866.2 !
Nucleus 13C
Acquired Size 32768
Spectral Size 32768
i |
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T T T T T T T T T T T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110f1 (100 ) 90 80 70 60 50 40 30 20 10 0 -10 -20
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Octa-0-acetyl-tunicamycins (5) 13C NMR spectrum
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Tri-N-(tert-butoxylcarbonyl)-octa-O-acetyl-tunicamycins (6a)

0
' 0]

W Ao PR OAc ' \goo
7_1;“ Bo@ WN _<O
AcBocN A 8

AcO * !
ASS 5 AcO OAc

OAc

5 (101 mg, 0.086 mmol) was dissolved in dry THF (1.5 mL) with the addition of 4-
(dimethylamino)pyridine (2.10 mg, 0.017 mmol) and di-tert-butyl dicarbonate (750 mg,
3.44 mmol) with 10 eq. added over time to a final of 40 eq. The reaction flask was fitted
over an oven dried condenser and heated to 60 °C with stirring. After 36 h TLC (EtOAc/
Petrol, 6:4) showed Rf 0.3 (6a) and 0.1 (6). The reaction was cooled and solvent was
evaporated in vacuo. Flash column chromatography (EtOAc/Petrol, 6:4) afforded the
desired 6a (67.1 mg, 0.045 mmol, 53 %) as yellow glass. The partially Boc-protected (6)
was saved for repeated reactions in the same condition; TLC: Rt 0.5 in ethyl acetate/petrol
(EtOAc/Petrol, 6:4); TH NMR (500 MHz, CDCl3) 6 ppm 7.48 (d, Js5 = 8.0 Hz, 1 H,
H-6vracil) 6.89 (dt, Juc=cH wrans = 15.1 Hz, J=6.9 Hz, 1 H, C=CH-CHy>), 6.82 (dt, Juc-cH trans
=14.5 Hz, J= 7.6 Hz, 1 H, C=CH-CH>), 6.39 (d, Juc=cH trans = 15.1 Hz, 1 H, C=CH-CO),
6.27 (d, Juc=cH trans = 15.4 Hz, 1 H, C=CH-CO), 6.11 (m, 1 H, C-Hanomeric) 585 (m, 1 H,
C-Hanomeric 'H._5uracily -5 83 (d, J= 8.2 Hz, 1 H, H-5v¢ll) 561 (dd, /= 11.5 Hz, J = 3.3 Hz,
1 H), 5.53(dd,J=11.3 Hz, J=3.5Hz, 1 H), 5.49 (d, J= 8.2 Hz, 1 H), 5.43 (m, 1 H), 5.29
—5.35 (m, 1 H), 5.09 — 5.25 (m, 4 H), 5.01 — 4.10 (m, 1 H), 4.99 (d, J=9.1 Hz), 4.94 (dd,
J=11.5Hz,J=33 Hz, 1 H), 491 (s, 1 H), 4.52 — 4.60 (m, 1 H), 4.30 — 4.39 (m, 1 H),
417 (d,J=10.4 Hz, J=2.2 Hz, 1 H), 4.05 —4.10 (m, 1 H), 3.76 (dd, /= 8.8 Hz, J = 3.5
Hz, 1 H), 3.68 (dd, J=9.9 Hz, J=2.0 Hz, 1 H), 2.34 (s, 1 H), 2.29 (s, 2 H, CH3NHA) 227

(s, 1 H, CH3NHAC) 1,87 —2.22 (m, 24 H, 8 x CH39), 1.59, 1.56, 1.55, 1.53, 1.52 (5 x s, 27
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H, 9 x CH3Be¢), 1.40 (m, 13 H), 1.08 — 1.18 (m, 2 H, CH2*>"), 0.86, 0.85 (2 x s, 2 x 3 H,
CH3h; IR v: 2928, 2361, 2341, 1743, 1686, 1369, 1218, 1143, 1029; MS m/z (ESIY):
1503 [(M+Na)*, 100%]; (ESI"): 1515 [(M+Cl), 100%]. Flanking peaks with mass + 14
corresponded to 8 x CHz, 9 x CHz, 10 x CHz, and 11 x CHaz. Full assignment was not

possible due to the presence homologues with mass + 14.
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Parameter Value
Title hw28022802
Origin Bruker BioSpin GmbH
Spectrometer ave500
Solvent CDCI3
Temperature 298.0
Pulse Sequence 2930
Number of Scans 16
Receiver Gain 4
Relaxation Delay 1.0000

Pulse Width 9.6000 J_//l_/—/
- -

Spectrometer Frequency 500.30

Spectral Width 10330.6
Lowest Frequency -2099.7
Nucleus 1H
Acquired Size 32768
Spectral Size 32768
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Tri-N-(tert-butoxylcarbonyl)-octa-O-acetyl-tunicamycins (6a) 'H NMR spectrum
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Parameter Value
Title hw28022802
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent CDCi3
Temperature 298.0
Pulse Sequence zgpg30
Number of Scans 2048
Receiver Gain 1820
Relaxation Delay 2.0000
Pulse Width 9.5000
Spectrometer Frequency 125.80
Spectral Width 31250.0
Lowest Frequency -3053.7
Nucleus 13C
Acquired Size 32768
Spectral Size 32768

T T
220 210 200 190 180 170 160 150 140 130 120 110 f %00 ) 90 80 70 60 50 40 30 20 10 0 -10 -20
ppm

Tri-N-(tert-butoxylcarbonyl)-octa-0-acetyl-tunicamycins (6a) 3C NMR spectrum
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10°,2”-Di-/N-(tert-butoxycarbonyl)-deacyl-tunicamycin (8a)

BocHN 525 O_,N _\(
BocHN R °
i = HO OH
OH

Reaction condition I: 6a (55.7 mg, 0.038 mmol) was dissolved in dry MeOH (5
mL) and then cooled over ice. NaOMe was added to make a final concentration of 0.01 M.
The reaction progress was monitored by TLC (1:3:6, W/iPOH/EtOAc). After 7 h, the
reaction was neutralised with Dowex 50W X8 H" resin. Then, it was filtered and
concentrated in vacuo. The product was purified via flash column chromatography (W/
iPOH/EtOAc, 1:3:6) to afford 8a (13.1 mg, 0.017 mmol, 45%) as white amorphous

powder.

Reaction condition 2: 6a (13.3 mg, 0.090 mmol) was dissolved in MeOH:H>O (v/v,
3:1) with the addition of TEA (10 equiv. 0.900 mmol, 6.6 pL), and stirred at RT. The
reaction progress was monitored by TLC (1:3:6, W/iPOH/EtOAc). Reaction was
completed after 141 h. The product was purified via flash column chromatography (W/
iPOH/EtOAc, 1:3:6) to afford 8a (5.30 mg, 0.007 mmol, 77%) as white amorphous

powder.

Reaction condition 3: 6a (134 mg, 0.091 mmol) was dissolved in MeOH:H20 (v/v,
3:1) with the addition of TEA (25 equiv. 2.27 mmol, 317 uL). The reaction was heated to
71 °C. The reaction progress was monitored by TLC (1:2:6, W/iPOH/EtOAc). Reaction

was stpped after 43 h. The crude product was purified by preparative scale HPLC (product
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eluted at 9.5 min.) and afforded the 8a (36.4 mg, 0.047 mmol, 52 %) as white amorphous
powder; TLC: Rr 0.3 in water/isopropanol/ethyl acetate (W/iPOH/EtOAc, 1:2:6); [a]p?® =
+54.9 +0.3 (¢ 1, MeOH); Mp (amorphous) 177.4-181.2 °C; "TH NMR (500 MHz, MeOD) 3
ppm 7.91 (d, J= 8.1 Hz, 1H, H-6), 5.93 (d, /= 5.9 Hz, 1H, H-1"), 5.75 (d, /= 8.1 Hz, 1H,
H-5), 4.99 (s, 1H, H-17), 4.70 (d, J= 7.9 Hz, 1H, H-11"), 4.24 — 4.16 (m, 2H, H-2’, H-3"),
4.05-3.97 (m, 2H, H-5’, H-5”), 3.86 (t, /= 3.3 Hz, 1H, H-4"), 3.81 (dd, /= 11.7, 1.8 Hz,
1H, H-6”), 3.77 — 3.65 (m, 3H, H-7°, H-9°, H-6"), 3.64 (d, /= 3.1 Hz, 1H, H-8), 3.62 (d, J
=4.9 Hz, 2H, H-2”, H-3”), 3.49 (t, /= 9.6 Hz, 1H, H-10’), 3.37 — 3.33 (m, 1H, H-47), 2.12
—2.05 (m, 1H, H-6"), 1.57 — 1.49 (m, 1H, H-6), 1.47 (s, 9H, CH3), 1.45 (s, 9H, CH3); 13C
NMR (126 MHz, MeOD) & ppm 166.17 (C-4), 158.72 (C=0B°c), 158.52 (C=08B°), 152.65
(C-2), 142.81 (C-6), 103.09 (C-5), 101.41 (C-11’), 100.62 (C-17), 89.71 (C-1’), 89.54
(C-4’), 80.74 (C-(CHs)3), 80.30 (C-(CH3)3), 75.47 (C-27), 74.51 (C-5), 73.65 (C-37),
72.72, 72.57, 72.43 (C-7°, C-9°, C-4”), 72.36 (C-8’), 70.87 (C-3’), 68.42 (C-5’), 63.17
(C-67), 56.63 (C-47), 55.77 (C-10%), 35.94 (C-6’), 29.07((CH3)3), 28.85 ((CH3)3); IR (neat)
v: 3367 (N-H, O-H), 2979 (=C-H), 2930 (-C-H), 1684 (C=0); LRMS m/z (ESI"): 789 [(M
+Na)*, 100%]; HRMS m/z (ESI"): calc. C31Hs0N4O1sNa (M+Na)® = 789.3012, found

789.3017.
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Parameter Value
Title hw18600611
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent MeOD (
Temperature 298.0
Pulse Sequence 2930
Number of Scans 16
Receiver Gain 18
Relaxation Delay 1.0000 / /’
Pulse Width 11.9000
Spectrometer‘Frgquency 500.30 S - 7 J / g - J
Spectral Width 10330.6
Lowest Frequency -2075.7
Nucleus 1H
Acquired Size 32768
Spectral Size 32768
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10°,2”-Di-N-(tert-butoxycarbonyl)-deacyl-tunicamycin (8a) 'H NMR spectrum

Parameter
Title
Origin
Spectrometer
Solvent
Temperature
Pulse Sequence
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Spectrometer Frequency
Spectral Width
Lowest Frequency
Nucleus
Acquired Size
Spectral Size

166.17
— 152.65
—142.80

Value
hw18600611
Bruker BioSpin GmbH
ave500
MeOD
298.0
29pg30
4096
228
2.0000
17.0000
125.80
31250.0
-2866.2
13C
32768
32768
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10°,2”-Di-N-(tert-butoxycarbonyl)-deacyl-tunicamycin (8a) 3C NMR spectrum
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a-D-glucosamine-(17-11’)-tunicaminyl uracil dihydrochloride (9)

0
2 HCl Ho OH o N
HN XS O__N

HoN R ©
8 - HO OH
OH

8a (1.50 mg, 0.002 mmol) was dissolved in DCM (120 pL) and TFA (0.393 mmol,
30 puL). The reaction was stirred at room temperature for 1 h. The reaction progress was
monitored by TLC (1:2:2, W/iPOH/EtOAc). When the reaction was complete, the reaction
mixture was concentrated in vacuo and dried. The dried crude product was washed twice
with H>0 and DCM. The aqueous fraction was collected, concentrated in vacuo and dried.
The dried crude product was redissoved in 1 M HCI (1 mL) and stirred for 1 h at room
temperature. The product was obtained after lyophilisation, in 99% yield of 9 (1.20 mg,
0.002 mmol). [a]p?® = +60.1 0.2 (¢ 1, H20); "H NMR (700 MHz, D>0) 6 ppm 7.82 (d, J
=8.2 Hz, 1 H, H-6), 5.87 (d,/J=8.2 Hz, 1 H, H-5) 5.86 (d, /= 5.3 Hz, 1 H, H-1"), 5.53 (d,
J=3.4Hz 1 H,H-1”),5.00 (d, J=8.3 Hz, 1 H, H-11"), 4.31 - 4.26 (m, 2 H, H-2’, H-3"),
4.06 (td, J = 2.6, 11.1 Hz, 1 H, H-5"), 3.94 (dd, J = 3.3, 11.0 Hz, 1 H, H-9’), 3.92 - 3.87
(m, 3 H, H-7°, H-3”, H-57), 3.84 (d, /= 3.2 Hz, 1 H, H-8"),3.79 (dd, J=3.8, 12.5 Hz, 1 H,
H-67), 3.70 (dd, J=2.2, 12.4 Hz, 1 H, H6”), 3.57 (t,J=9.6 Hz, 1 H, H-4”), 3.39 (dd, J =
3.5,10.8 Hz, 1 H, H-2”), 3.31 (dd, J = 8.4, 11.0 Hz, 1 H, H-10"), 1.97 (ddd, J = 2.0, 10.4,
14.6 Hz, 1 H, H-6"), 1.70 - 1.64 (dtd, J= 2.8, 11.2 Hz, 1 H, H-6); 3C NMR (176 MHz,
MeOD) 6 ppm 166.17 (C-4), 151.77 (C-2), 141.98 (C-6), 102.45 (C-5), 99.42 (C-11’),
97.04 (C-17), 88.68 (C-17), 86.90 (C-4"), 73.43 (C-2’), 73.22 (C-5”), 71.81 (C-77), 69.54
(C-8), 69.31 (C-37), 69.18 (C-9°), 68.94 (C-4’), 68.72 (C-3"), 66.89 (C-57), 59.85 (C-6),

53.82 (C-2), 52.98 (C-10°), 33.28 (C-6"); IR (neat) v: 3295 (N-H, O-H), 3057 (=C-H),
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2922 (-C-H), 1673 (C=0), 1263 (C-N), 1109 (C-0), 1064 (C-O); LRMS m/z (ESI"): 567
[(M+H)", 100%]; HRMS m/z (ESI"): calc. C21H3sN4O14 (M+H)* = 567.2144, found

567.2136.
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Parameter Value
Title hw19120911
Origin Bruker BioSpin GmbH
Spectrometer av700
Solvent D20
Temperature 298.0
Pulse Sequence 2960
Number of Scans 16
Receiver Gain 64
Relaxation Delay 1.0000
Puise Width 10,2300 I / f/_
Spectrometer Frequency 699.99 I I j f
Spectral Width 11160.7
Lowest Frequency -2080.4
Nucleus 1H
Acquired Size 32768
Spectral Size 65536
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a-D-glucosamine-(1”-11°)-tunicaminyl uracil dihydrochloride (9) 'H NMR spectrum
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Parameter Value
Title hw19120911
Origin Bruker BioSpin GmbH
Spectrometer av700
Solvent D20
Temperature 298.0
Pulse Sequence 2gpg30
Number of Scans 10240
Receiver Gain 2050
Relaxation Delay 2.0000
Pulse Width 15.0000
Spectrometer Frequency 176.01
Spectral Width 41666.7
Lowest Frequency -2711.2
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
- DT PP R P o o .
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a-D-glucosamine-(1”-11’)-tunicaminyl uracil dihydrochloride (9) 13C NMR spectrum
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Di-N’,N”-heptanoyl tunicamycin (10)
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Heptanoic acid (5.5 pL, 0.039 mmol, 2.5 eq.) was added to DMF (0.25 mL) with
the addition of TEA (2 pL) and DMAP (3.80 mg, 0.031 mmol, 2 eq.) and stirred at room
temperature for 1 h. Then, 9 (10 mg, 0.016 mmol) was dissolved in DMF (0.25 mL) with
the addition of TEA (4.1 uL), and added to the heptanoic acid reaction mixture. TEA was
added to final of 4 equivalents (8.7 uL total). The reaction mixture was stirred at room
temperature. The reaction progress was checked by TLC (1/3/6, H>O/iPrOH/EtOAc) and
HPLC. The reaction was stopped after 24 h. The product was purified by HPLC, eluted at
12 min. The lyophilised product was washed with DCM and MilliQ water and resulted in
4.80 mg (0.006 mmol) of the final product (10) in 39% yield. Rf= 0.4 (1/3/6, H.O/iPrOH/
EtOAc); [a]p?® = +26.8 £0.7 (¢ 0.2, MeOH); Mp N/A; 'H NMR (500 MHz, MeOD) &
ppm 7.92 (d, J = 8.1 Hz, 1H, H-6), 5.93 (d, /= 6.0 Hz, 1H, H-1"), 5.75 (d, /= 8.1 Hz, 1H,
H-5),4.94 (d, J=3.4 Hz, 1H, H-17), 4.61 (d, J = 8.5 Hz, 1H, H-11"), 4.24 — 4.16 (m, 2H,
H-2’, H-37), 4.06 — 3.99 (m, 2H, H-5’, H-5”), 3.95 (dd, J=10.2, 8.6 Hz, 1H, H-10’), 3.90
(dd, J=10.6, 3.5 Hz, 1H, H-2"), 3.87 — 3.81 (m, 2H, H-4’, H-6”), 3.77 (appt br d, /= 9.1
Hz, 1H, H-7), 3.71 — 3.62 (m, 4H, H-8’, H-9°, H-3”, H-6"), 3.34 (appt s, 1H, H-4"), 2.38
—2.02 (m, 5H, 2xCH,fty acyl 'H-67), 1.69 — 1.49 (m, 5H, 2xCH,f acyl H-67), 1.41 — 1.28
(m, 15H, CH™@ty a1l 1(0.92 (t, J = 6.8 Hz, 6H, CH3fty ayl); 3C NMR (126 MHz, MeOD) &
ppm 177.18, 176.59, (2C, -N-C=0faty acyl) - 166.17, (C-4), 152.64, (C-2), 142.77, (C-6),

103.06, (C-5), 101.28, (C-11°), 99.92, (C-17), 89.77, (C-1°), 89.63, (C-4°), 75.53, (C-2"),
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74.37, (C-5”), 73.04, (2C, C-8’, C-9°), 72.61, (C-4”), 72.49, (C-7°), 72.11, (C-3"), 70.89,
(C-3°), 68.34, (C-5"), 63.27, (C-67), 54.76, (C-2”), 54.47, (C-10), 37.81, 37.22, (2C, -
COCH,-fty 2¥1), 35.94, (C-6°), 32.87, 32.81, 30.26, 27.01, 26.82, 23.68, (6C, -CH,-fatty
ayl) 14.44. (1C, -CHsRt 2); IR (neat) v: 3305 (O-H), 2927 (C-H), 2856 (C-H), 1682
(C=0), 1645 (C=0),1552 (C=C), 1467 (CHy), 1376 (CHs), 1259 (C-O), 1094 (C-N);
LRMS m/z (ESI"): 813 [(M+Na)*, 100%]; HRMS m/z (ESI*): calc. C3sHssN4O16 (M+Na)

*=813.3740, found 813.3708.

H-4" signal in the 'H NMR spectrum observed to be partially overlapped by the

solvent peak. Not all aliphatic signals in carbon spectrum were resolved. Characterisation

was assisted by COSY and HSQC.
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Parameter Value
Title hw39570705
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent MeOD
Temperature 298.0
Pulse Sequence 2930
Number of Scans 16
Receiver Gain 3
Relaxation Delay 1.0000 / /
Pulse Width 10.6000
Spectrometer Frﬁency 500.30 S ~ - j
Spectral Width 10330.6
Lowest Frequency -2075.7
Nucleus 1H
Acquired Size 32768
Spectral Size 32768
N “ )
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Parameter Value
Title hw39570705
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent MeOD
Temperature 298.0
Pulse Sequence zgpg30
Number of Scans 2048
Receiver Gain 912
Relaxation Delay 2.0000
Pulse Width 10.2500
Spectrometer Frequency 125.80
Spectral Width 31250.0
Lowest Frequency -2866.2
Nucleus 13C
Acquired Size 32768
Spectral Size 32768
Y
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|
i
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Di-N’,N”-heptanoyl tunicamycin (10) '3C NMR spectrum
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Di-N’,N”-octanoyl tunicamycin (11)
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Reaction condition I: 8a (13.0 mg, 0.017 mmol) was dissolved in TFA (1 mL) and
stirred 1 h. TLC (1:2:2, W/iPOH/EtOAc) showed baseline spot. The reaction mixture was
cooled to 0 °C and neutralised by TEA by dropwise addition. The neutralised mixture was
then concentrated in vacuo, redissolved in THF with the addition of 4-
(dimethylamino)pyridine (2.07 mg, 0.017 mmol), N,N'-dicyclohexylcarbodiimide (10.0
mg, 0.048 mmol), and octanoic acid (10 eq., 0.170 mmol, 26.8 pL). After 12 h TLC (W/
iPrOH/EtOAc, 1:2:2) showed mixture of products. Work up with water and hexane, water
fraction collected, filtered and co-evaporated with toluene. Purification via reverse-phase
flash column chromatography (1:9 to 5:5, ACN/W) afforded 11 (9.00 mg, 0.011 mmol,
65%) as off-white powder; TLC: Rr0.4 in isopropanol/ethyl acetate (/POH/EtOAc, 3:7);

RP-TLC: Rf0.3 in water/acetonitrile (W/ACN, 1:1)

Reaction condition 2: Octanoic acid (19 pL, 0.117 mmol, 2.5 eq.) was added to
DMF (0.25 mL) with the addition of TEA (8.70 uL), N,N'-diisopropylcarbodiimide (2.5
eq., 18 uL, 15.0 mg, 0.117 mmol), and DMAP (11.5 mg, 0.094 mmol, 2 eq.), and stirred at
room temperature for one hour. Then, 9 (30.0 mg, 0.047 mmol) was dissolved in DMF
(0.25 mL) with the addition of TEA (17.5 pL), and added to the octanoic acid reaction
mixture. TEA was added to final of 4 equivalents. The reaction mixture was stirred at room

temperature. The reaction progress was checked by TLC (1/3/6, H.O/iPrOH/EtOAc) and
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HPLC. The reaction was stopped after 78 h. The product was purified by HPLC, eluted at
13.5 min. The lyophilised product was washed with DCM and MilliQ water and resulted in
2.5mg of the final product, 33% yield. Ry = 0.3 (1/3/6, H,O/iPrOH/EtOAc); [a]p?’ = +57.4
+0.4 (¢ 0.2, MeOH); Mp N/A; TH NMR (500 MHz, MeOD) 6 ppm 7.91 (d, J = 8.1 Hz,
1H, H-6), 5.92 (d, /= 6.0 Hz, 1H, H-1"), 5.75 (d, /= 8.1 Hz, 1H, H-5), 4.94 (d, J = 3.4 Hz,
1H, H-17), 4.60 (d, J = 8.5 Hz, 1H, H-11"), 4.24 — 4.15 (m, 2H, H-2’, H-3’), 4.06 — 3.98
(m, 2H, H-5’, H-57), 3.95 (dd, /= 10.0, 8.6 Hz, 1H, H-10"), 3.90 (dd, /= 10.6, 3.4 Hz, 1H,
H-27), 3.87 — 3.80 (m, 2H, H-4’, H-6), 3.76 (dd, J = 10.6, 1.6 Hz, 1H, H-7"), 3.70 — 3.61
(m, 4H, H-8’, H-9’, H-3”, H-6"), 3.34 (appt d, J = 4.0 Hz, 1H, H-4"), 2.38 — 2.14 (m, 4H,
2xCHofty 2yl "2 10 (m, 1H, H-6), 1.70 — 1.57 (m, 4H, 2xCH,faty acyl) ' 1 53 (ddd, J = 13.9,
11.4,2.2 Hz, 1H, H-6"), 1.41 — 1.24 (appt br m, 16H, CH ™ ay!) 0,91 (t, J = 6.9 Hz, 6H,
CH;faty acyl): 13C NMR (126 MHz, MeOD) & ppm 177.17, 176.58, (2C, -N-C=0fatty acyl),
166.16 (C-4), 152.63 (C-2), 142.76 (C-6), 103.07 (C-5), 101.31 (C-11’), 99.95 (C-17),
89.78 (C-1°), 89.63 (C-4°), 75.53 (C-2’), 74.37 (C-5”), 73.05 (2C, C-8’, C-9°), 72.61
(C-47), 72.49 (C-7°), 72.11 (C-37), 70.90 (C-3°), 68.34 (C-5"),63.27 (C-67), 54.76 (C-2"),
54.47 (C-10%), 37.81, 37.21 (2C, -COCH,-fatty acyl) " 35 94 (C-67), 33.00, 32.97, 30.56,
30.33, 30.27, 27.05, 26.85, 23.75 (8C, -CHy-fattyacyl) /14 45 (2C, -CH;fty a¥l); TR (neat) v:
3297 (0O-H), 2957 (C-H), 2925 (C-H), 2853 (C-H), 1684 (C=0), 1644 (C=0), 1556 (C=C),
1469 (CH), 1258 (C-0), 1091 (C-N), 1016 (=C-H); LRMS m/z (ESI"): 931 [ M+TFA-H),

100%]; HRMS m/z (ESI"): calc. C37H62N4O16Na (M+Na)™ = 841.4053, found 841.4045.

H-4" signal in the '"H NMR spectrum observed to be partially overlapped by the
solvent peak. Not all aliphatic signals in carbon spectrum were resolved. Characterisation

was assisted by COSY and HSQC.
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Parameter Value
Title hw32941303
Origin Bruker BioSpin GmbH
Spectrometer ave500
Solvent MeOD
Temperature 298.0
Pulse Sequence 2930
Number of Scans 64
Receiver Gain 3
Relaxation Delay 1.0000 / / r
Pulse Width 10.6000
Spectrorr@ Frequency 500.30 - - - f J
Spectral Width 10330.6
Lowest Frequency -2075.7
Nucleus 1H
Acquired Size 32768
Spectral Size 32768
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Di-N’,N”-octanoyl tunicamycin (11) '"H NMR spectrum
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Parameter Value

Title hw32941303

Origin Bruker BioSpin GmbH

Spectrometer avc500

Solvent MeOD

Temperature 298.0

Pulse Sequence zgpg30

Number of Scans 4096

Receiver Gain 912

Relaxation Delay 2.0000

Pulse Width 10.2500

Spectrometer Frequency 125.80

Spectral Width 31250.0

Lowest Frequency -2866.2

Nucleus 13C

Acquired Size 32768

Spectral Size 32768
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Di-V’,N”-octanoyl tunicamycin (11) '3C NMR spectrum
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Di-N’,N”-nonanoyl tunicamycin (12)
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Nonanoic acid (20.0 pL, 0.117 mmol, 2.5 eq.) was added to DMF (0.25 mL) with
the addition of TEA (8.70 pL), N,N'-diisopropylcarbodiimide (2.5 eq., 18 uL, 15.0 mg,
0.117 mmol), and DMAP (11.5 mg, 0.094 mmol, 2 eq.), and stirred at room temperature
for one hour. Then, 9 (30.0 mg, 0.047 mmol) was dissolved in DMF (0.25 mL) with the
addition of TEA (17.5 pL), and added to the nonanoic acid reaction mixture. TEA was
added to final of 4 equivalents (26.2 pL total). The reaction mixture was stirred at room
temperature. The reaction progress was checked by TLC (1/3/6, H,O/iPrOH/EtOAc) and
HPLC. The reaction was stopped after 78 h. The product was purified by HPLC, eluted at
15 min. The lyophilised product was washed with DCM and MilliQ water and resulted in
3.4 mg of the final product, 39% yield. Rt = 0.4 (1/3/6, H,O/iPrOH/EtOAc); [a]p?® =
+53.8 1.2 (¢ 0.3, MeOH); Mp N/A; 'H NMR (500 MHz, MeOD) & ppm 7.93 (d, J = 8.1
Hz, 1H, H-6), 5.95 (d, /= 5.9 Hz, 1H, H-1"), 5.77 (d, J= 8.1 Hz, 1H, H-5), 4.96 (d,J=3.0
Hz, 1H, H-17), 4.62 (d, J = 8.6 Hz, 1H, H-11"), 4.26 — 4.18 (m, 2H, H-2’, H-3"), 4.08 —
4.00 (m, 2H, H-5, H-57), 3.97 (t, J= 9.1 Hz, 1H, H-10’), 3.92 (dd, J = 10.7, 3.2 Hz, 1H,
H-27),3.89 — 3.81 (m, 2H, H-4’, H-6”), 3.78 (appt br d, /= 9.8 Hz, 1H, H-7"), 3.73 — 3.63
(m, 4H, H-8’, H-9’, H-3”, H-6"), 3.36 (appt d, J = 4.2 Hz, 1H, H-4”), 2.41 — 2.16 (m, 4H,
2xCH,ftty aeyly "2 12 (appt br t, J = 12.1 Hz, 1H, H-6), 1.71 — 1.59 (m, J = 6.7 Hz, 4H,
2xCHyfaty aeyl) 1,55 (appt br t, J = 12.6 Hz, 1H, H-6"), 1.34 (s, 20H, CH,ft a¥1) (.93 (t, J

= 6.5 Hz, 6H, CH;fty acyl); 13C NMR (126 MHz, MeOD) & ppm 177.17, 176.58 (2C, -N-
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C=0fty ay) 166.16 (C-4), 152.63 (C-2), 142.76 (C-6), 103.06 (C-5), 101.32 (C-11°),
99.97 (C-17), 89.78 (C-1°), 89.62 (C-4"), 75.53 (C-2°), 74.37 (C-57), 73.06, 73.04 (2C,
C-8°, C-97), 72.60 (C-4"), 72.49 (C-7°), 72.11 (C-3"), 70.89 (C-3), 68.33 (C-5°), 63.27
(C-6”), 54.76 (C-2”), 54.46 (C-10"), 37.82, 37.21 (2C, -COCH,-fty «¥1) 3594 (C-6"),
33.10, 33.09, 30.62, 30.58, 30.45, 30.43, 27.05, 26.85, 23.77 (9C, -CH,-Pty ayl) 14,47 (1C,
~CH;"t 2y"); TR (neat) v: 3301 (O-H), 2923 (C-H), 2852 (C-H), 1738 (C=0), 1646 (C=0),
1544 (C=C), 1420 (CHa), 1366 (CHs), 1229 (C-0), 1092 (C-N), 1015 (=C-H); LRMS m/z
(ESI): 891 [(M+FA-Hy, 100%]; HRMS m/z (ESI): calc. CioHesNyOis (M-Hy =

845.4401, found 845.4412.

H-4" signal in the 'H NMR spectrum observed to be partially overlapped by the
solvent peak. Not all aliphatic signals in carbon spectrum were resolved. Characterisation

was assisted by COSY and HSQC.
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Parameter Value
Title hw27550402
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent MeOD
Temperature 298.0
Pulse Sequence 2930
Number of Scans 16
Receiver Gain 3
Relaxation Delay 1.0000
Pulse Width 10.6000 / / j
Spectromjeter Frequency 500.30 —~ -~ a s
Spectral Width 10330.6
Lowest Frequency -2075.7
Nucleus 1H
Acquired Size 32768
Spectral Size 32768
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Parameter Value
Title hw27550402
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent MeOD
Temperature 298.0
Pulse Sequence 2gpg30
Number of Scans 3072
Receiver Gain 912
Relaxation Delay 2.0000
Pulse Width 10.2500
Spectrometer Frequency 125.80
Spectral Width 31250.0
Lowest Frequency -2866.2
Nucleus 13C
Acquired Size 32768
Spectral Size 32768 |
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Di-NV’,N”-nonanoyl tunicamycin (12) 13C NMR spectrum
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Di-N’,N”-decanoyl tunicamycin (13)
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Decanoic acid (21.0 puL, 0.117 mmol, 2.5 eq.) was added to DMF (0.25 mL) with
the addition of TEA (8.70 uL), N,N'-diisopropylcarbodiimide (2.5 eq., 18 uL, 15.0 mg,
0.117 mmol), and DMAP (11.5 mg, 0.094 mmol, 2 eq.), and stirred at room temperature
for one hour. Then, 9 (30.0 mg, 0.047 mmol) was dissolved in DMF (0.25 mL) with the
addition of TEA (17.5 pL), and added to the decanoic acid reaction mixture. TEA was
added to final of 4 equivalents (26.2 pL total). The reaction mixture was stirred at room
temperature and reaction progress was checked by TLC (1/3/6, H.O/iPrOH/EtOAc) and
HPLC. The reaction was stopped after 78 hours. The product was purified by HPLC,
eluted at 16.5 min. The lyophilised product was washed with DCM and MilliQ water and
resulted in 3mg of the final product, 39% yield. Rf = 0.4 (1/3/6, H.O/iPrOH/EtOAc);
[a]p?® = +38.0 £0.6 (c 0.3, MeOH); Mp N/A; 'H NMR (500 MHz, MeOD) & ppm 7.91 (d,
J=28.1Hz, 1H, H-6), 5.92 (d, /= 6.0 Hz, 1H, H-1"), 5.75 (d, /= 8.1 Hz, 1H, H-5), 4.93 (d,
J=3.4 Hz, 1H, H-17), 4.59 (d, J = 8.5 Hz, 1H, H-11"), 4.23 — 4.16 (m, 2H, H-2’, H-3"),
3.97 - 3.92 (m, 2H, H-5’, H-5"), 3.90 (appt t, J = 8.5 Hz, 1H, H-10’), 3.84 (dd, J = 10.6,
3.4 Hz, 1H, H-2”), 3.87 — 3.80 (m, 2H, H-4’, H-6"), 3.76 (appt br dd, /= 10.7, 1.7 Hz, 1H,
H-7°), 3.71 — 3.61 (m, 4H, H-8’, H-9’, H-3”, H-6"), 3.33 (appt d, J = 5.8 Hz, 1H, H-4"),
2.38 —2.02 (m, 4H, 2xCHxy acyl) 2 10 (m, 1H, H-67), 1.69 — 1.49 (m, 4H, 2xCH,fatty acyl),
1.55 (m, 1H, H-6"), 1.30 (s, 24H, CH™% ay1) /(.90 (t, J = 6.9 Hz, 6H, CH;fty aeyl); 13C

NMR (126 MHz, MeOD) & ppm 177.17, 176.58 (2C, -N-C=Ofty 2) 166.16 (C-4),
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152.63 (C-2), 142.76 (C-6), 103.06 (C-5), 101.33 (C-11), 100.00 (C-17), 89.78 (C-1°),
89.62 (C-4%), 75.53 (C-2°), 74.37 (C-57), 73.07, 73.04 (2C, C-8, C-9°), 72.60 (C-4”),
72.49 (C-7°), 72.11 (C-3”), 70.90 (C-3), 68.33 (C-5"), 63.27 (C-6"), 54.76 (C-2”), 54.46
(C-10°), 37.82, 37.20 (2C, -COCH,-" 2¥1), 35.94 (C-6"), 33.12, 30.74, 30.72, 30.68,
30.63, 30.53, 27.05, 26.84, 23.78 (9C, -CH-fatty a¥1) 14,48 (2C, -CHsftty ae¥l): TR (neat) v:
3305 (0-H), 2922 (C-H), 2851 (C-H), 1683 (C=0), 1645 (C=0),1551 (C=C), 1468 (CHa),
1260 (C-O), 1094 (C-N), 1017 (=C-H); LRMS m/z (ESI): 919 [(M+FA-H), 100%];

HRMS m/z (ESI"): calc. C41H70N4O16Na (M+Na)* = 897.4679, found 897.4666.

H-4" signal in the '"H NMR spectrum observed to be partially overlapped by the

solvent peak. Not all aliphatic signals in carbon spectrum were resolved. Characterisation

was assisted by COSY and HSQC.
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Parameter Value
Title hw29881802
Origin Bruker BioSpin GmbH
Spectrometer ave500
Solvent MeOD
Temperature 298.0
Pulse Sequence 2930
Number of Scans 16
Receiver Gain 3
Relaxation Delay 1.0000
Pulse Width 10.6000 / / f
Spectrometer }-rrequency 500.30 S - - 4
Spectral Width 10330.6
Lowest Frequency -2075.7
Nucleus 1H
Acquired Size 32768
Spectral Size 32768
s e ™ BT | — L
g g 3 a2 8 3 3 N 5
= == - - - e w AN )
T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
. . .
Di-N’,N”-decanoyl tunicamycin (13) '"H NMR spectrum
58 2 3 b3 888 ne MNUTo@oam MOHEYS T oSN NN o
N © < N o ER=E=] ~Ne Mmoo s e MAERH®RY RN YYLINQ® N
55 2 2 % S22 8% RINRRARRRE ITHITINRRRI[RNISL
\ I NV TSR e N SsSs e
Parameter Value
Title hw29881802
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent MeOD
Temperature 298.0
Pulse Sequence zgpg30
Number of Scans 4096
Receiver Gain 912
Relaxation Delay 2.0000
Pulse Width 10.2500
Spectrometer Frequency 125.80
Spectral Width 31250.0
Lowest Frequency -2866.2
Nucleus 13C
Acquired Size 32768
Spectral Size 32768
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Di-V’,N”-decanoyl tunicamycin (13) 3C NMR spectrum
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Di-N’,N”-undecanoyl tunicamycin (14)
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Undecanoic acid (23.0 puL, 0.117 mmol, 2.5 eq.) was added to DMF (0.25 mL) with
the addition of TEA (8.70 uL), N,N'-diisopropylcarbodiimide (2.5 eq., 18 pL, 15.0 mg,
0.117 mmol), and DMAP (11.5 mg, 0.094 mmol, 2 eq.), and stirred at room temperature
for one hour. Then, 9 (30.0 mg, 0.047 mmol) was dissolved in DMF (0.25 mL) with the
addition of TEA (17.5 pL), and added to the undecanoic acid reaction mixture. TEA was
added to final of 4 equivalents (26.2 puL total). The reaction mixture was stirred at room
temperature and reaction progress was checked by TLC (1/3/6, HoO/iPrOH/EtOAc) and
HPLC. The reaction was stopped after 78 hours. The product was purified by HPLC,
eluted at 18 min. The lyophilised product was washed with DCM and MilliQ water and
resulted in 3mg of the final product, 36% yield. Ry = 0.4 (1/3/6, H>O/iPrOH/EtOAc);
[a]p?® = +30.9 0.4 (c 0.25, MeOH); Mp N/A; 'H NMR (500 MHz, MeOD) 6 ppm 7.91
(d, /J=8.1 Hz, 1H, H-6), 5.92 (d, J= 6.0 Hz, 1H, H-1"), 5.75 (d, J = 8.1 Hz, 1H, H-5), 4.93
(d, /J=3.4 Hz, 1H, H-17), 4.60 (d, J= 8.5 Hz, 1H, H-11"), 4.23 — 4.15 (m, 2H, H-2’, H-3"),
4.05 — 3.98 (m, 2H, H-5’, H-57), 3.95 (m, 1H, H-10"), 3.90 (dd, J = 10.6, 3.4 Hz, 1H,
H-27), 3.86 — 3.80 (m, 2H, H-4’, H-6"), 3.76 (appt br dd, J=10.7, 1.8 Hz, 1H, H-7"), 3.71
—3.61 (m, 4H, H-8’, H-9’, H-3”, H-6"), 3.34 (m, 1H, H-4"), 2.37 — 2.14 (m, 4H, 2xCH,ft
acy) 2,13 — 2.05 (m, 1H, H-6"), 1.68 — 1.56 (m, 4H, 2xCH,™t 2yl ' 1,57 — 1.49 (m, 1H,
H-6"), 1.30 (appt br s, 32H, CH>fy a1y 0.90 (t, J = 6.9 Hz, 6H, CH;2W avl); 3C NMR

(126 MHz, MeOD) & ppm 177.17, 176.57, (2C, -N-C=0fty ay) 166,22 (C-4), 152.67
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(C-2), 142.76 (C-6), 103.06 (C-5), 101.34 (C-11"), 100.02 (C-1), 89.78 (C-1°), 89.62
(C-4%), 75.53(C-2"), 74.37(C-57), 73.07, 73.05(2C, C-8°, C-9°), 72.59 (C-4”), 72.49 (C-7"),
72.10 (C-3"), 70.90 (C-3°), 68.33 (C-5"), 63.27(C-67), 54.76(C-2"), 54.46(C-10°), 37.82,
37.20(2C, -COCHa-"ty :v1), 35.94(C-6), 33.13, 30.82, 30.79, 30.77, 30.68, 30.64, 30.63,
30.54, 27.05, 26.83, 23.79 (11C, -CH,-2ty 2031y 14.48 (2C, -CH;t 23); TR (neat) v: 3297
(0-H), 2956 (C-H), 2921(C-H), 2852 (C-H), 1738 (C=0), 1719 (C=0), 1680 (C=C), 1645
(C=0), 1550 (N-H), 1468 (CH,), 1366 (CHs), 1229 (C-O-C), 1217 (C-OH), 1260 (C-O),
1092 (C-N), 1017 (=C-H); LRMS m/z (ESI'): 947 [(M+FA-H), 100%]; HRMS m/z (ESI

): cale. C43H73N4016 (M-H) = 901.5027, found 901.5015.

H-4" signal in the 'H NMR spectrum observed to be partially overlapped by the
MeOD solvent peak. Not all aliphatic signals in carbon spectrum were resolved.

Characterisation was assisted by COSY and HSQC.
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Parameter Value
Title hw30842602
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent MeOD
Temperature 298.0
Pulse Sequence 2930
Number of Scans 16
Receiver Gain 3
Relaxation Delay 1.0000
Pulse Width 10.6000 / f f
Spectrorr{ter Frequency 500.30 - - - 7
Spectral Width 10330.6
Lowest Frequency -2075.7
Nucleus 1H
Acquired Size 32768
Spectral Size 32768
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Di-N’,N”-undecanoyl tunicamycin (14) '"H NMR spectrum
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Parameter Value
Title hw30842602
Origin Bruker BioSpin GmbH
Spectrometer avc500 | !
Solvent MeOD
Temperature 298.0
Pulse Sequence zgpg30
Number of Scans 3072
Receiver Gain 912
Relaxation Delay 2.0000
Pulse Width 10.2500
Spectrometer Frequency 125.80
Spectral Width 31250.0
Lowest Frequency -2866.2
Nucleus 13C
Acquired Size 32768
Spectral Size 32768
|
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Di-NV’,N”-undecanoyl tunicamycin (14) 13C NMR spectrum
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Di-N’,N”-dodecanoyl tunicamycin (15)

O
(0] /_<
/\/\/\/\/\)l\ HO T o / NH
o NoXZo O N S
N NN NN )
HO HO OH
HO 0]
OH

Dodecanoic acid (5.4 mg, 0.027 mmol, 2.5 equiv) was added to DMF (0.25 mL)
with the addition of TEA (2.0 uL), N,N'-diisopropylcarbodiimide (2.5 eq., 4.3 uL, 0.028
mmol), and DMAP (2.60 mg, 0.022 mmol, 2 eq.), and stirred at room temperature for one
hour. Then, 9 (6.90 mg, 0.011 mmol) was dissolved in DMF (0.25 mL) with the addition
of TEA (4.0 pL), and added to the dodecanoic acid reaction mixture. TEA was added to
final of 4 equivalents (6.0 pL total). The reaction mixture was stirred at room temperature
and reaction progress was checked by TLC (1/3/6, H2O/iPrOH/EtOAc) and HPLC. The
reaction was stopped after 68 hours. The product was purified by HPLC, eluted at 20.5
min. The lyophilised product was washed with DCM and MilliQ water and resulted in
3mg of the final product, 31% yield. Ry = 0.4 (1/3/6, H2O/iPrOH/EtOAc); [a]p*® = +15.9
+0.4 (¢ 0.25, MeOH); Mp N/A; '"H NMR (500 MHz, MeOD) & 7.92 (d, J = 8.1 Hz, 1H,
H-6),5.93 (d,/J=5.9 Hz, 1H, H-1"), 5.76 (d, /= 8.1 Hz, 1H, H-5), 4.94 (d, /= 3.5 Hz, 1H,
H-17), 4.60 (d, J = 8.5 Hz, 1H, H-11"), 4.24 — 4.17 (m, 2H, H-2’, H-3"), 4.08 — 3.99 (m,
2H, H-5°, H-5”), 3.96 (m, J = 8.6 Hz,1H, H-10"), 3.91 (dd, J = 10.6, 3.4 Hz, 1H, H-2”),
3.88 —3.80 (m, 2H, H-4’, H-6"), 3.77 (appt br dd, J = 11.1, 1.8 Hz, 1H, H-7"), 3.72 - 3.61
(m, 4H, H-8’, H-9’, H-3”, H-6"), 2.39 — 2.15 (m, 4H, 2xCHx™W ay!) 2 11 (m, 1H, H-6"),
1.70 — 1.57 (m, 4H, 2xCHyfty aeyl) " 1 54 (m, 1H, H-6"), 1.40-1.28 (appt broad m, 32H,
CH )ty ayl) 1091 (t, J = 6.9 Hz, 6H, CH;™2 a¥l); 13C NMR (126 MHz, MeOD) 6 ppm
177.17, 176.57 (2C, -N-C=0ftty acyl) ' 166.16 (C-4), 152.63 (C-2), 142.76 (C-6), 103.06
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(C-5), 101.35 (C-11°), 100.04 (C-17), 89.77 (C-1°), 89.62 (C-4’), 75.52 (C-2°), 74.37
(C-5”), 73.08, 73.04 (2C, C-8°, C-9°), 72.60 (C-4”), 72.49 (C-7°), 72.10 (C-3"), 70.90
(C-3), 68.33 (C-5"), 63.27 (C-67), 54.76 (C-2), 54.45 (C-10"), 37.82, 37.19 (2C, -
COCH,-Rty 2¥1), 35.94 (C-6"), 30.87, 30.83, 30.79, 30.77, 30.68, 30.65, 30.63, 30.55,
27.05, 26.83, 23.79 (11C, -CHa-"ty 2¥1), 14.48 (2C, -CH;" 2¥1); IR (neat) v: 3297 (O-H),
2956 (C-H), 2921 (C-H), 2851 (C-H), 1682 (C=0), 1646 (C=0), 1556 (C=C), 1468 (CH.),
1260 (C-0), 1092 (C-N), 1016 (=C-H); LRMS m/z (ESI): 976 [(M+FA-H), 100%];

HRMS m/z (ESI"): calc. C4sH7sN4O16Na (M+Na)* = 953.5305, found 953.5334.

H-4" signal in the '"H NMR spectrum observed to be partially overlapped by the

solvent peak. Not all aliphatic signals in carbon spectrum were resolved. Characterisation

was assisted by COSY and HSQC.

301



Experimental: Chemical Syntheses and Characterisations

Parameter
Title
Origin
Spectrometer
Solvent
Temperature
Pulse Sequence
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width

Value
hw29891802
Bruker BioSpin GmbH
ave500
MeOD
298.0
2930
16
3
1.0000
10.6000

-

Spectromet&r Frequency 500.30 - -
Spectral Width 10330.6
Lowest Frequency -2075.7
Nucleus 1H
Acquired Size 32768
Spectral Size 32768
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Di-N’,N”-dodecanoyl tunicamycin (15) "H NMR spectrum
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Parameter Value ‘ |
Title hw29891802 !
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent MeOD
Temperature 298.0
Pulse Sequence zgpg30
Number of Scans 4096
Receiver Gain 912
Relaxation Delay 2.0000
Pulse Width 10.2500
Spectrometer Frequency 125.80
Spectral Width 31250.0
Lowest Frequency -2866.2
Nucleus 13C
Acquired Size 32768
Spectral Size 32768
|
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|
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Di-N’,N”-dodecanoyl tunicamycin (15) 3C NMR spectrum
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Di-N’,N”-citronellyl tunicamycin (16)

(S)-(-)-citronellic acid (5.0 pL, 0.027 mmol, 2.5 eq.) was added to DMF (0.25 mL)
with the addition of TEA (2.0 pL), N,N-diisopropylcarbodiimide (2.5 eq., 4.3 uL, 0.027
mmol), and DMAP (2.70 mg, 0.022 mmol, 2 eq.), and stirred at room temperature for one
hour. Then, 9 (7.00 mg, 0.011 mmol) was dissolved in DMF (0.25 mL) with the addition
of TEA (4.06 pL), and added to the citronellic acid reaction mixture. TEA was added to
final of 4 equivalents (6.1 pL total). The reaction progress was checked by TLC (1/3/6,
H>0O/iPrOH/EtOAc) and HPLC. The reaction was stopped after 168 h. The product was
purified by HPLC, eluted at 14 min. The lyophilised product was washed with DCM and
MilliQ water and resulted in 5.1mg of the final product, 54% yield. Rf = 0.4 (1/3/6, H2O/
iPrOH/EtOAc); [a]p? = +45.2 £0.2 (¢ 0.4, MeOH); Mp N/A; TH NMR (500 MHz,
MeOD) 6 ppm 7.91 (d, J = 8.1 Hz, 1H, H-6), 5.92 (d, J=5.9 Hz, 1H), H-1"), 5.75 (d, J =
8.1 Hz, 1H, H-5), 5.11 (td, /= 7.0, 1.0 Hz, 2H, H-5"’), 4.96 (d, /= 3.4 Hz, 1H, H-17), 4.58
(d, J = 8.5 Hz, 1H, H-11"), 4.24 — 4.15 (m, 2H, H-2’, H-3"), 4.06 — 3.95 (m, 3H, H-5",
H-10’, H-5”), 3.91 (dd, J = 10.6, 3.5 Hz, 1H, H-2"), 3.87 — 3.80 (m, 2H, H-4’, H-6"), 3.76
(appt dd, J = 9.5, 1.9 Hz, 1H, H-7"), 3.71 — 3.60 (m, 4H, H-8’, H-9’, H-3”, H-6"), 3.33
(appt d, J = 9.4 Hz, 1H, H-4”), 2.24 (m, 2H, H-1"), 2.17 — 1.88 (m, 9H, H-6’, H-1"",
H-2°, H-4"), 1.67 (s, 6H, H-7"), 1.61 (s, 6H, H-8), 1.52 (m, 1H, H-6"), 1.37 (m, 2H,
H-3"), 1.23 (m, 2H, H-3"’), 0.96 (d, J = 6.4 Hz, 6H, H-9’); 13C NMR (126 MHz,

MeOD) § ppm 176.64, 176.02, (2C, -N-C=Qgliphatic chain) 166 18 (C-4), 152.63 (C-2),
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142.78 (C-6), 132.31, 132.26 (2C, C-6™), 125.57, 125.50 (2C, C-5), 103.05 (C-5),
101.59 (C-11°), 99.99 (C-1), 89.82 (C-1°), 89.62 (C-4*), 75.55 (C-2°), 74.37 (C-5"),
73.11, 73.00 (2C, C-8, C-9°), 72.74 (C-4”), 72.48 (C-7°), 72.19 (C-3”), 70.86 (C-3"),
68.34 (C-5"), 63.23 (C-67), 54.73 (C-27), 54.36 (C-10"), 45.39, 44.91 (2C, C-1""), 38.60,
38.50 (2C, C-3"), 35.94 (C-6), 31.78, 31.67 (2C, C-2""), 26.66, 26.63 (2C, C-4), 25.94
(C-7), 19.65 (C-9), 17.83 (C-8""); IR (neat) v: 3291 (O-H), 2966 (C-H), 2928 (C-H),
1700 (C=0), 1638 (C=0),1541 (C=C), 1092 (C-N); LRMS m/z (ESI'): 915 [(M+FA-H),

100%]; HRMS m/z (ESI*): calc. C41H65N4O16 (M-H) = 869.4401, found 869.4407.

H-4" signal in the 'H NMR spectrum observed to be partially overlapped by the

solvent peak. Not all aliphatic signals in carbon spectrum were resolved. Characterisation

was assisted by COSY, HSQC, and HMBC.
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Parameter Value
Title hw31480403
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent MeOD
Temperature 298.0
Pulse Sequence 2930
Number of Scans 16
Receiver Gain 3
Relaxation Delay 1.0000 J /
Pulse Width 10.6000
Spectrome‘gFrequency 500.30 S ‘/ ’f s [
Spectral Width 10330.6
Lowest Frequency -2075.7
Nucleus 1H
Acquired Size 32768
Spectral Size 32768
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Di-N’,N”-citronellyl tunicamycin (16) 'H NMR spectrum
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Parameter Value
Title hw31480403
Origin Bruker BioSpin GmbH
Spectrometer avc500
Solvent MeOD
Temperature 298.0
Pulse Sequence 2g9pg30
Number of Scans 3072
Receiver Gain 912
Relaxation Delay 2.0000
Pulse Width 10.2500
Spectrometer Frequency 125.80
Spectral Width 31250.0
Lowest Frequency -2866.2
Nucleus 13C
Acquired Size 32768
Spectral Size 32768
|
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Di-NV’,N”-citronellyl tunicamycin (16) '3C NMR spectrum
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Experimental

Biological Materials and Methods

General considerations

All prepared biological solutions and equipment, such as media, plastic and
glassware, used in handling of the microbial cultures were autoclaved/sterilised at 121 °C
for 20 min. in LTE Scientific Ltd tabletop Touchclave-R autoclave. All biological work
was performed in a Bassaire laminar flow cabinet. Bacterial cultures were incubated in
New Brunswick Scientific, Innova 42 and 44 Incubator Shaker Series. Centrifugation was
performed in Thermo Scientific Heracus Megafuge 40R, Beckman Coulter Avanti J-25,
Avanti J-26S XP, or Allegra X-12R centrifuge. Optical density was measured on BMG
Labtech SPECTROstar Omega spectrophotometer or Amersham Bioscience Ultrospec 10.
Water was deionised and passed through Millipore 0.22 um filter prior to use. CD was
measured on Applied Photophysics Chirascan circular dichroism spectrometer.
Crystallisation plate was prepared by Art Robbins Instruments Phoenix/RE. FPLC was
performed on Amersham Biosciences UPC-900 and AKTA GE Healthcare system by
monitoring UV absorption at 254 nm. Protein samples that required denaturation were
heated in a Techne Dri-Block DB-2A at 90 °C. PCR was performed on Applied
Biosystems, GeneAmp PCR System 9700. Gel electrophoretic analyses were done using
Apelex PS 304 Electrophoresis Power Supply, Bio-Rad Mini-sub Cell GT, Invitrogen
XCell SureLock™, or BioRad Power Pac Basic. DNA concentration was determined using
NanoDrop Spectrophotometer ND-1000. ITC analysis was carried out on MicroCal (GE

Healthcare) ITC200 isothermal titration calorimeter.
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All human tissue culture work was carried out in a designated tissue culture room,
with equipments and biosafety cabinet. Mammalian culture was maintained in Binder CO»
incubator. Fluorescence-activated cell sorting (FACS) analyses were done on BD
FACSCalibur, and the raw data were processed on FlowJo software. Cell images were
captured on FLoid® Cell Imaging Station by Life Technologies. Gloves and long-sleeve
lab gown were worn at all times. Any bio-waste or consumable tissue culture materials

were disposed in a designated auto-clave waste bin.

All antimicrobial and mammalian proliferation data were processed by GraphPad
PRISM 5.01 software. These include dose-response curves plotted from independent data

sets with SEM error bars.

All biological experimental work followed manufactured protocol, reported protocol,
or protocol described in Molecular Cloning: A Laboratory Manual (CSHL Press, 3rd
Edition, 2001) by Sambrook and Russell,! and Practical Streptomyces Genetics (John

Innes Foundation) by Kieser ef al.?
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Bacterial strains used in the thesis work3*

Name

Description

Source/Reference

Streptomyces chartreusis

Bacillus subtilis
Micrococcus luteus
Bacillus cereus
Escherichia coli
Staphylococcus aureus

Pseudomonas aeruginosa
Mycobacterium tuberculosis
S. coelicolor M1131

S. coelicolor M1135

S. coelicolor M1152

S. coelicolor M1037
S. coelicolor M1040

S. coelicolor M1152 tunB(-)

S. coelicolor M1152 tunF(-)

S. coelicolor M1489

S. coelicolor M1490

E. coli DH5a/BT340

E. coliBW25113

E. coli ET12567

E. coli ET12567/pUB307

E. coli BL21(DE3)

Lemo21(DE3)

NRRL3882, tunicamycins producing
strain

EC1524, Tunicamycin sensitive strain
Tunicamycin resistant strain

ATCC 11778

ATCC 25922

ATCC 29219

ATCC 27853

H37Rv

S. coelicolor M1146 carrying plJ12003a

S. coelicolor M1146 carrying pRT802
(vector-only control)

S. coelicolor M1146 carrying a point
mutation in rpsL for enhanced
expression of antibiotic gene clusters

Negative control, M1152+pRT801
Positive control, M1152+plJ12003a

Also named M1481. S. coelicolor
M1152 carrying plJ12003a_tunB(-).

Also named M1482. S. coelicolor
M1152 carrying plJ12003a_tunf(-)

tunB mutant complemented,
M1152+plJ12003aAtunB
+pSET152_ermE*p_tunB

tunF mutant complemented,
M1152+plJ12003aAtunF
+pSET152_ermE*p_tunF

Host strain for FLP recombination

Host strain for A Red recombination

Methylation-deficient strain used for
conjugation with Streptomyces

Donor strain for conjugative transfer of
mobilisable plasmids to Streptomyces

General purpose expression host

Tunable expression controlled by
varying the level of lysozyme (lysY), the
natural inhibitor of T7 RNA polymerase.
E. coli expression host used for difficult
soluble protein expression.

DSMZ

John Innes Centre (JIC)
John Innes Centre (JIC)
DSMz

Thermo Scientific
Thermo Scientific
Thermo Scientific

National Institutes of Health
(NIH)

Wyszynski et al. 2010.

Wyszynski et al. 2010.

Gomez-Escribano J.P. personal
communication (JIC)

Wyszynski et al. 2014.
Wyszynski et al. 2014.

Wyszynski et al. 2014.

Wyszynski et al. 2014.

J.P. Gomez-Escribano, personal
communication (JIC)

J.P. Gomez-Escribano, personal
communication (JIC)

J.P. Gomez-Escribano, personal
communication (JIC)

J.P. Gomez-Escribano, personal
communication (JIC)

J.P. Gomez-Escribano, personal
communication (JIC)

J.P. Gomez-Escribano, personal
communication (JIC)

Life Technologies

New England BioLabs
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Plasmids used in the thesis work

Name Description Source/Reference
J.P. Gomez-Escribano,
plJ773 Construct containing aac(3)/V resistance marker personal communication
(JIc)
Conjugative derivative of Supercos1 that integrates in ~ J.P. Gomez-Escribano,
pRT802 a single copy at the ¢C31 attachment site in the personal communication
Streptomyces host (JIC)
J.P. Gomez-Escribano,
plJ790 A RED recombinase, chloramphenicol resistance personal communication
(JIC)
J.P. Gomez-Escribano,
puUZ8002 OriT-RP4 derivative, kanamycin resistance personal communication
(JIc)
BT340 FLP recombinase, chloramphenicol and carbenicillin J'glfﬁé?iiﬁ%iﬁgg&n
resistance p
JIC)
plJ12003a 12.9 Kbp minimal tun cluster cloned into the Sacl site Wyszynski et al. 2010.

plJ12003a_tunB(-)

plJ12003a_tunF(-)

pET21a:tunD

pET28a:tunE

of pRT802

plJ12003a with tunB sequence replaced by 81bp scar
sequence

plJ12003a with tunF sequence replaced by 81bp scar
sequence

tunD from pET16b:tunF cloned into vector pET21a at
Ndel-Xhol sites

tunE from S. chartreusis cloned into vector pET28a(+)
at Ndel-BamHl sites. The tunE sequence was codon
optimised for E. coli and synthesised by Genscript

Wyszynski et al. 2014.

Wyszynski et al. 2014.

F. J. Wyszynski,
personal communication
(Oxford)

F. J. Wyszynski,
personal communication
(Oxford)

Seung Seo Lee,

pET22b:0tsA tunA from E. coli cloned into pET22b vector personal communication
(Oxford)
PAP from Acinetobacter johnsonii cloned into vector
Genscript
Mammalian cell lines used in the thesis work
Name Description Source/Reference
HepG2 Human hepatocellular carcinoma cells In-house
HEK293 Human embryonic kidney cells In-house
HEK293T Human embryonic kidney cells In-house
Raji B-lymphocytes In-house
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Proteins

Protein

Amino acids

Amino acid sequence?

MW (avg.) / pl

Native
TunD

472

MEIFTVSDQVWGGKHRYMHDMALGLAQAGHTVTVLAEEGG
AMLQQCRAAGVTTVSVPAFASDDAAEAVRKALRHRRPHIVCV
SGRADAAAVHHAQSQGVTDAAVCLFRHSAFPLGTTDEVRDLF
TGVNLVFTTSLEQRQRQFEPLINAGVLKDEQVEILTSGVGEPL
LAALDAADRGAARKELRAESDQFVFLVLARLAWEKGIDQVIDA
FADLELPPDAAPPLLVVAGEGPLEAELRGQTIERGVAERVQFL
GHQDHVAPVIKASDAVVLTSTVPETGPLALKEAMAAGRPVIAS
VQGGIPEFVEDERHGLLVIDDEDLRQAMQRLLSDREAAETMG
AAGSESVRGGHRAVRRVEYLAHRLDLLALEQLAPDTVLHEVV
WDDVRLREETQGGFVFVPRTSHIMELDSATYAVVRTAVEAGD
PLQLIKLPEETLGVIAHRLYAMGALVRQDGQATPAARTADGER
PVTEPA

Mw = 50832 Da

pl = 5.01

Native
TunE

234

VKVLVIAAHPDDEVLGAGATVSALSQQGAVVQIHILAEGISLRH
SGVKIEEARERCQVAAKDLGAAEVSFGGLAADGRLLADLPQR
QVVDAVSHALREAEPEVVFTHHPGDIHADHRSVAHAVGYGTR
ILGSGSVRQVLHFEVLSSTEQQTGLVAPFTPNLFYDVTGHVEA
KCRALAAYPYELYDPPHPRSLAAVRTLASYRGTQVGVEAAEA
FMIGRELRGPMAAVPSGVDVR

Mw = 24799 Da

pl =5.93

TunD-
Hiss

481

MEIFTVSDQVWGGKHRYMHDMALGLAQAGHTVTVLAEEGG
AMLQQCRAAGVTTVSVPAFASDDAAEAVRKALRHRRPHIVCV
SGRADAAAVHHAQSQGVTDAAVCLFRHSAFPLGTTDEVRDLF
TGVNLVFTTSLEQRQRQFEPLINAGVLKDEQVEILTSGVGEPL
LAALDAADRGAARKELRAESDQFVFLVLARLAWEKGIDQVIDA
FADLELPPDAAPPLLVVAGEGPLEAELRGQTIERGVAERVQFL
GHQDHVAPVIKASDAVVLTSTVPETGPLALKEAMAAGRPVIAS
VQGGIPEFVEDERHGLLVIDDEDLRQAMQRLLSDREAAETMG
AAGSESVRGGHRAVRRVEYLAHRLDLLALEQLAPDTVLHEVV
WDDVRLREETQGGFVFVPRTSHIMELDSATYAVVRTAVEAGD
PLQLIKLPEETLGVIAHRLYAMGALVRQDGQATPAARTADGER
PVTEPAELEHHHHHH

Mw = 52026 Da

pl =5.16

Hise-
TunE

254

MGSSHHHHHHSSGLVPRGSHM*KVLVIAAHPDDEVLGAGATV
SALSQQGAVVQIHILAEGISLRHSGVKIEEARERCQVAAKDLG
AAEVSFGGLAADGRLLADLPQRQVVDAVSHALREAEPEVVFT
HHPGDIHADHRSVAHAVGYGTRILGSGSVRQVLHFEVLSSTE
QQTGLVAPFTPNLFYDVTGHVEAKCRALAAYPYELYDPPHPR
SLAAVRTLASYRGTQVGVEAAEAFMIGRELRGPMAAVPSGVD
VR

Mw = 26994 Da

pl = 6.33

PAP-
Hiss

517

MKETAAAKFERQHMDSPDLGTLVPRGSMADIGSMDTETIASA
VLNEEQLSLDLIEAQYALMNTRDQSNAKSLVILVSGIELAGKGE
AVKQLREWVDPRFLYVKADPPHLFNLKQPFWQPYTRFVPAE
GQIMVWFGNWYGDLLATAMHASKPLDDTLFDEYVSNMRAFE
QDLKNNNVDVLKVWFDLSWKSLQKRLDDMDPSEVHWHKLH
GLDWRNKKQYDTLQKLRTRFTDDWQIIDGEDEDLRNHNFAQ
AILTALRHCPEHEKKAALKWQQAPIPDILTQFEVPQAEDANYK
SELKKLTKQVADAMRCDDRKVVIAFEGMDAAGKGGAIKRIVKK
LDPREYEIHTIAAPEKYELRRPYLWRFWSKLQSDDITIFDRTW
YGRVLVERVEGFATEVEWQRAYAEINRFEKNLSSSQTVLIKFW
LAIDKDEQAARFKARESTPHKRFKITEEDWRNRDKWDDYLKA
AADMFAHTDTSYAPWYIISTNDKQQARIEVLRAILKQLKADRDT
DALEHHHHHH

Mw = 60505 Da

pl = 6.02

The HPDD zinc-binding motif is highlighted.
aThe vector-ended Hise fusion is highlighted in red in the amino acid sequence.
*The initiating valine in native TunE has been mutated to a methionine in Hiss-TunE.
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Materi, nd Media R

Restriction endonucleases, OneTaq Hot Start DNA Polymerase, 1kbp DNA Ladder,
6x Orange Loading Dye and other DNA modifying enzymes were purchased from New
England Biolabs. MOPS and MES NuPAGE 20X running buffer, 10 % and 4 - 12 %
NuPAGE Bis-Tris Gel, DH5a Subcloning Efficiency competent cells were purchased from
Invitrogen. BL21(DE3) and Rosetta2(DE3) competent cells, Perfect Protein™ Marker 15
— 150 kDa and 10 — 225 kDa were purchased from Novagen. SOC media, BSA, BCIP/
NBT Liquid Substrate System, monoclonal anti-polyhistidine-phosphatase antibody
produced in mouse were purchased from Sigma Aldrich. Undecaprenyl-MPDA (98 %) was
purchased from Larodan Fine Chemicals. UDP-MurNAc-L-Ala-y-D-Glu-m-DAP-D-Ala-
D-Ala (96 %) was purchased from Warwick UK-BaCWAN. LB and TB media were
purchased as dry granules from Melford and prepared according to manufacturer’s
instruction. Agar and glycerol were purchased from Fisher Scientific. Dialysis bag/case,
Pierce BCA protein assay kit, 1-StepTM TMB-Blotting were purchased from Thermo
Scientific. Vivaspin and syringe filter purchased from Sartorius Stedim Biotech. DPAGT1
(P-14) goat polyclonal IgG was purchased from Santa Cruz Biotechnology. Instant Blue
coomassie blue stain was purchased from Expedeon Protein Solutions. All other biological
media reagents, buffers, and antibiotics were purchased from common suppliers and used

as purchased.

Antibiotic stock solution (0.1 g mL-!) preparation

1 g of desired antibiotic dissolved in 10 mL of milliQ water, and the filtered via

0.20 pm filter. The stock can be used immediately, or stored at 4 °C.
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1 M IPTG stock solution preparation
11.9 g (50 mmol) of IPTG dissolved in 50 mL of milliQ water, and the filtered via

0.20 um filter. The stock can be used immediately, or stored at 4 °C or -20 °C.

LB media preparation
25 g of LB granules was dissolved in 1 L of deionized water in 2-L conical flask.
The flask was covered with a foam stopper and aluminum foil, and autoclaved at 121 °C

for 20 min. The media was allowed to cool down before use.

TB + glycerol media preparation
47.6 g of TB granules and 4 mL of glycerol were dissolved in 1 L of deionized
water in 2-L conical flask. The flask was covered with a foam stopper and aluminum foil,

and autoclaved at 121 °C for 20 min. The media was allowed to cool down before use.

Agar plate preparation

2.5 g of LB granules and 1.5 g of biological agar were dissolved in 100 mL of
deionized water in 250-mL conical flask. The flask was covered with a foam stopper and
aluminum foil, and autoclaved at 121 °C for 20 min. The agar medium was allowed to cool
to ~50 °C before adding any antibiotics. Antibiotics: ampicillin = 100 mg/L;
chloramphenicol = 100 mg/L; and/or kanamycin = 100 mg/L. After the addition of the
antibiotic(s), the agar medium was poured into sterile Petri dishes (~10 mL per plate). The

plates were set and cooled, and ready to be used or stored in 4 °C.
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DNA Agarose Gel Recipe
Agarose (Melford) 04¢g
TAE Buffer (Invitrogen) 50 ml

Ethidium Bromide (Sigma-Aldrich) 3 pl

DNA preparation and isolation

QIAGEN QIAquick Gel Extraction Kit was used in gel extraction procedures.
QIAGEN QIAprep Spin Miniprep Kit was used in isolation of plasmid from E.coli
cultures. QIAGEN QIAquick PCR Purification Kit was used for PCR reaction and
endonuclease digestion reactions. Protocols were followed as given by the manufacturer.

All protocols can be accessed from the manufacturer without charge.

Mueller-Hinton Broth

Oxoid Mueller-Hinton broth was prepared according to manufacture procedure.

Mueller-Hinton Agar

Oxoid Mueller-Hinton Agar was prepared according to manufacture procedure.

Mueller-Hinton Agar Plate>-¢

Muller-Hinton agar plate was prepared according to CLSI standards. Oxoid
Mueller-Hinton Agar was prepared according to manufacture procedure. 25 mL of the
warm agar solution was transferred to 100 mm petri plate via sterile pipette. The agar plate
was cooled at room temperature for 15 minutes before use or storage at 4 °C up to two

weeks.
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TYD (Sterile dextrose solution is added after the medium has been autoclaved)
Tryptone 2g

Yeast Extract 2g

MgCl> 6H.0 03¢g

Distilled water 1000 ml

Dextrose 6g

MS (autoclaved twice)

Agar 20g
Mannitol 20g
Soya flour 20g
Tap water 1000 ml
OA

Oats 04¢g
Agar 02¢g
Tap water 100 ml
DNA

4.6 g Difco Nutrient Agar

200 ml distilled water

Stock preparation. Stocks were prepared as 1.25 mg/mL or 1 mg/mL in MilliQ water or

methanol, and stored at -20 °C.
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0.5 McFarland standard. It is equivalent to bacterial suspension containing between 1e8

to 2e8 CFU mL"! of E. coli.

BaClz (0.048 mol L', 1.175% wt/vol BaCl, « 2H>0) 0.5 mL

H2S04 (1% vol/vol) 99.5 mL

The standard can be verified by spectrophotometer for correct density. The
measurement taken at 1-cm light path and absorbance at 625 nm should be 0.08 to 0.13 for
the 0.5 McFarland standard. The suspension can be transferred as 4- to 6-mL aliquots in
screw-cap glass vials of the same size used as those in standardising bacterial inoculums.

The McFarland standard can be stored in the dark at room temperature.

Tissue Culture

Dulbecco’s PBS (Sigma Aldrich, D8537)

Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma Aldrich, D8537)
RPMI-1640 Medium (Sigma Aldrich, R8758)

Fetal Bovine Serum, heat inactivated (Sigma Alrdich F9665)

Trypsin-EDTA(1X) 0.25%, (Gibco by Life Sciences)

Propidium Iodide (PI)/RNase Staining Solution (New England BioLabs)

The PI staining followed the manufacturer’s instructions.

CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) (Promega)

The assay followed the manufacturer’s instructions.
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Protocols

S. chartreusis NRRL3882 culture and Tunicamycins extraction

S. chartreusis culture. Streptomyces chartreusis NRRL3882 purchased from DMSZ
GmbH was used for tunicamycins production. S. chartreusis was initially grown on Oats
Agar medium at 28 °C for 1-2 weeks period when sufficient single colonies of spores were
present, but no more than two weeks to preserve spore viability. A single spore colony was
then taken to propagate on a fresh Oats Agar plate and grown for another 1-2 weeks when
sufficient spores were present to make a spores stock. The spores stock was prepared by
saturating the spore colonies on the plate with glycerol (25% v/v) and gently scrapping the
spore colonies. The spore solution was then filtered through cotton and into a sterile 1.8-ml
TUNC Cryo vial. The spores stock can be stored at -20 °C. The spore stock was then use
to produce seedlings in liquid medium culture flask, as described below.

Large-scale aerobic bacterial growth was employed for tunicamycins biosynthesis.
Sterilised 50 mL TYD medium in a 100-mL Erlenmeyer flask with coiled-spring to
prevent spores from clumping was inoculated with 5 puL of spores stock, and then
incubated overnight at 28 °C, 200 rpm, to make a 50 mL of S. chartreusis seedling culture.
With 12 L of TYD in 2-liter conical flasks, each was inoculated with 1 mL of the seedling

culture of S. chartreusis spores and incubated with shaking at 28 °C, 200 rpm, for 7 days.
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Extraction of tunicamycins. On the 7% day from the initial inoculation, the
fermentation broth was sprung down via centrifugation at 8000 rpm, 4 °C, for 10
minutes. After centrifugation, the supernatant was filtered into a 5-liter conical flask
via Fisherbrand filter paper to leave out any mycelial spore suspension and to separate
from the mycelial cake. Alternatively, the culture can be left to settle and decant to
separate the broth and the mycelium. Mycelial cake was then transferred into a 500-
mL conical flask. The supernatant extraction and mycelial cake extraction were then
carried out in two-part extraction before combining for purification. Both extraction

processes are elucidated below.

Tunicamycins extraction from culture broth. Tunicamycins are secreted in the
culture broth. For every liter of supernatant, 15 g of Amberlite XAD-16 (Sigma-
Aldrich) was added; therefore, 180 g Amberlite XAD-16 for 12 liters of supernatant.
The addition of the resin assisted in extraction of tunicamycins via hydrophobic
interaction with the lipid chain of the homologues. The resin-supernatant mixture was
stirred at room temperature for 90 minutes. After 90 minutes, the resin was left to
settle, undisturbed, for at least 15 minutes before discarding the supernatant by
decantation. The resin was transferred into a beaker and followed the washing

sequence listed:

Amberlite XAD-16 wash sequence

Cycle Solvent* Time
2X  MilliQ Water 15 mins.

2X Methanol 15 mins.
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2X  nm-isopropanol 15 mins.
1X  Methanol 1 hour

*The amount of solvent added was to double the original volume of the resin.

The organic solvent fractions were collected and concentrated in vacuo. 15 mL of 1
M HCI (aq.) was added to every 1 mL of the concentrated extract. The acidic mixture was
transferred into Falcon 50-mL tubes, vortexed for 5 minutes, and centrifuged at 3,750 rpm
for 10 minutes at 4 °C. The white foam on the top of the solution and the precipitation on
the bottom were collected and dissolved in 20 mL of methanol. The precipitation contains

tunicamycins since tunicamycins are insoluble in acidic conditions.

Tunicamycins extraction from mycelial cake. 1 M HCI (aq.) was added to double the
volume of the volume of mycelial cake obtained, or add MilliQ water to the mycelial cake
of desired volume and make the mixture to final concentration of 1 M HCI (aq.); this
process precipitated the tunicamycins, as they are insoluble in acidic environment while
solubilising some cell residuals. The acidic mycelial mixture was stirred at room
temperature for 30 min. It is important that the acid-cell mixture do not exceed longer than
30 minutes as the acidic condition may start to degrade the tunicamycins. After 30 min.,
the acidic cell mixture was centrifuged at 10,000 rpm for 10 min. at 4 °C. The acidic
supernatant was discarded. Acidification process was repeated but the stir time was
reduced to 15 minutes. Then methanol was added to triple the volume of the cell pellet.
The methanol-cell pellet mixture was stirred for 90 min. at room temperature then

centrifuged at 10,000 rpm for 10 min. at 4 °C. The methanol supernatant was collected.
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The methanol extraction process was repeated second time. The methanol extracts were

combined and continued with purification.

Isolation and purification of crude tunicamycins. The methanol fractions collected from
supernatant and cell pellet extraction were combined, filtered via 0.2 um membrane, and
evaporated in vacuo. Crude tunicamycins extract was purified via flash chromatography
(W/iPrOH/EtOAc, 1:3:6). A repeat of flash chromatography was necessary to obtained a
cleaner sample.

Alternatively, the organic fractions after filtration can be evaporated in vacuo and
then adding excessive amount of acetone and leave overnight at 4 °C. The precipitated
tunicamycins can be collected through filtering (paper or glass) the acetone solution.

The crude tunicamycins fraction was collected, concentrated in vacuo, and freeze-
dried. The crude tunicamycins can be stored at -20 °C. Isolated crude tunicamycins were
characterised by TLC, '"H NMR, and LC/MS analysis and compared to an authentic
sample purchased from Enzo Life Sciences. Commercial sample of tunicamycins contain
four homologues, n = 8, 9, 10, 11. The crude tunicamycins isolated from S. chartreusis

appeared to contain 12 homologues (m/z 749, 763, 776, 790, 804, 818, 832, 846, 860, 875,

889, 904).
TOFP«ISE§+
100, TUnicamycins (commercial sample) 832 816 860 3.55e4
=] 818
OA'J’*'“‘“JL‘“‘W”
TOFM§E84
100, Tunicamycins (S. chartreusis NRRL3882) o1 832 846 860 b.43e4
790 875
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Tunicamycins yield from extraction process.

Culture Crude

S. chartreusis NRRL3882 Sample? | HPLC® Purity | Final yield®

Culture Date {I?ilt:':)le ::Jnrg;:amycins (mg mL) | (mg mL") | (%) (mg Liter)
09/06/2012 24 1066 1.30 1 79 35
14/082012 12 1483 1.40 0 34 42
13/11/2012 1 891 1.40 1 56 46

Average | 56.00%| 40.8 mg Liter"

a Amberlite XAD-16 resin was used in the extraction process. The resin can be used once. However, the third
time of reusing the resin can dramatically reduce the yield of tunicamycins by almost a half.

aHPLC injection sample concentration of crude tunicamycins

bConcentration determined by HPLC based on a standardised curve

¢Tunicamycins yield from the culture, based on the % purity

Kirby-Bauer Disc Diffusion Test.” Oxoid Blank Disc was impregnated with the desired
test substance. A 0.5 McFarland standard inoculum was prepared by adding 3-5 single
colonies to 10 mL MH broth in 15 mL-falcon tube and standardised to 0.5-McFarland
standard. The inoculum was used within 10 minutes. A sterile cotton swab was dipped in
the inoculum, gently pressed against the side of the tube to remove excess liquid, and
generously streaked on MH agar plate to fully cover the plate. The impregnated disc was
carefully placed on the agar (important: once the disc has touched the agar, it should not be
moved). The plate was incubated at 35 °C for 20 hrs overnight. A digital calliper was used
to measure the zone diameter. The recorded zone diameter is an average of three zone

diameters measured of one zone.

Micro-broth dilution culture to determine minimal inhibition and minimal
bactericidal concentrations (MIC and MBC).>?® In a sterile 96-well plate, serial dilutions
were made with the test substance to final volume of 50 pL. Inoculum was then prepared
in Mueller-Hinton broth to 0.5 McFarland and diluted before adding 50 pL to the well to
make ~1e5 CFU per mL. The culture plate was incubated at 35 “C for 20-24 h. A positive

growth control and sterile wells were also prepared along with the culture wells.
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Absorbance at ODesoo was taken using BMG Labtech SPECTROstar Omega
spectrophotometer. MIC was determined by the lowest concentration without growth. ICso
is determined from plotting a dose-response curve. To determine the MBC, using a multi-
channel pipette, 1 pL of culture broth was taken from the same 96-well micro-dilution
growth plate and carefully inoculated on surface of MH agar plate. The plate was then
incubated for additional 20 h at 35 °C. The MBC value is the lowest concentration without

observed growth on the agar.

HepG2 and HEK293 cell culture. Mammalian cells were cultured in DMEM medium
supplemented with 10% heat inactivated fetal bovine serum (FBS, v/v). The cultures were

maintained in a humidified incubator at 37 °C in 5% C0O2/95% air.

Raji cell culture. cells were cultured in RPMI-1640 medium supplemented with 10% heat
inactivated fetal bovine serum (FBS, v/v). The cultures were maintained in a humidified
incubator at 37 °C in 5% C02/95% air. FBS was reduced to 2% for the cell proliferation

assay.

Cell proliferation assay. In sterile 96-well plate, each well is seeded with ~1x10° cells.
The cells are then grown confluent overnight in 100 uL. DMEM with 10% FBS. The
medium is replenished with DMEM with 2% FBS and added vehicle control or test
substance the next day. For test substance in methanol, stock was added to 25 pL of
DMEM with 2% FBS or PBS and placed in the laminar flow hood to let the methanol
evaporate (about 1-3 hrs). Once the methanol has evaporated, DMEM with 2% FBS was

added to final volume of 100 pL of desired test concentration. A blank methanol control
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should also be made to ensure any cytotoxicity is not resulted from methanol
contamination. Cells are grown for additional 24 h. The cell viability was determined by
using Promega CellTiter 96© AQueous One Solution Cell Proliferation Assay System

following the manufacture protocol.

Cell proliferation assay (Raji). In sterile 96-well plate, each well was seeded with ~1x103
cells from 1x107 cells/mL stock (10 pL of the stock to each well), in RPMI-1640 with 2%
FBS. Test substance was prepared in RPMI-1640 with 2% FBS and added to the well to
make final volume of 100ul with the desired dose. Raji cells were grown for additional 24
h after treated with the test substance. The cell viability was determined by using Promega
CellTiter 96° AQueous One Solution Cell Proliferation Assay System and following the

manufacturer’s instructions.

Cell Cycle Test. The cell cycle tests were carried out in 96-well tissue culture plate. A
stock of HEK293 cells was first grown in a T-75 tissue culture flask. Once the cells were
about 90% confluent, the old medium was decanted and the cells were carefully washed
with PBS and resuspended in DMEM with 10% FBS. HEK293 cells were then seeded into
the 96-well plates (1e5 cells per well). Before placing the culture in the incubator (37 °C
with 5% CQOz), the plate was set aside for 10 minutes for the cells to settle to the bottom of
the plate. Once the cells were confluent the next day or when they are ready to be treated,
DMEM with 2% FBS containing the test substance is prepared beforehand during the day
of the cell treatment. For the 24 h cell cycle analysis, 2% FBS in growth medium was
used. For the time-course cell cycle test (24, 48, 72), 10% FBS in growth medium was

used (see below).
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Once the cell culture was ready for harvesting, the cells are then fixed with cold 70%
ethanol after two washes with PBS (w/ 0.1% BSA). The cells were fixed overnight at 4 °C.
Propidium Iodide (PI)/RNase Staining Solution from NEB was used for DNA staining.
The staining process followed the manufacturer’s instructions.

For compounds in methanol, the methanol from stock solution was added to 50 uL of
DMEM or PBS in a round-well plate (8-well plate) and placed in the laminar hood to have
the methanol evaporated off (~1 h) and then adding the needed volume of DMEM with 2%

FBS to the desired volume.

Time-course Cell Cycle Test. The time-course cell cycle test was carried out in 96-well
tissue culture plate. Three sets of plates were prepared as described above with samples
prepared in triplicate. A 0 h control cell culture was first collected before setting up the
plates for treatment. Each plate was used for 24 h, 48 h or 72 h time-point data collection.
Due to nature of the experiment, the DMEM used contained 10% Heat-inactivated FBS for
the cells to have enough nutrients to the 72hr cell cycle. Once the cell culture is ready for
harvesting, the cells are then fixed with cold 70% ethanol after two washes with PBS (w/
0.1% BSA). The cells were fixed overnight at 4 °C. Propidium lodide (PI)/RNase Staining
Solution from NEB was used for DNA staining. The staining process followed the

manufacturer’s instructions.

IgG1Fc N-Glycosylation test. The test was carried out in a 6- or 8-well tissue culture

plate. The transfected HEK293T/pHLsec:IgG1Fc cell culture harbouring pHLsec:IgG1Fc

plasmid with a Hise-Tag IgG1Fc (Transfection protocol below) was grown for 2-3 days (37
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°C with 5% COz) with or without the presence of the test compound. Then the growth

medium is collected and analysed by SDS-PAGE and Western blot.

Transfection Protocol (DNA: 4 ug mL"!, PEI (linear 25 kDa): 4.6 ug mL-"). Transfection
reagents and medium were prepared fresh every time. A PEI stock solution was first
prepared (100 pg mL-"). PEI was added in MilliQ water and HCI (aq.) was then added
drop-wise with just enough to help solubilise the PEI. The PEI solution was filtered
through 0.2 pm membrane in laminar sterile hood, and set aside. Then, the DNA stock
solution was added to serum-free DMEM medium at room temperature to make a final
DNA-DMEM concentration of 4 pg mL-!. The PEI solution was then added to DMEM-
DNA solution to make a final concentration of PEI at 4.6 pg mL-!. The PEI-DNA
transfection medium was then gently stirred at room temperature for 20 minutes before
use. For the transfection step, the DNA-PEI transfection was first added and placed in the
incubator (37 °C with 5% CO3) for 10 minutes and then DMEM with 2% FBS was added.

The DNA-PEI medium and DMEM with 2% FBS medium were added in 1:3 ratio.
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Summary of LDso values from dose-response curves of independent data sets.

LDso values (ug mL1)

Compound
HEK293 HepG2 Raji
MilliQ Water N/A N/A N/A
Methanol N/A N/A N/A

(1) commercial

49.76, 51.91, 98.94,
87.05, 27.79, 23.55,

49.39, 48.42, 37.61,
40.33, 45.51, 47.18

37.82, 32.89, 12.39, 10.16
37.10, 24.70, 32.68

19.75
3) N/A N/A 296.8, 310.7

(4) N/A N/A 248.7,175.9
(8a) N/A N/A 1036, 533.8, 257
(9) N/A N/A 698.3*

(10) N/A N/A 152.9, 549.60, 590.8
(1) N/A N/A 122, 300.1

(12) N/A N/A 172.8, 560.1, 333.8
(13) N/A N/A 143.6, 236.40, 208.5
(14) N/A N/A 83.65, 143.3, 83.99
(15) N/A N/A 104.5, 47.15, 92.23
(16) N/A N/A 230.9, 124.6

N/A = not available. No cytotoxicity was observed based from the experiments using up to a concentration of
400 ug mL-" of the test compounds. The methanol used was a control, the methanol was evaporated off to
ensure no methanol contamination and no false-negatives.
*Other data was not able to provide a dose-response curve.

PCR-targeting of tunB or funF in fun gene cluster. PCR-targeting followed protocols
reported by Gust et al.>'® Apramycin disruption cassettes were amplified by PCR from
plJ773 using oligonucleotides designed with FRT sites and gene sequence matching the
gene sequence before the gene of interest for disruption, as recommended, as well as
containing the ribosomal GGAG binding site. GGAG and FRT sequences are indicted in
bold shown in Table below. PCR targeting was done in Escherichia coli host using the
recommended strains. E. coli BW25113 for A RED recombination to replace tunB or tunF
gene with apramycin resistance gene, and E. coli DH50/BT340 for FLP recombination to
replace the apramycin resistance gene with the 81bp scar sequence. Test oligonucleotides

were designed for PCR test to confirm A RED recombination from the disruption cassette
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and gene replacement from FLP recombination (Table below). Predicted size of the PCR
products, along with controls, after A RED recombination and FLP recombination is
provided below (Table below). DNA gel electrophorectic analysis of our PCR products
after L RED recombination and FLP recombination gene disruption for tunB or tunF in tun
gene cluster is shown in Fig. below. The resultant mutant constructs of tunB(-) and tunF(-)
were introduced into S. coelicolor M1152 via tri-parental mating using E. coli ET12567
and E. coli ET12567/pUC502. Successful integration of the mutant construct into the S.
coelicolor M1152 chromosomal ¢C31 attachment site was determined by single-colony
PCR using the same test primer in Table below and selected for kanamycin resistance. For
kanamycin resistance selection, single colony from first-generation of tri-parental mated
recombinant S. coelicolor was streaked on MS plates containing kanamycin, carbenicillin
and nalixidic acid, for second-generation growth. Single colonies from the second-
generation growth were streaked again on MS plates containing kanamycin, carbenicillin
and nalixidic acid, for third generation growth and for collection of spores for liquid
culturing. The single-colony PCR test used the same test oligonucleotides in Table below.
Because PCR test can be highly sensitive, first generation of tri-parental mated
recombinant S. coelicolor was streaked on DNA plates containing kanamycin and nalidixic
acid and DNA plates contain kanamycin, carbencillin and nalidixic acid for fast non-
sporulation growth. Kanamycin is used for selection derived from the kanamycin
resistance gene integrated into the S. coelicolor chromosome, and carbencillin and
nalidixic acid are used to selectively kill E. coli and prevent any DNA contamination (Fig.
below). For single-colony PCR, recombinant S. coelicolor was selected from DNA plate
containing kanamycin, carbenicillin and nalidixic acid. Our single-colony PCR test

showed high efficiency integration from tri-parental mating, which is likely due to the
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short 13kp plJ12003a construct. The single recombinant colonies selected for single-

colony PCR (Fig. below) all showed positive integration of modified plJ12003a construct

in S. coelicolor chromosome, matching out predicted PCR size (Table below).

Single-colony PCR used the same recommended PCR condition. The source of

DNA is isolated from the non-sporulated growth of recombinant S. coelicolor. To do this, a

sterile toothpick was used to scrap some S. coelicolor from the DNA plate containing

kanamycin, carbenicillin and nalidixic acid and resuspended in 50 pL of sterile water in

screw-cap vial. The suspension mixture was boiled for five minutes, and supernatant was

collected after centrifugation. The source of DNA is in the supernatant. 5 pL of the

supernatant was used for PCR reaction.

Oligonucleotides used for PCR in apramycin cassette.*

Oligonucleotid

e

Sequence

tunB

tunF

Forward:

5-
CTTCCAAGAGGAGGGGGCCGACTGATGACCGGCTACACCATTCCGGGGATCCGTC
GACC-3

Reverse:

5-
GGCCTCCCTGGACAAGGCCTACCTCACCTCCGCGCCTTCTGTAGGCTGGAGCTGC
TTC-3

FPnNard:
6-C);EBTT(‘DCCAGTGGAGTTGATGTGCGATGAGAGTGCTCGTGATTCCGGGGATCCGTCG
_5(?_;9(?;;?GCGCAGTAGGTAGAGGTGCATGTCACTCCAGCGATGTAGGCTGGAGCTGC

*GGAG and FRT sequences are indicted in red.
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PCR followed the recommended condition:

PCR reaction component:
Primers (100 pmoles/ul)
Template DNA (100 ng/ul)
Bufter (10x)

dNTPs (10 mM)

DMSO (100 %)

DNA polymerase (2.5 U/ul)
Water

Total volume

PCR Cycle conditions*:
1. Denaturation: 94°C, 2 min
2. Denaturation: 94°C, 45 sec

3. Primer annealing: 50°C, 45 sec
4. Extension: 72°C, 90 sec
5. Denaturation: 94°C, 45 sec
6. Primer annealing: 55°C, 45 sec
7. Extension: 72°C, 90 sec

8. Final extension: 72°C, 5 min

*Note: step 2-4, repeat for 10 cycles; step 5-7, repeat for 15 cycles.

0.5 pl each
0.5 ul

Sul

1 pl each

2.5 ul

36 ul

50 ul

329



Experimental: Biological Materials and Methods

Test oligonucleotides* for A RED recombination and FLP recombination

Oligonucleotide Sequence

tunBist Forward: 5-TCGCGACTTCACCTACATCA-3’
Reverse: 5-TGAGGTCGTACAGGCGTATG-3'

tunFtst Forward: 5-TCACCCCCAACCTGTTCTAC-3’
Reverse: 5-CGGAGACCAGACGATCTCAT-3'

*annealing temperature for the test oligonucleotides used in PCR is 43 °C. The temperature is calculated
based on the recommended Trm - 5°C.

Predict size of control PCR product

PCR test PCR product (bp)
tunB control 1,402
tunF control 1,464

Predict size of . RED recombination and FLP recombination PCR product

PCR test A RED recombination (bp) FLP recombination (bp)
tunB disruption 1,767 466
tunF disruption 1,862 561
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DNA gel electrophoretic analysis of PCR products from control (1,2), and after A RED

recombination (3,4) and FLP recombination (5,6,7,8)

Lanes

DNA ladder: BioLine Hyper Ladder 10000, 8000, 6000, 5000, 4000, 3000, 2500, 2000,

1500, 1000, 800, 600, 400, 200

1:

2

control, tunB PCR product

: control, tunF PCR product

: tunB apramycin gene replacement after A RED recombination PCR product

: tunF apramycin gene replacement after A RED recombination PCR product

: tunB scar sequence gene replacement after FLP recombination PCR product, sample 1
: tunB scar sequence gene replacement after FLP recombination PCR product, sample 2
: tunF scar sequence gene replacement after FLP recombination PCR product, sample 1

: tunF scar sequence gene replacement after FLP recombination PCR product, sample 2
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Kanamycin selection. Top: First generation of tri-parental mated recombinated S.
coelicolor M1152 tunB(-) and tunF(-); middle: S. coelicolor M1152 tunB(-) and tunF(-) on
DNA plate containing kanamycin and nalidixic acid; bottom: S. coelicolor M1152 tunB(-)

and tunF(-) on DNA plate containing kanamycin, carbeniciilin and nalidixic acid.
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T S R0 B2 1 2 23 24

DNA gel electrophoretic analysis of single-colony PCR products from recombinant S.
coelicolor M1152 tunB(-) and tunF(-) DNA.

Lanes

DNA ladder: BioLine Hyper Ladder 10000, 8000, 6000, 5000, 4000, 3000, 2500, 2000,
1500, 1000, 800, 600, 400, 200

1-14: Single-colony PCR products from recombinant single S. coelicolor M1152 tunB(-)
colony.

14-24: Single-colony PCR products from recombinant single S. coelicolor M1152 tunF(-)

colony.

¢BT1 Integration

Oligonucleotide Sequence

BT1V1 5-GGTGCGAATAAGGGACAGTG-3’

BT1C1 5-CACGAGCGGAAACGTACC-3’

BT1C2 5-GTACCAGTTGGCCGTCACC-3’

BT1V2 5-ACGTCCACGAACTCACCTG-3
Notes:

1. Annealing temperature for the test oligonucleotides used in PCR was 43 °C based on
recommended Tm - 5°C.
2. Test oligonucleotides were designed to anneal outside the gene disruption region.
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3. Test oligonucleotides were designed to confirm correct integration of plJ12003a funB(-)
at the chromosomal ¢BT1 att site.
4. Annealing temperature for the test oligonucleotides used in PCR was 60 °C based on

recommended Tm - 5°C.

plJ12003a tunB(-) integration, predicted size of PCR products

PCR test PCR product (bp)
BT1V1/BT1C1 444
BT1V2/BT1C2 573

DNA gel electrophoretic analysis of PCR confirming correct integration of plJ12003a
tunB(-) at the chromosomal @BT1 atf site in S. coelicolor chromosome. Lanes: DNA
ladder: NEB 1kb ladder 10000, 8000, 6000, 5000, 4000, 3000, 2000, 1500, 1000, 500;
plJ12003a tunB(-) at the chromosomal ¢@BT1 att site with BT1V1/BT1C1 primers,
predicted product 444 bp; plJ12003a tunB(-) at the chromosomal ¢BTI1 att site with

BT1V2/BT1C2 primers, predicted product 573 bp.
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plJ12003a: construct containing tunicamycins biosynthesis gene cluster in pRT802.
Heterologous Expression and Culturing of S. coelicolor M1152 tunB(-) or tunkF(-).
Heterologous expression of S. coelicolor M1152 tunB(-) and tunF(-) and relevant controls

and extraction followed the same condition as previously reported.’

Extraction of Nucleotide Sugars from Cell Lysate.

Extraction procedure followed as reported by Rébina, J. et al.!!

LC-MS Analysis (Streptomyces knockout metabolite analysis). SPE sample was analysed
by Micromass ZMD (ESI-TOF MS) coupled to Hewlett Packard Series 1050 with Waters
Symmetry C18 column. Injection volume of 20 pL. Solvent A: 95% H20, 4.9% ACN,
0.1% FA. Solvent B: 99.9% ACN, 0.1% FA]. The elution conditions were as follows:
solvent A for 5 min. then solvent B in 20 min. gradient -- solvent B for 5 min. then back
solvent A in 5 min. gradient — then solvent A for 5 min. Raw data were analysed on

MassLyxn software.

Expression and Purification of TunD and TunE.!? TunD and TunE genes from DNA
sequence of S. chartreusis NRL 3882 were codon optimised for E.coli and synthesised and
subcloned into pET16b and pET28a, respectively, by Genscript USA Inc. The TunD was
further subcloned into pET21a, creating pET21a:TunD (TunD-His¢ ~ 52 kDa). The
pET16b:TunD (TunD-Hisio ~ 53 kDa), pET21a:TunD (TunD-Hiss ~ 52 kDa), and
pET28a:TunE (TunE-Hiss ~ 27 kDa) expression vectors were transformed into
BL21(DE3) competent cells. Transformation followed the manufacturer’s instructions.

Analytical scale expression was done at 15 °C for 24 hr. growth period after 1 mM IPTG
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induction, and 37 °C for 4 hr. period after 1 mM IPTG induction. Both expressions were
analysed by SDS-PAGE and Western blot that showed the same positive expression with
histidine-tag present with the predicted mass. Western blot and SDS-PAGE of 24 hr.
expression at 15 °C is shown below. Other expression temperatures (37 to 30, 23, 18, and

15 C) attempted but no difference in expression was observed.

Lemo21(DE3) expression system. The transformation and expression followed the

manufacturer’s instructions.

Western blot and SDS-PAGE from BL21(DE3) expression
TunD-Hiss ~ 52 kDa

TunE-Hise ~ 27 kDa

kDa 12 4 56
260

160
110 2 -
80
60

50
40

30
20 -
15

10 « -

35

Lanes

0 - Marker

1 - TunD cell lysate

2 - TunD cell lysate supernatant
3 - TunD inclusion body

4 - TunE cell lysate
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5 - TunE cell lysate supernatant

6 - TunE inclusion body

After cultures were grown at the temperature and time specified above, the cell
pellets were collected by centrifugation (8,000 x g, 10 min. 4 °C) and then stored at -20

°C.

Purification of TunD-Hisio. Protein purification was done at 4 °C. The cell pellet was
resuspended in binding buffer D (5 mL per gram of wet cell pellet) with lysozyme (1 mg
per 10 mL), DNAsel (0.1 mg per 10 mL), and % tablet of Complete EDTA-free protease
cocktail (Roche) per 10 mL. The mixture was stirred for 30 min. at 4 °C, and then the cells
were further broken by sonication (5 x 30 sec. 30 sec. cooling cycle on ice, 55 %
amplitude). The resulting lysate was centrifuged at 65,000 x g for 45 min. at 4 °C, and
filtered (0.2 um). The supernatant was collected and incubated with Ni*? resin overnight at
4 °C. The slurry was added to Bio-Rad Eco column and eluted with binding buffer D with
imidazole gradient of 10 mM to 500 mM to elute the protein. Fractions were collected and
analysed by SDS-PAGE. The fractions containing the pure protein were pooled and
dialysed in dialysis buffer D, concentrated via vivaspin (10,000 MWCO) and stored at 4

°C.

Binding Buffer D: 50 mM HEPES pH 7.5, 200 mM NaCl, 20 mM MgCl,, 10 % glycerol,

10 mM imidazole

Dialysis Buffer D: 50 mM HEPES pH 7.5, 200 mM NacCl, 20 mM MgCly, 10 % glycerol
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Unfortunately, TunD-Hisio protein was not soluble in the binding buffer as shown

in the SDS-PAGE above that the protein is likely to still be in the inclusion body.

Purification of TunD-Hise. Same as above, except Buffer D1 was used (below).
Binding Buffer D1: 50 mM HEPES pH 7.5, 300 mM NaCl, 20 mM MgCl, 10 % glycerol,
20 mM imidazole + 0.5% Triton-X

Dialysis Buffer D1: 50 mM HEPES pH 7.5, 300 mM NaCl, 20 mM MgCla, 10 % glycerol

Unfortunately, TunD-Hise protein was not soluble in the binding buffer D1.

e E 7 8 9 10 11 12

Lanes

1 - buffer D1 with 10 mM imidazole

2 - buffer D1 with 10 mM imidazole

3 - buffer D1 with 10 mM imidazole

4 - buffer D1 with 30 mM imidazole

5 - buffer D1 with 50 mM imidazole

6 - buffer D1 with 50 mM imidazole

7 - buffer D1 with 75 mM imidazole

8 - buffer D1 with 100 mM imidazole
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9 - buffer D1 with 150 mM imidazole
10 - buffer D1 with 300 mM imidazole
11 - buffer D1 with 500 mM imidazole

12 - buffer D1 with 500 mM imidazole

Purification of TunE-Hise. Protein purification was done at 4 °C. The cell pellet was
resuspended in binding buffer E (5 mL per gram of wet cell pellet) with lysozyme (1 mg
per 10 mL), DNAsel (0.1 mg per 10 mL), and ' tablet of Complete EDTA-free protease
cocktail (Roche) per 10 mL. The mixture was stirred for 30 min. at 4 °C, and then the cells
were further broken by sonication (5 x 30 sec. 30 sec. cooling cycle on ice, 55 %
amplitude). The resulting lysate was centrifuged at 65,000 x g for 45 min. at 4 °C, and
filtered (0.2 um). The supernatant was collected and incubated with Ni*? resin overnight at
4 °C. The slurry was added to Bio-Rad Eco column and eluted with binding buffer E with
imidazole gradient of 10 mM to 500 mM to elute the protein. The fractions containing the
pure protein were pooled and dialyzed in dialysis buffer E, concentrated via vivaspin

(10,000 MWCO) and stored at 4 °C.

Binding Buffer E: 50 mM HEPES pH 7.5, 300 mM NaCl, 10 % glycerol, 1 mM TCEP, 0.5
% Triton X-100, 10 mM imidazole
Dialysis Buffer E: 50 mM HEPES pH 7.5, 300 mM NaCl, 10 % glycerol, 1 mM TCEP,

0.05 % Triton X-100

340



Experimental: Biological Materials and Methods

Lanes

1 - buffer E with 10 mM imidazole

2 - buffer E with 10 mM imidazole

3 - buffer E with 50 mM imidazole

4 - buffer E with 100 mM imidazole

5 - buffer E with 150 mM imidazole

6 - buffer E with 300 mM imidazole

7 - buffer E with 500 mM imidazole
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TunD sample form iFOLD

HUA HiTrapQ tunD refdd 20120616001:10_UV HUA HiTrapQ tunD refdd 20120616001:10_Cond%
HUA HiTr: nD ref 12061 1:10_Fraction: HUA HiTrapQ tunD refold 20120616001:10_Logbook

80.0

70.0

60.0

50.0

40.0
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FPLC chromatogram of TunD refolded on ion-exchange Hi Trap Q HP SmL. Buffer/Eluant

condition: 20mM Tris, pH7.5, using 1M NaCl gradient from 0% to 100%

Table 1. Continuous spectrophotometric assay reaction condition
Condition

Measurement wavelength: 340 nm

Temperature: 30°C

Total volume: 200 uL

Reaction time: 3hrs

Enzyme: 20 ug

Donor: UDP-GIcNAc, 1 mM

Acceptor: N-acetyl-tunicamyl uracil, 3 mM
Assay Mixture:
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50 mM HEPES (pH 7.0)

10 mM MgCl,

0.01% BSA

1 mM phosphoenol pyruvic acid
0.3 mM NADH

17 U pyruvate kinase

24 U lactate dehydrogenase

*The reaction is initiated by adding UDP-GIcNAc last, right before the measurement.

Table 2. Multiple donor-acceptor screening substrates

Acceptor Donor
Glucose UDP-glucose
Galactose UDP-galactose
Fucose UDP-N-acetyl-glucosamine
Fructose UDP-N-acetyl-galactosamine
Rhamnose GDP-mannose
Mannose GDP-fucose
Glucosamine HCI GDP-glucose

Galactosamine HCl
N-acetyl-glucosamine
N-acetyl-galactosamine
Glucose-6-phosphate
Fructose-6-phosphate

Ribose-5-phosphate
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Mannose-6-phosphate
Galactose-1-phosphate

N-acetyl-tunicamycin uracil

Table 3. Continuous spectrophotometric assay reaction condition
Condition

Measurement wavelength: 340 nm

Temperature: 30 °C
Total volume: 200 uL
Reaction time: 7000 sec.
Enzyme: 100 pg
Acceptor: 1 mM each
Donor: 1 mM each
Assay Mixture:

50 mM HEPES or Tris (pH 7.0)
10 mM MgCl»

1 mM phosphoenol pyruvic acid
0.3 mM NADH

17 U pyruvate kinase

24 U lactate dehydrogenase

*The reaction is initiated by adding NDP-sugar last, right before the measurement.

Table 4. Categorised acceptors and donors

Acceptor Donor
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Al D1
- Glucose - UDP-glucose
- QGalactose D2
- Fucose - UDP- N-acetyl-glucosamine
- Fructose
- Rhamnose
- Mannose
- Glucosamine HCI
- Galactosamine HCI
A2
- N-acetyl-glucosamine
- N-acetyl-galactosamine
A3
- Glucose-6-phosphate
- Fructose-6-phosphate
- Ribose-5-phosphate
- Mannose-6-phosphate
- Galactose-1-phosphate
A4

- N-acetyl-tunicamycin uracil

Table 5. Reaction condition.
Condition

Measurement wavelength: 340 nm
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Temperature: 30°C

Total volume: 100 uL

Reaction time: 3600 sec.
Enzyme: 50 ng

Acceptor: 1 mM each
Donor: 1 mM each
Assay Mixture:

50 mM HEPES or MOPS (pH 7.0)
10 mM MgCl»

1 mM phosphoenol pyruvic acid
0.3 mM NADH

17 U pyruvate kinase

24 U lactate dehydrogenase

*The reaction is initiated by adding NDP-sugar last, right before the measurement.

Table 6. iIFOLD protein sample activity assay condition
Condition

Measurement wavelength: 340 nm

Temperature: 30 °C

Total volume: 100 uL of iIFOLD sample
Reaction time: 3600 sec.

Enzyme: 10 pg

GlcNAc: 1 mM each
UDP-GIcNAc: 1 mM each
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Assay Mixture:
10 mM MgCl,
1 mM phosphoenol pyruvic acid
0.3 mM NADH
17 U pyruvate kinase
24 U lactate dehydrogenase

*The reaction is initiated by added NDP-sugar last, right before the measurement.

Table 7. Refolding conditions showed indicative of UDP hydrolytic activity by the

refolded protein in assay.

Refold Condition

Al: 1 mM TCEP, 20% Glycerol, pH 7.0

AS5: 100 mM NaCl, 1 mM TCEP, 0.1% PEG 6000, pH 7.0

B3: 100 mM NaCl, 3.8/1.2 mM GSH/GSSG, 1 mM EDTA, pH 7.0
D12: ddH20, pH 7.5

Note: no product mass was observed.

Crystallisation reagent set used for refolded TunD

Commercial Crystallisation Reagent Set

JCSG

PEG/ION

STRUCTURE

PACT

347



Experimental: Biological Materials and Methods

TunD & TunE HPLC activity assay. Total reaction volume of 100 uL consisted of 10
mM HEPES pH 7.0, 5 mM MgCL, 2 pg of enzyme, and 500 uM of substrate(s). The
reactions was incubated at 30 °C for 60 min. The reactions were ultrapurified via vivaspin
(10,000 MWCO) before injecting into the HPLC and analyzing on NH: column
(Phenomenex Luna NHz 5 um, 4.6 x 250 mm) with ACN/W, 7:3, eluted isocratically at

0.50 mL min™! for 35 min.

SDS-PAGE: Analysis was done using MOPS and MES NuPAGE 20X running buffer, 10
% and 4 - 12 % NuPAGE Bis-Tris Gel, Invitrogen XCell SureLock™ purchased from
Invitrogen following the manufacturer’s instructions. The protein gel was stained using
Coomassie based gel staining solution InstantBlue purchased from Expedeon following the

manufacturer’s instructions.

Western Blot analysis. The protein samples were separated by SDS-PAGE and then
transferred to the membrane following iBlot Dry Blotting system by Invitrogen. The
membranes were soaked in 5% (wt/v) BSA in PBS for 1 h at room temperature. After 1 h,
the membrane was carefully washed with PBS and then soaked again in 5% (wt/v) BSA in
PBS with the addition of recommended volume of monoclonal anti-polyhistidine-alkaline
phosphatase antibody. The membrane was soaked under gentle rocking 2 h at room
temperature. Finally, after 2 h, the membrane was gently washed with PBS and the stained

with drop wise addition of the NBT-BCIP solution.
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Protein concentration determination. Protein concentrations were calculated with
bicinchoninic acid (BCA) protein assay (Pierce) according to manufacturer’s instructions.

Bovine serum albumin was used as a protein standard.

Protein Refolding. The TunD refolding followed the manufacture protocol for iFOLD

Protein Refolding System 1.

Glycosyltransferase coupled assay.'> The assay followed reported protocol by Gosselin

et al. Modification of the assay would be noted.

Heterologous expression of polyphosphate: AMP phosphotransferase (PAP).!413
pET29:PAP plasmid vector was constructed with codon optimized for E. coli (PAP-Hiss ~
57 kDa) by GenScript. The plasmid construct was transformed into BL21(DE3),
expression condition were as followed: 1-L LB, 50 pg/mL kanamycin. When the cell
culture reached Asoo 0.6, it was induced with 1 mM IPTG, continued with 30 °C overnight
incubation with shaking (200 rpm) (28 and 16 °C overnight incubation were screened with
no difference in expression level, Fig. 32). The cell pellet was collected and lysed with
lysozyme, DNAse, and protease inhibitor, in 50 mM Tris buffer (pH 7.5) with 10 %
glycerol. The cell lysis mixture was stirred for 1 hr and sonicated on ice at 30 sec. interval
3 times. Soluble fraction was collected via centrifugation at 60,000 x g, 40 min, 4 °C. The
supernatant was filtered via 0.2 um membrane before incubated with Ni*? resin with 10
mM imidazole, at 4 °C for 4 hours. Ni-NTA manual purification was carried out using the
same Tris buffer with imidazole gradient (25 mM, 50 mM, 100 mM, 250 mM, 500 mM,

each concentration eluted with 30 mL volume). The fractions were analyzed by SDS-
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PAGE. The fractions containing the protein were pooled, concentrated, and dialyzed
against the original Tris buffer. The protein was further analysed by CD showing helical

structure for PAP.

kDa1 2 3 4 5

260 ;
160 = - v
110

80 W=

60 W V“'-'
50 -.

40 =

30 =

20 -

15

10

- ¥

PAP expression western blot. Lane 1. marker; 2. cell lysate, expression at 28 °C; 3. soluble
fraction, expression at 28 °C; 4. cell lysate, expression at 16 °C; 5. soluble fraction,

expression at 16 °C.

kDa1l 2 34 5 67 8 9101112

SDS-PAGE. Manual Ni-NTA purification of PAP.
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FPLC chromatogram, PAP size exclusion purification on Hi load 26/60 Superdex 200 prep

grade. Buffer/eluent system: 50 mM Tris, pH 7.5, 10% Glycerol.
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LCMS of PAP sample. A. Expected: 60405, Observed: 60407. B. TIC chromatogram. C.

ES+ spectrum.

PAP activity assay: The reaction condition screens were carried out in 96-well plate, in
200uL volume: Tris buffer, pH 8.5, 37 °C. The addition of UDP was used as a positive
control, and the blank as the negative control where no NADH is being consumed by LD.
MgCl; was screened using 100mM, 75mM, 50mM, 25mM, or 10mM concentration in the

Tris reaction mixture. Phosphorylation of UDP by PAP using polyphosphate was optimum
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between 25-50mM of MgCl> (Fig. 7). However, using higher concentration of MgCl> does
make the reaction mixture cloudy. pH was screened using Tris buffer pH of 5, 6, 7, 8, 9.
Phosphorylation of UDP by PAP using polyphosphate in Tris buffer was optimum between
the pH of 8 and 9 (Fig. 8). As for the effect of temperature on the phosphorylation of UDP
by PAP using polyphosphate in Tris buffer pH 8.5, 37 °C was found to be optimum from
screening 23, 37, and 50 °C (Fig. 9a-c). Lastly, different buffer system was screened at pH
8.5 and carried out the reaction at 37 °C. HEPES was found to be optimum to reduce
reaction time by about 15 minutes compared to Tris (Fig. 10a-c). TAPS and Tricine buffer
system could also be an option as no precipitation was observed compared to other buffer

systems. HEPES and Tris buffer system do turn cloudy after some time.

PAP Continuous spectrophotometric assay

Assay condition: Absorbance reading at 340 nm

Temperature set at 37 C

Timed for 70 minutes

Reading every 18 sec.

PAP-assay mixture

Components Stock Concentration in 200uL vol.
L)

Buffer A, pH A, 8.5 optimum 1 M 50 mM 10
MgCl, 1M A, 25mM optimum A5
Phosphoenolpyruvic acid 100 mM ImM 2
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NADH 100 mM 300 uM 0.6
Lactate dehydrogenase 6000U/mL 24U 0.8
Pyruvate kinase 5000UmL 17U 0.68
PAP 1 mg/mL 250 ng/mL 50
Polyphosphate45+5 43 mM I mM 4.65
UDP* 50 mM 1 mM 4
UMP* 50 mM 1 mM 4
Distilled water - - add to 200 total
Signal Curve(s)

Range 11 (0min )-250(7T0min 32s )

~—<AMP+100mM MgCI2>
—&— UMP+100mM MgCI2
o AMP+75mM MgCI2
- UMP+75mM MgC12
—8— AMP+50mM MgC12
*— UMP+50mM MgQ2
~@— AMP+25mM MgCI2
#— UMP+25mM MgCi2
—&— AMP+10mM MgCI2
a - UMP+10mM MgCl2
—&— AMP+blank
—a— UMP+blank

0 min 10 min 20 min 30 min 40 min 50 min 60 min 70 min
Time in minutes

Effect of MgClz on PAP activity with UMP.
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Range 1 1 (0min ) - 250 (70min 32 s )

Signal Curve(s)

~o—<pHS>
—&— pHS UDP
- pHS PAP+UMP
~®- pH6
—&— pH6 UDP
-~ pH6 PAP+UMP
~@- pH7
#- pH7 UDP
~&— pH7 PAP+UMP
@ pH8
~=- pH38 UDP
—=— pH8 PAP+UMP
@ pHY
o pHI UDP
@ pHI PAP+UMP
- pH10
@ pH10 UDP
- pH10 PAP4+UMP
0
Omin 4min 8min 12min 16min 20min 24min 28min 32min 36Gmin 40mn 44min 48min 52min 56 min 60 min 64 min 68 min
Time in minutes
pH effect on PAP activity with UMP.
Signal Curve(s)
21 ooi!w'ml ~ZES (70 min 328 )
2
9 -~ <blank>
1 -&- RB+UDP
18 - -®- RB4+PAP+UMP
a -~ e
16
15
14
13
12
1.1
8
1
09
08
or
06
05
04
03 —
02
01
0
Omin 4min 8min 12mn 16mn 20mn 24min 286min 32min 3mn 40mn 44mn 48min 52min 56min 60 min 64 mn 68 mn
Time in minutes

PAP activity with UMP at 23 °C.
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PAP activity with UMP at 37 °C.
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PAP activity with UMP at 50 °C.
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Signal Curve(s)

S-R‘ we 11(0min )-250 (JaminazZs )
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®- CHES
—a— TAPS
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@ UDP_Tris
—=— HEPES
—a— MOPS
®- CHES
—=— TAPS
—&— EEPS
~e— PIPES
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—a— Tricine
~e— PAP_Tris
@ X40 CD2 Raw Data
—=— X41 C03 Raw Data
—&— X42 CD4 Raw Data
@ X43 CD5 Raw Data
) X44 CO6 Raw Data
- X45 C07 Raw Data
@ X46 CD8 Raw Data
o X47 C09 Raw Data

0
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Time in minutes

Buffer effect on PAP activity with UMP. Overlap of blank, UDP spike, and PAP with UMP.

Signal Curve(s)
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-= MOPS
= CHES
= TAPS
- EEPS
= PIPES
= TES
- Tricine

0
0 min 10 min 20 min 30 min 40 mn 50 min 60 min 70 min
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Buffer effect on PAP activity with UMP.
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Signal Curve(s)

e 11(0mn )-250(7T0min32s )

~o-<Tris Blank>
-#- HEPES Blank
=~ Tris UDP

- HEPES UDP
-#- Tris PAP

- HEPES PAP

Omn 4min 8min 12min 16min 20min 24min 28min 32min 3B min 40min 44min 48min 52min 56 min G0 min 64 min 68 min
Time in minutes

Effect of buffer on PAP activity with UMP. Comparison between Tris and HEPES.

Expression and purification of OtsA.!”” The expression and purification followed
protocol reported by Davies, G. ef al (2002). 10-mL test expression was done, followed by
western blot to detect the His-tagged OtsA. The expression was scaled up to 1-L. OtsA

was first purified by step-wise Ni-NTA purification (Fig. 19), followed by gel-filtration

(Fig. 20).

[ g
150 |

100
75 1

50 - -
35 -

25 -
15 |- l

Left: SDS-PAGE, OtsA test expression; Middle: Western Blot of the OtsA test

: ..'"'-

wied
‘
L I

expression; Right: SDS-PAGE, step-wise Ni-NTA purification of OtsA.
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KDa

V75 %

50 TTewegeregrege”

Left: FPLC size exclusion chromatography; Right: SDS-PAGE, FPLC fractions

from multiple runs.

SDS-PAGE

KDa

150

00 =

75 v

50 - “ P9 9w 9w
35 §4

25 .

15 o

OtsA FPLC Gel filtration and SDS-PAGE.

Hua Wang315-120130713_OtsA

CRL314683 246 (4.191) M1 [Ev-127691,1t15] (Gs,0.750,698:1872,1.00,L33,R33); Cm (246:253) TOF MS ES+
100 54550.0 5.11e3
5115
*
0 . b e T mass

N 0 S R S R S B B B o B o B S B S A SR A L
36000 38000 40000 42000 44000 46000 48000 50000 52000 54000 56000 58000

OtsA MS analysis. OtsA, Calc: 54545. Obs: 54550.

OtsA activity assay. The activity assay followed the continuous spectrophotometric assay
using Pyruvate kinase + Lactate dehydrogenase and measuring the NADH absorption at

340nm.
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Signal Curve(s)

3|iRangg\f 1 (0 min )~ 250 (62 pin 15s )
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2

18

16

oD

14

12

1

08

06

0.4

02

0
0 min 4 min 8 min 12 min 16 min 20 min 24 min 28 min 32 min 36 min 40 min 44 min 48 min 52 min 56 min 60 min
Time in minutes
—a— OtsA 100ug/mL [Sat.] —=— Blank well —&— <OtsA+0.1uM UDP-Glc> —=— OtsA+0.3uM UDP-Glc
—#— OtsA+0.6uM UDP-Glc —=#— OtsA+1uM UDP-Glc —=— Blank well —#— OtsA+ UDP-GIc + 0.1uM N-TM

—&— OtsA+ UDP-GIc + 0.3uM N-TM &— OtsA+ UDP-Glc + 0.6uM N-TM —#&— OtsA+ UDP-Glc + 1uM N-TM

OtsA rxn. condition: 200 uL, RT, 100ug/mL OtsA, ImM G6P, ImM UDP-Glc, 50mM

HEPES pH 7.0, 5mM MgCI2, 200mM NaCl

Differential scanning fluorimetry. OtsA Tm shift assay followed the reported protocol by

Niesen et al.?0

UDP-MurNAc pentapeptide extraction, B. subtilise W23 culture growth. Extracting
UDP-MurNAc-pentapeptide from Bacillus subtilis W23 following published procedure
has been a challenge in the past with no desired product detected by mass spectrometry
(1194 m/z M+H corresponding to UDP-MurNAc-pentapeptide) after chloramphenicol and
vancomycin treatment in cell-wall synthesis medium II (CWSM-II). Fortunately after
investigating several growth conditions, the growth culture medium and extraction
process, the optimised condition was found. The UDP-MurNAc-pentapeptide product was

obtained after extraction and gel filtration. Isolated UDP-MurNAc-pentapeptide could now
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be tagged with dansyl group, and then used in MraY fluorescent assay following a reported

procedure.

Initial attempts to extract UDP-MurNAc-pentapeptide from B. cereus followed published
protocol (+manufacturer protocol, Warwick BAcWAN) that did not yield any product.
Then, growth medium was screened and extraction was also screened. Three growth
medium was screened (Table 5). The growth medium that resulted UDP-MurNAc-
pentapeptide after heat treated cell extraction was PYP. Additionally, CWSM-II medium
was screened as given protocol from the manufacturer did not yield UDP-MurNAc-
pentapeptide (Table 6). The CWSM-II without the addition of ampicillin resulted in the
desired product. The extract was purified via gel filtration and detection wavelength was
set at 254 nm. UV active fractions were pooled and analysed (see FPLC chromatogram,
Fig. 14). The samples were analysed by LCMS, the initial fractions contained the desired

product with mass correspond to UDP-MurNAc-pentapeptide (Fig. 15).

B. subtilis W23 growth medium

PYP (per liter) PYP+Glucose (per liter) CGPY+Glucose (per liter)

Bacteriological peptone, 20g Bacteriological peptone, 20g Na2HPO4, 6g

Yeast extract, 1.5g Yeast extract, 1.5g NaCl, 3g
KH2POs4, 5.5g KH2PO4, 5.5g NH4Cl, 2g
Glucose, 59 MgCl2 6H20, 0.1g

Na2S0s4, 0.15g
KH2PO4, 39
Bacto-peptone, 10g
Yeast extract, 0.1g

Glucose, 5g
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CWSM-II recipes, pH 7.4

CWSM-II (per liter)
NazHPOs, 0.26g

NH4CI, 2g

KCl, 4g

MgCl2 6H20, 4g
Na2S04, 0.15g

FeSQOq4, 0.1g

Glucose, 2g

Uracil, 40mg

I-glutamic acid, 120mg
L-lysine, 500mg
2,6-diaminopimelic acid, 120mg
L-alanine, 50mg
Chloramphenicol, 50mg

Vancomycin, 12.5ug/mL

CWSM-I (per liter) with ampicillin
NazHPOs, 0.26g

NH4Cl, 2g

KCl, 4g

MgCl2 6H20, 4g

Na2S04, 0.15g

FeSQOq4, 0.1g

Glucose, 2g

Uracil, 40mg

I-glutamic acid, 120mg

L-lysine, 500mg
2,6-diaminopimelic acid, 120mg
L-alanine, 50mg
Chloramphenicol, 50mg
Vancomycin, 12.5ug/mL

Ampicillin, 50mg

FPLC gel filtration chromatogram of the B. cereus extract.
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00 TIC
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% [\
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624 6.85 2.56e5
. % | = R o
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Hua Wang317-1crude1
CRL316540 92 (1.567) TOF MS ES+
1194.5 465
100
465 11955
267
*
880.3 1196.5
19 95
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LCMS analysis of the lyophilised fractions. Top: TIC chromatogram. Bottom: MS of the

desired product correspond to the 1.5 min. eluted peak of CRL316540 sample, the first

UV active fraction from FPLC. UDP-MurNAc-pentapeptide (L-Ala-D-y-Glu-m-DAP-D-

Ala-D-Ala). MW: 1193.34. Observed 1194 [M+H]*.
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Abbreviations

H NMR
BC NMR
2,3-DMP
°C

M]

a

p

0

A

1)

Amp.
aq.

Ac
ACN
BCA
Boc.O
BSA
calc.
CDh
CDs;0OD
CDClI;
conc.
COSY
D.O

Da
DCC
DCM
DDM
DMAP
DNA
e.g.

eq.

ES

Et

et al.
etc.
EtOAc
FA

g
GalNAc
GlcNAc
H.0
HM (singular)
HMs (plural)
HM-#
HMBC
HMQC
HPLC
HRMS
HSQC
Hz

h

Le.
IMAC
IPTG
ITC

Appendix

proton nuclear magnetic resonance
carbon-13 nuclear magnetic resonance
2,6-dimethyl pyridine

degree Celsius

MS (see MS) molecular peak
alpha

beta

delta, chemical shift

lambda, wavelength

mu, micro

ampicillin

aqueous

acetyl

acetonitrile

bicinchoninic protein assay
di-tert-butyl dicarbonate

bolvine serum albumin

calculated

deuterated methanol

deuterated chloroform

concentrated

correlated spectroscopy

deuterated water

Dalton

N, N'-dicyclohexylcarbodiimide
dichloromethane
n-dodecyl-B-D-maltopyranoside
4-dimethylamino pyridine

deoxyribose nucleic acid

exampli gratia (Latin: for example)
equivalent

electrospray

ethyl

et alia (Latin: and others)

et cetera (Latin: and the rest)
ethylacetate

formic acid

gram

N-acetylgalactosamine
N-acetylglucosamine

water

Huamycin

Huamycins

Huamycin-#

hydrogen multiple bond correlation
hydrogen multiple quantum correlated spectroscopy
high-performance liquid chromatography
high resolution mass spectrometry
heteronuclear single quantum coherence
hertz

hour

id est (Latin: that is)

immobilized metal affinity chromatography
isopropyl p-D-1-thiogalactopyranoside
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J

k

Kana.
kbp
kDa

LB
LC-MS
LRMS
m

M

m/z
MALDI
MeOH
MHz
min.
mL
mol.
molc.
m.p.
MS
MurNAc
NaOMe
NEB
neg.

nm
NMR

NMR annotations:

0))]
PBS
PCR
pH
pos.
ppm

pyr.
quant.

R

Rs

rpm

RT

Rxn
SDS-PAGE
soln.

TB

TEA

tert-

TFA

THF

TLC

TM (singular)

368

NMR coupling constant (Hz)
kilo

kanamycin

kilo-base pair

kilodalton

Luria Bertani

liquid chromatography-mass spectrometry

low resolution mass spectrometry
milli or meter

Molarity

mass-to-charge ratio

matrix-assisted laser desorption/ionization

methanol

megahertz

minute

milliliter

mole

molecule

melting point

mass spectrometry
N-acetylmuramic acid
sodium methoxide

New England BioLabs® Inc.
negative

nanometer

nuclear magnetic resonance

app. apparent

br. broad
s singlet
d doublet

dd doublet doublet
ddd doublet doublet doublet

t triplet
q quartet
m multiplet

optical density

phosphate buffered saline
polymerase chain reaction
-logio[H']

positive

part per million

pyridine

quantitative

unspecific chemical group
retention factor
revolution per minute
room temperature
reaction

sodium dodecyl sulfate polyacrylamide gel electrophoresis

solution

terrific broth
triethylamine

tertiary

trifluoroacetic acid
tetrahydrofuran

thin layer chromatography
tunicamycin
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TMs (plural) tunicamycins

TOCSY total correlated spectroscopy
W water

WTA wall teichoic acid
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Tunicamycins extraction record

14.2013**#

M1040_1_(tun+)* 1 31.60 31.60 04716  0.54% 0.7
M1040_2_(tun+)* 1 11.80 11.80  0.0605  051%  0.061
M1040_3_(tun+)* 1 29.20 2920 05305  1.82%  0.53
M1489_1_(tunB-_tunB+)* 1 42.90 4290 11768  274% 1.8
M1489_2_(tunB-_tunB+)* 1 40.30 4030 17117 425%  1.71
M1489_3_(tunB-_tunB+)* 1 128.60 12860  1.0421  081%  1.04
M1490_1_(tunF-_tunF+)* 1 44.00 4400 09375 213% 094
M1490_2_(tunF-_tunF+)* 1 52.50 5250 17307  3.30%  1.73
M1490_3_(tunF-_tunF+)* 1 96.00 96.00 13490  1.41%  1.35
TunF(-) Nov.29.2011_F1* 3 22.00 2200 00283  0.13%  0.0095
TunF(-) Nov.29.2011_F2* 3 31.00 1550  0.0005  0.003%  0.00033
TunF(-) Feb.9.2012* 3 14.90 7.45 00200  027%  0.013
TunF(-) May.1.2012* 12 55.60 4630 00400  0.09%  0.0040
S. chartreusis May.5.201* 12 687.30 1.25 10296  82.40%  47.20
S. chartreusis Jun.9.2012* 24 1066.40  1.30 10201  7850%  34.90
S. chartreusis Aug.14.2012** 12 148310  1.40 04718  3370%  41.70
S. chartreusis Nov.13.2012** 11 891.10 1.40 07899  56.40%  45.70
S. chartreusis Jan. 12 573.50 4.40 10616  2410%  11.50

2Crude sample

*Crude sample concentration injected into HPLC for analysis. TMs dissolved in methanol.

*Determined by HPLC, based on a standardised curve.

dTaken in consideration of % Purity and Cul. Vol. into the initial TM isolated.

*Purification by flash chromatography
**Purification by acetone precipitation

#old resin that have been reused more than three times were used in the extraction process.
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Macrophage and microsomal stability data

The work was done by Helena Boshoff and Andaleeb Sajid National Institute of Health
Tuberculosis Research Section, Maryland, USA.

1. Macrophages were seeded in 24-well plates (2x10"5 cells/well).

2. Drugs were added in triplicates at their respective MIC multiples (1X and 10X)

3. M.tb culture was added to each well (MOI=1). same number of cells were plated (7H11
agar containing OADC) at day 0, to calculate the initial inoculum.

4. Isoniazid and rifampicin were taken positive controls for M.tb killing and DMSO/
Methanol were negative controls.

5. Infected Macrophages were incubated for 3 day and 7 day to assess the effect of drugs.
6. Macrophages were lyzed by 0.1% SDS and plated for cfu count after appropriate
dilutions (each well in triplicates).

7. Colonies were counted after 25 days.

Macrophage Infection Data

concentration cfu stdev
J2Y | STARTING 139500 0
MeOH 111333 0
11 1X 5450 4879
12 1X 44467 8768
13 1X 39467 6883
14 1X 44317 5680
INH- 5 ug/ml | 5 ug/ml 310 40
INH-10 ug/ml | 10 ug/ml 237 5
RIF- 5 ug/ml | 5 ug/ml 391 20
RIF-10 ug/ml | 10 ug/ml 325 16
cfu stdev
STARTING 139500 0
MeOH 111333 0
OCTA-Tm 10X | 1802 280
NONA-Tm 10X | 21467 4997
DECA-Tm 10X | 13917 3418
UNDECA-Tm | 10X | 19917 4360
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cfu stdev
day 7 | STARTING 139500 0
MeOH 114000 0
11 1X 9533 1790
12 1X 12382 4927
13 1X 7278 4392
14 1X 1623 80
INH-5ug/ml | 5ug/ml | O 0
INH-10 ug/ml | 10 ug/ml | O 0
RIF-5ug/ml | 5ug/ml | 57 2
RIF-10 ug/ml | 10 ug/ml | 7 1
cfu stdev
STARTING 139500 0
MeOH 114000 0
11 10X | 674 306
12 10X | 3031 1571
13 10X | 267 94
14 10X | 0 0
Human microsomal stability test
% remaining | stdev
Verapamil 16.8614771 | 0.5615234 3.3302146 47.4986418 | 2.0583158
8.0089726 0.0629839 0.7864170
1 2.3311094 0.0503788 2.1611525 53.6958403 | 4.2283978
1.2517088 0.0788031 6.2956431
12 0.1962084 0.0047510 13.4213813 | 50.6107513 | 12.8018326
0.0993026 0.0120973 12.1822840
13 0.0167923 0.0024640 14.6735616 | 79.6381759 | 8.3533039
0.0133731 0.0002516 2.0330461
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14 0.0033313 0.0001947 5.8446441 75.8472576 | 6.2717896

0.0025267 0.0001693 6.6989352

Mouse microsomal stability test data

% stdev
0 MIN 100 0
Verapamil 59 3
1 87 2
12 99 1
13 98 3
14 NA* NA*

*Data not available. Non-specific pattern in LC-MS.
Verapamil taken as positive control.

Other macrophage studies

Brief protocol

Day -1: Macrophages infected with M. tuberculosis H37Rv (MOI=5)

Day 0: cells washed to remove remaining bacteria that did not infect, CFUs plated in

triplicates

Day 0

drugs added in 3 concentration ranges (0.5X, 1X and 10X of their respective MIC values,
in triplicates)

Rif and Inh taken as positive controls for experiment (two concentration range, in
triplicates)

Day 4: cells lysed and plated for CFUs (each sample in triplicates)

Day 29: CFUs counted

0.5X MIC 1X MIC 10X MIC

CFU STDEV CFU STDEV CFU STDEV
Day 0 436000 8720
no drug 95000 4880
di-N-octanoyl-Tm | 31333.333 | 1527.5252 | 30333.333 | 1527.5252 | 14533 503
$'r'nN'"°”a”°y" 3.88E+04 | 6009.9917 | 35666.667 | 2081.666 | 17467 1206
%N'decanoy" 32666.667 | 1154.7005 | 31666.667 | 5686.2407 | 15500 866
$'r'nN'“”de°a”°y" 38333.333 | 2081.666 | 31666.667 | 2886.7513 | 18333 3215
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S5ug/ml 10ug/ml

CFU STDEV CFU STDEV
drg roameny | 436000 | 8720
No drug 95000 4880
Isoniazid 9333 577.35027 | 5333 577.35027
Rifampicin 9467 1006.6446 | 7200 1587.4508

Macrophage Infection

= Day 4

CFUs

2x10*

O AR AR D SR O ORI
o@%@\&:‘f\‘&%@q\@@& AERSR
I NIRRT AL SRR
Sample \st:) ;\'}((‘

RIS
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FACS analysis

1.0K 1.0K 10K
SubG1 1G0/G1
800 800 800 =
T 600 T 600 T 00—
(8] (o] (] 4
400 400
200 200
0 0
0 400 800 0 400 800 0 400 800
FSC-H A FSC-H FSC-H
1.0K 1.0K
G2/M
800
T T 600 T
(8] (8] (8]
7 3 3
@ 400
200
0 .
i
0 400 800 0 400 800 0 400 800
FSC-H FSC-H FSC-H

Backgating analysis of propidium iodide stained HEK293 cells DNA content of the
cell cycles.
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tunB and tunF complementation

The work was done by Juan Pablo Gomez-Escribano, John Innes Centre, Norwich, UK.

The wild-type (plJ12003a) and funB-deleted (plJ12541) or tunF-deleted (plJ12542) gene
clusters are in pRT801, vector with kanamycin resistance gene neo and that integrates in
phiBT1 attachment site in the chromosome. Therefore the construct to complement must
have another selection marker and must integrate in phiC31 attachment site. tunB or tunk’
have been cloned under the strong constitutive promoter ermE*p in pSET152, that
contains the apramycin resistance gene aac(3)IV, and introduced in M1152 strain that
carries the gene cluster with tunB (M1481) or tunF (M1482) deleted, therefore testing
from complementation of the gene function in trans. (Note: the plJ and M numbers were
taken from the first paper and the second manuscript)

15ty PCR amplification with construct plJ12003a as template and primers (capitals indicate
nucleotides changed to incorporate restriction site) [pages 202-203 lab-notebook 505329]:

>tunB1 (Ndel)
gacATatgaccggctacaccg

>tunB2 (HindIII)
ttAAGCTtggacaaggcctacctcac

>tunF1 (Ndel)
aaCATatgagagtgctcgtgactg

>tunF2 (HindIII)
ttAAGCTTgtagaggtgcatgtcactc

2nd) Blunt-end cloning of PCR products in EcoRV site of pBluescript II KS+ (pKS) [page
203 lab-notebook 505329]

31d) Sequencing of several clones with M13R and M13F universal primers (that anneal
with pKS). Analysis with Staden Package and selection of good clones (see folder
“pKSEcoRV-tunBF(seqjob64883)” Note: a piece 111 nt piece of E.coli genome had been
introduced between HindIII and EcoRV sites of vector in the funB clone, unexplainable but
not a problem; we have a full sequence of the construct and tunB is fully correct). [page
204 lab-notebook 505329]

4t Extraction of tunB or tunF from pKS with Ndel/HindIII and ligation into pIJ10257 cut
with the same enzymes. [pages 205-206 lab-notebook 505329]

5%) Digestion of plJ10257tunB or plJ10257tunF with BamHI/EcoRI to extract the gene

together with the strong constitutive promoter ermE*p; followed by ligation into pSET152
cut with the same enzymes. The final constructs were confirmed by sequencing with
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universal M13R and M13F primers (see folder “pSETtunBF+176Pstl(65256)”) [pages
206-208 lab-notebook 505329]

Note: plJ10257 integrates in phiBT1, therefore is not suitable for complementation
in this case (see first paragraph,).

6™) Conjugation of pSET152_ermE*p_tunB in S.coelicolor M148]1 (i.e.
M1152+plJ12003aAtunB) and of pSET152 ermE*p tunF in M1152+plJ12003aAtunkF
(NOTE: I do not know if this strain has already an “M” number)

The resulting strains have been numbered as:

S. coelicolor M1489 (M1152+p1J12003aAtunB
+pSET152 ermE*p tunB) [tfunB mutant complemented]

S. coelicolor M1490 (M1152+plJ12003aAtunF
+pSET152 ermE*p_tunF) [funF mutant complemented]
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HQ172897.embl from 1 to 27006

x =
c C
232
<< oaow O —H5a Z
c c C C c Cc Cc Cc Cc C
2 222 22222 2
_}} }}1 T 1 D
[a] L
c c
2 2
1st l l
pBluescript I1
/KS+
2nd&3rdl l

pKStunBpcr pKStunFper

F1 ori 3958...3518

LacZ alpha 3443...3511

M13-fwd 3372...3355

T7 3346...3326

3249 Hindlll (2)

tunF2(HindIll) 3255...3230
tunG 3237...3248

AmpR 327...986

F1 ori 4090...3650
LacZ alpha 3575...3643
M13-fwd 3504...3487

T7 3478...3458

3381 Hindlll (2)

tunC 3375...3381
tunB2(Hindlll) 3387...3363)

pKStunFpcr
3970 bp

/3 AmpR 327...986
tunF 2252...3235

ColE1 origin 1084...1766

tunF1(Ndel) 2247...2270
tunE 2252...2255

2249 Ndel (1)

2238 Hindlll (2)

T3 2172...2191

M13-rev 2134...2154

LacO 2106...2128

pKStunBpcr
4102 bp
tunB 2355...3371

ColE1 origin 1084...1766

tunB1(Ndel) 2350...2370|
tunA 2355...235!

2352 Ndel (1)

piece of E.coli genome introduced between Hindlll a 2244...2346
2238 Hindlll (2)

T3 2172...2191

M13-rev 2134...2154

. . LacO 2106...2128
4™ (red arrows point to sites
used for cloning)

7629 BamHI (2) 24 EcoRl (3)
6941 EcoRl (3)

7658 BamHI (2) 24 EcoRl (3)
6970 EcoRl (3)

int 5735...7164 aac3 (IV) 1259...1285 int 5764...7193 aac3 (IV)' 1259...1285

plJ10257tunF
attP 5661...5653 ’k 7629 bp

plJ10257tunB
765
oriT 5333...5444

N7
P 5690...5682 8 b
hyg 2570...1572  2uF 9690...568 »k P

hyg 2570...1572
oriT 5362...5473
2490 EcoRlI (3)

x

2490 EcoRl (3)

%

4485 BamH (2)]

4514 BamHI (2)
4479 Hindlll (1), ermE*p 3362...3459 4508 Hindlll (1 ermE*p 3362...3459
tunF2(HindlIl) 4484...4460 3479 Ndel (1) tunC 4502...4508 3479 Ndel (1)
tunG 4467...4478 tunE 3482...3485 tunB2(Hindlll) 4513...4490 tunA 3482...3482
tunF 3482...4465 tunF1(Ndel) 3479...3500

tunB 3482...4498 tunB1(Ndel) 3479...3497

378



pIB_FP 7351...7325
M13F - 24mer 7320...7297

7268 Hindlll (4)

7241 BamHI (1

7235 Hindlll (4

tunC 7229...7235

tunB2(Hindlll) 7240...721

tunB 6209...7225

lacZ alpha peptide 5209...7553
lacZa 5209...7553
tunB1(Ndel) 6206...6224
tunA 6209...6209| |

6206 Ndel (1

ermE*p 6089...6186 \L

=

hyg 5297...5217

5217 EcoRlI (1

pUC18 5207...5208

M13R - 22mer 5187...5208
pIB_RP 5150...5175

sacri 5139...5165

source:Cloning vector pSET152 7715...1

pIB_FP 7322...7296

M13F - 24mer 7291...7268

7239 Hindlll (4)

7212 BamHI (1)

7206 Hindlll (4

tunG 7194...7205

tunF2(Hindlll) 7211...718

tunF 6209...7192

lacZ alpha peptide 5209...7524

tunE 6209...6212| |
6206 Ndel (1)}
ermE*p 6089...6186

hyg 5297...5217

5217 EcoRl (1)

pUC18 5207...5208,

M13R - 22mer 5187...5208|
pIB_RP 5150...5175

sacr1 5139...5165
source:Cloning vector pSET152 7686...1

pSET152_ermEp_
tunB

v 4 int 1862...21
1245 Hindlll (4)

pSET152_ermEp_

W

276 Hindlll (4)

integrase 1862...21
int 1862...21

1245 Hindlll (4)

aac(3)IV 3987...3211

apramycin resistance gene 3987...3211

276 Hindlll (4)
integrase 1862...21

'

aac(3)IV 3987...3211
apramycin resistance gene 3987...3211

phiC31 attP site 1917...1879

phiC31 attP site 1917...1879

Appendix

RP4 origin of single-stranded DNA transfer 2376...2265

RP4 origin of single-stranded DNA transfer 2376...2265
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TunF(-) metabolite studi

The tunB and tunf knockout strains were named as:
S. coelicolor M1481 (M1152+plJ12003aAtunB)
S. coelicolor M1482 (M1152+plJ12003aAtunF)

The tunB and tunF complementation strains were named as:
8. coelicolor M1489 (M1152+plJ12003aAtunB+pSET152 ermE*p tunB)
S. coelicolor M1490 (M 1152+plJ12003aAtunF+pSET152 ermE*p tunkF)

The negative and positive control strains were named as:
S. coelicolor M1037 (M1152+pRT801) - negative control
S. coelicolor M1040 (M1152+plJ12003a) - positive control

This report elucidates the analysis from the complementation strains showing restored
production of tunicamycins in respectable quantity. In addition, previous results will be
used to supplement the overall analysis.

The aim of the work is to detect any production of tunicamycins from complementation
strains. Additionally, we were also curious to determine when and how much of
tunicamycins are produced compared to tunicamycins natural producer S. chartreusis.

Observation of Tunicamycins Production (smale scale)

Previous work using small scale growth cultures (100-mL) showed production of
tunicamycins from positive control M1040 after 72 hours (day 3) versus native S.
chartreusis 24 hours right after the innoculation from seedling culture. As expected, no
detectable quanitity of tunicamycins was observed from the negative control M1037. The
cultures were grown for 7 days. Growth condition was identical for both S. coelicolor and
S. chartreusis. Detection of tunicamycins from the culture was done using LCMS.
Commercial tunicamcyins were used as standard (Fig. 1, and Fig.2). See Table 1 for
summary.

Observation and Quantification of Tunicamycinss Production from Heterologous
Expression and Complementation Strains (large scale)

Three 1-Liter cultures of each complementation strains (M1489 and M1490) and positive
control (M1040) were grown for 7 days. 10-mL from the culture after each 24 hours
throughout the 7 days was extracted for LCMS analysis. Each liter of culture was later
extracted separately to determine the yield of tunicamycins in triplicate. Surprisingly,
production of tunicamycins was observed in positive control (M1040) in large scale after
24 hours compare to 72 hours in small scale culture (Fig. 3a and 3b). More importantly,
both complementation strains (M1489 and M1490) regained their production of
tunicamycins as we predicted (Fig. 4a, 4b, 5a, 5b). This further supports our previous work
showing the role of TunB and TunF in the tunicamycins biosynthetic process.

Observation summary from tunicamycins production over 7 days is noted in Table 2.
Quantification of tunicamycins isolated from each liter of culture is noted in Table 3.
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Sample collection and extraction for LCMS analysis followed the sample protocol for
small and large scale culture.

Mycelium was extracted by pestle and mortar processing using methanol to solubilize the
tunicamycins present. Methanol extract was concentrated and analyzed by LCMS
subjected to RP-C14 HPLC separation.

Comparison between the heterologous expression of tunicamycins by S. coelicolor and
natural producer S. chartreusis cannot be conclusive at this time. It was observed that
some contamination was present for the positive control cultures. The culture broth turned
cloudy compare to clear of other strains. This was also observed in the past with small
scale cultures. It is likely due to E.coli contamination. Despite the contamination,
tunicamycins production was still able to be observed. This could explain the yield
difference between the positive control and the complementation strains tunicamycins
isolated, as shown in Table 3. The contaminant organism may have competed for the
uptake of nutrients to result in low yield of tunicamycins.

Furthermore, previous work showed low quantity of tunicamycins in tunF knockout strain,
M1482. Few attempts were made to isolate the compound. Not all were successful.
However, for those ones that were able to isolate the tunicamycins, quantitative yield was
extremely low and the product was not completely pure®*. Tunicamycins isolated were
easily analyzed by LCMS.

*It should be noted that tunicamycins extraction process for S. chartreusis when employed
to S. coelicolor strains does not yield the same purity of tunicamycins. Tunicamycins
isolated from S. coelicolor strain always seem to contain impurity, observed by NMR, that
1s not observed in tunicamycins isolated from S. charturesis. This may mean purification
process for crude tunicamycins isolated from S. chartreusis is not optimized for crude
tunicamycins extracted from heterologous expression host S. coelicolor.

Observation from 100-mL culture (small scale). TM: tunicamycins.

Day 1 ‘ Day 2

‘ Strain Day 3 ‘ Day 4 ‘ Day 5 ‘ Day 6 ‘ Day 7 ‘
M1037 NoTM NoTM NoTM NoTM NoTM NoTM NoTM
M1040 NoTM NoTM NoTM ™ ™ ™ ™
M1481 NoTM NoTM NoTM NoTM NoTM NoTM NoTM

M1482 NoTM NoTM NoTM ™ ™ ™ ™

381



Appendix

Observation from 1-Liter culture (large scale).

Strain ‘ Day 1 ‘ Day 2 ‘ Day 3 ‘ Day 4 ‘ Day 5 ‘ Day 6 ‘ Day 7 ‘

M1040 ™ ™ ™ ™ ™ ™ ™
M1489 ™ ™ ™ ™ ™ ™ ™

M1490 TM ™ ™ ™ ™ ™ ™

Tunicamycins production from heterologous expression. Each batch is 1 liter. The yield
determined from each batch is after one round of flash chromotagraphy, resulted as crude
tunicamycins.

Strain ‘ Batch 1, mg/L | Batch 2, mg/L | Batch 3, mg/L | Average, mg/L

M1040 31.6 11.8 29.2 242
M1489 429 40.3 128.6 70.6
M1490 44.0 52.5 96.0 64.2

Isolation of S. coelicolor M1482 crude metabolite.

‘ Batch ‘ 3 Liters, mg/L 12 Liters, mg/L | 7 Liters, mg/L | 3 Liters, mg/L

M1482 Total 5mg, 1.6 mg/L  N/A* N/A* Total 14.9mg, 5.0 mg/L

*tunicamycins detected by LCMS but failed to isolate after extraction and purification

History of tunicamycins extraction. The average yield from 6- or 12-Liter batch after 2-3
flash column chromatography.

Strain ‘ Batch average, mg/L

S. chartreusis  30.6, 10.8, 33.0, 62.5, 73.0, 104.0
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TOF-ES+: four homologues of tunicamycins along with mass observed from the loss of
GlcNAc moiety from tunicamycins.

382



Appendix

A. 8. coelicolor M1040_day1 TOF Ms E%‘C
100 ‘,n o o Loms
074 a7 1976 50 44 20.94
784 g.44% 1701 1773 15550 19762044 2
A T e R T s S Nl e S L TE R A
o - — - ; v y v v v v y - —
200 200 500 500 000 1200 200 1500 1500 2000 2200 2400 2600 2600 3000 3200 3400
B. S. coelicolor M1040_day2 TOF MS Ei"
029 c
R Yoy .72 1919 2178 15tes
059 w1820 90199 209 e o111
Ky T D R T U ~N_mwan e B, P
—_— s A A
o T e T T T T y T T T v T T T T T y T T T v T T y T T
200 T00 500 1200 200 1600 800 2000 2200 2400 26500 3200 3400
C. 5. coelicolor M1040_day3 ToFMs ESe
044 1829 1917
100 18601917 1902 5
| 050 16,69 > 4 2089 26782713 97.41 18589
- 1781213 1324 1378 15.34 2165 2264 2295 24182436 2558
X0 600 500 000 1200 1200 1600 18,00 2000 2200 2400 2600 2600 3000 3200 3400
D. S. coelicolor M1040_day4 oo TOF MS E%l(‘:
17,63 18,0415.68 19.06
00- 1624 S I 1981
1103 208 1.65€5
028 31163 1248 1294 15.16 15.87 < 22097
QT T S 2266 23922418
o - + - - - y - v v - - - - v - - ]
200 200 500 500 1000 1200 200 1500 1500 2000 2200 2400 2600 2600 3000 3200 3400
E. . coelicolor M1040_day5 TOF MS ES+
029 Tic
1 Tic
” ‘W’EZ 35t TRz PNgds %8 2711 e
_ 1587 NA Ak 088 8.
348 130 207 BR g375 U188 A s ~—
— e e e O RS -L:% P S A
o e s e e L kMM mena e meea VMBI et e ——
200 T00 500 500 000 1200 200 1600 800 2000 2200 2400 26500 2800 3200 3400
F. S. coelicolor M1040_day6 TOF MS ES+
Tic
100 Je
045 ooy 1788 210 jjg}fw 2095 288.27.17 161e5
< 1213 1376 88 2R 2 B s .
. " 1128 5 128 S A B RARBR —
— L S o ~
200 X0 600 500 000 1200 1200 1600 18,00 2000 2200 2400 2600 2600 3000 3200 3400
G. 8. coelicolor M1040_day7 TOF MS E?‘c
I
100 1836 1994 s6es
o5 1249 1431 o T8 R B s ey, San %3 e
051 oss s B um S Tl B 22832357 252025 4 ST 2
— T I L I A VAN RRBIBRLO
o T T ; T r v v v v T v v v v —= T y T v \ Time
200 200 00 500 1000 1200 200 1500 1500 2000 2200 2400 2600 2600 3000 3200 3400
A. S. coelicolor M1040_day1 TOF MSES*
100 653
e 602 )
562 616 go4g39 539 665 691 7
sosspr s1g 28 7 1 M2 gy gy goy | og0°)° 62460 U ey | 65 sssS 108 mmvmemenst 7erss TS 72 0’30 sosmoats el et | 550 ) %erasee
20 e
B. S. coelicolor M1040_day2 TOF MSES+
00 a0 119e4
602 846
616 53 a3
)
512 50525 57 549 S5 o ggp 612 624 M eur |y s o0 o2 s 72 196 svige [l sssl] sseera®® g
o L A S}
C. s. coelicolor M1040_day3 TOF MSES+
00 80 23204
846
831
02 6% k
so8 521 9 g I T 759 768 sz o7l ssell sesens s e
D. S. coelicolor M1040_day4 TOF MS ES+
100, 8 44tes
859
= 2 o s a1 [T
6%
so2 fl, | 530l sssses  Cf e 602 610616 624630 O18 i 656 684 6065562 190 71 s T T T el ey i 255 Jl, ssasrasa0 w8 92 9B o %62
03 - ; :
E. S. coelicolor M1040_day5 TOF MSESH
100 a0 25664
1 g
6%
519526 535 553 ser 502 61015 62 63 56 65 g5 62 5 TSTS 7gr e 61 gsa M| 868674 882 g9
¥ u u ot u * ¥ ¥ u u T u u u Lanay u * ¥ u u u T u u Y ¥ * u u T T u T ¥ aaaaa u T u u u T T u T d
F. 5. coelicolor M1040_day6 TOF WS ESt
100 80 1508
LI
s08 0 s 68 e 692 a1
503|518 541 551 561567 577 593 601 ° 618 14 N 547, )., 667 678 ... J0B 713719 727733 747 754 773 187 802 M, 854 || ses 882 898 914
O A s + LA A A A A A A A R e e e LA nan bt nsas A et naset nsas aasts nanss nasnd]
G. S. coelicolor M1040_day? TOF MS ES*
a0 27184
100
508 B o
e
=)
610 k
518 530 541 650 561567 577 so6603 (0 2 | 67 5% gos  em 47 768775 191 817 MJ Il 8¢ .}u %8 82 g .
mz
500 | 520 | 50 | 560 | 580 | 600 . 620 | 640 | 0 | 680 | 700 | 720 | 780 760 ' 760 800 €0 ' €0 €0 0 | 900 | 0 | o0 | 0 G0 1000

TOF-ES+: S. coelicolor M1040 day 1 — 7. Production of tunicamycins was observed each
day.
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TOF-ES+: S. coelicolor M1489 day 1 — 7. Production of tunicamycins was observed each
day.
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TIC: S. coelicolor M1490 day 1 to 7. Tunicamycins are eluted between 10.5 — 12 min.
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TOF-ES+: S. coelicolor M1490 day 1

day.
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— 7. Production of tunicamycins was observed each
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TunD glycosyltransferase activity assay

a
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Overlay from the reaction screening. No activity was observed. The decreased in
absorbance on the left is the UDP spike in reaction mixture.
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Overlay from TunD activity screening. Bottom line is positive control with UDP spiked
the reaction mixture; second to bottom line is OtsA positive control. The curve line in the
middle is F.J.W. TunD sample. Top lines are control and refolded TunD sample. No

activity observed.
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o e

Overlay of TunD multiple acceptor-donor activity screening. Low absorbance lines on the
bottom are result from UDP and ADP spike in reaction mixture. Negative control looks the

same as reaction mixture containing TunD.
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TunD Isothermal titration calorimetry data

ITC analysis was carried out according to the manufacturer’s instructions for the
instrument. The sample volume was about 250 pL.

time (min) time (min)
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Top box: raw ITC data; bottom box: integrated isothermic curve. (L) water/water, (R)
CaCl/EDTA
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Top box: raw ITC data; bottom box: integrated isothermic curve.
ITC experiment condition:
Buffer: 50mM Tris, pH 8
TunD: 25uM
UDP-GIecNAc: 2 mM
N-acetyltunicamyluracil: 2mM
MgClz: 10 mM
(L). Buffer+MgClo/UDP-GIcNAc
(M). TunD+MgClL/UDP-GIcNAc
(R). TunD+MgCl>+UDP-GIcNAc/N-acetyltunicamyluracil

392



Appendix

time (min) time (min)
0 10 20 30 40 50 60 0 10 20 30 40
58.576 T T T T T T T T T T

T T T T
Rl J——
\

N ks il (bl
3890 .‘,4,“v‘-mw‘.,gu:‘.\‘4_.13-‘,.‘,,,\,‘..(wr‘w‘ l"ﬂ -

-~
=]

50 60 70

dP (Watt)
Bg
N A
g3
11
) NN N N T N N T N

~
1
@
~
1
L

(kJ.mol”
2
g
1
1

o
S
1
1
AH (kJ.mol™)
2
S
1
1

T 1850 4
<

1750 . 1750 +———————————1—T
0.0 05 0 2 4 6 8 10 12 14 16 18
molar ratio molar ratio

time (min&
0 10 20 30 4 50 60 70
LS S L. S S PSS ML LN R
38 | ERRER PP

334 B
28 - B
23 —
18 B
13 B

dP (UWatt)

34 .
Y T

2092 o sEsmsmsEEEE s EmE g T

-18 5 K

-2092 | i
4184 | N

-1
AH (kd.mol™)

-6276 - o
-8368 - B

-10460 —————————————————
2 0 2 4 6 8 10 12 14 16 18
molar ratio

Top box: raw ITC data; bottom box: integrated isothermic curve.
ITC experiment condition:

Buffer: 50mM Tris, pH 8

TunD: 25uM

UDP-GIcNAc: 2 mM

N-acetyltunicamyluracil: 2mM

MnCl;: 10 mM 1 mM

(L). Buffer+MnCl/UDP-GIcNAc

(M). TunD+MnCl/UDP-GIcNAc

(R). TunD+MnCl,+UDP-GlcNAc/N-acetyl-tunicamyluracil
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Top box: raw ITC data; bottom box: integrated isothermic curve. Repeat of experiment as
shown in Fig. 10 (M). Concentration of MnClz was reduced from 10 mM 1 mM to avoid

precipitation.
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Top box: raw ITC data; bottom box: integrated isothermic curve.
ITC experiment condition:
Buffer: 50mM Tris, pH 8
TunD: 25uM
UDP-GIcNAc: 2 mM
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N-acetyltunicamyluracil: 2mM

CaCl: 10 mM 1 mM

(L). Buffer+CaClo,/UDP-GIcNAc

(M). TunD+CaCl2/UDP-GlcNAc

(R). TunD+CaCl,+UDP-GIcNAc/N-acetyl-tunicamyluracil
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Top box: raw ITC data; bottom box: integrated isothermic curve. Repeat of experiment as
shown in Fig. 11 (M). Concentration of CaCl, was reduced from 10 mM 1 mM to avoid
precipitation.
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N-acetyltunicaminyl uracil as putative inhibitor of glycosyltransferases and kinases

Note: n'TM or N-acetyl TM refers to N-acetyltunicaminyl uracil.

Activity assay used the pyruvate-kinase and lactate dehydrogenase coupling system by
measuring the absorption of NADH at 340 nm.

Continuous Spectrophotometric Assay: OtsA + Inhibitor

3
2.5
2
E
c
=]
a 15
o
o
1
0.5
0 . . . . : ]
0 250 500 750 1000 1250 1500
Sec.
# Blank H0.1uM nT™M 0.3uM nT™M X0.6uM nTM K1uM nT™M OtsA+control

OtsA inhibition studies #1. Rxn. Condition: 200uL, RT, 100ug/mL OtsA, 1mM G6P,
ImM UDP-Glc, 50mM HEPES pH 7.0, 5mM MgCl12, 200mM NaCl

Signal Curve(s)

0 min 4 min 8 min 12 min 16 min 20 min 24 min 28 min 32 min 36 min 40 min 44 min 48 min 52 min 56 min 60 min
Time in minutes

—&— OtsA 100ug/mL [Sat.] —a&— Blank well —#— <OtsA+0.1uM UDP-Glc> —&— OtsA+0.3uM UDP-Glc
—&— OtsA+0.6uM UDP-Glc —&— OtsA+1uM UDP-Glc —=— Blank well —&— OtsA+ UDP-GIc + 0.1uM N-TM
—=— OtsA+ UDP-GIc + 0.3uM N-TM —&— OtsA+ UDP-GIc + 0.6uM N-TM —#— OtsA+ UDP-GIc + 1uM N-TM

OtsA inhibition studies #2.
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Signal Curve(s)

—8— <blank>

—&— udp+0.5mM N-TM —#— udp+1mM N-TM  —&— udp+2mM N-TM

TS =

in 2min 4 min 6 min 8 min

10 min

12 min

14 min

16min  18min  20min  22min  24min  26min  28min 30 min  32min 34 min
Time in minutes

Pyruvate kinase and lactate dehydrogenase coupled enzyme system in presence of N-
acetyltunicaminyl uracil.Rxn. Condition: 200uL, RT, OtsA, ImM G6P, ImM UDP-Glc,
50mM HEPES pH 7.0, 5SmM MgCl2, 200mM NacCl.
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OtsA Tm shift assay data

Temp

42 0.55940 0.53750 0.55240
43 0.55080 0.53160 0.54680
44 0.54370 0.52590 0.54190
45 0.53780 0.52280 0.53860
46 0.54020 0.52810 0.54440
47 0.54820 0.53960 0.55600
48 0.56550 0.56060 0.57790
49 0.58790 0.58760 0.60520
50 0.62650 0.63390 0.65190
51 0.67110 0.68590 0.70630
52 0.71470 0.74090 0.76230
53 0.74990 0.78230 0.81090
54 0.77100 0.80870 0.84490
55 0.77710 0.81850 0.86130
56 0.77190 0.81600 0.86350
57 0.75960 0.80580 0.85530
58 0.74540 0.79310 0.84360

59 0.72910 0.78160 0.82910
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tsA co-crystallisation screen
Note: n'TM or N-acetyl TM refers to N-acetyltunicaminyl uracil.

OtsA crystal screen conditions (hanging-drop)

0.1M trisodium citrate, pH 5.4 with:

1.60 M Li2S0O4
1.0 M (NH4)2S04

1.35 M Li2S04
1.0 M (NH4)2504

1.10 M Li2S04
1.0 M (NH4)2S04

0.85 M Li2S04
1.0 M (NH4)2504

0.60 M Li2S04
1.0 M (NH4)2S04

0.35 M Li2S04
1.0 M (NH4)2504

1.60 M Li2S04
0.7 M (NH4)2504

1.35 M Li2504
0.7 M (NH4)2504

1.10 M Li2S04
0.7 M (NH4)2504

0.85 M Li2504
0.7 M (NH4)2504

0.60 M Li2S04
0.7 M (NH4)2504

0.35 M Li2504
0.7 M (NH4)2504

1.60 M Li2S0O4
0.4 M (NH4)2S04

1.35 M Li2504
0.4 M (NH4)2S04

1.10 M Li2S04
0.4 M (NH4)2504

0.85 M Li2S04
0.4 M (NH4)2S04

0.60 M Li2S04
0.4 M (NH4)2504

0.35 M Li2S04
0.4 M (NH4)2S04

1.60 M Li2S04
0.1 M (NH4)2504

1.35 M Li2504
0.1 M (NH4)2504

1.10 M Li2S04
0.1 M (NH4)2504

0.85 M Li2504
0.1 M (NH4)2504

0.60 M Li2S04
0.1 M (NH4)2504

0.35 M Li2504
0.1 M (NH4)2504

Red: conditions with crystal hits.

OtsA Crystal, 15-36hrs. OtsA + UDP + G6P

OtsA Crystal, 15-36hrs. OtsA + G6P + N-acetyl TM

-

- Data too mosaic
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OtsA crystal screen conditions (hanging-drop)

1M NaOAc, pH 6.8, 8% v/v monomethylether PEG 550, 8% v/v PEG 20,000
1M NaHEPES, pH 6.8, 8% v/v monomethylether PEG 550, 8% v/v PEG 20,000

0.6 M NaOAc
0.20 M NaHEPES

0.5 M NaOAc
0.20 M NaHEPES

0.4 M NaOAc
0.20 M NaHEPES

0.3 M NaOAc
0.20 M NaHEPES

0.2 M NaOAc
0.20 M NaHEPES

0.1 M NaOAc
0.20 M NaHEPES

0.6 M NaOAc
0.15 M NaHEPES

0.5 M NaOAc
0.15 M NaHEPES

0.4 M NaOAc
0.15 M NaHEPES

0.3 M NaOAc
0.15 M NaHEPES

0.2 M NaOAc
0.15 M NaHEPES

0.1 M NaOAc
0.15 M NaHEPES

0.6 M NaOAc
0.10 M NaHEPES

0.5 M NaOAc
0.10 M NaHEPES

0.4 M NaOAc
0.10 M NaHEPES

0.3 M NaOAc
0.10 M NaHEPES

0.2 M NaOAc
0.10 M NaHEPES

0.1 M NaOAc
0.10 M NaHEPES

0.6 M NaOAc
0.05 M NaHEPES

0.5 M NaOAc
0.05 M NaHEPES

0.4 M NaOAc
0.05 M NaHEPES

0.3 M NaOAc
0.05 M NaHEPES

0.2 M NaOAc
0.05 M NaHEPES

0.1 M NaOAc
0.05 M NaHEPES
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