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An investigation into an unusual glycan branching enzyme from Mycobacterium
tuberculosis

Jessica Sophie Gusthart

Mycobacterium tuberculosis (Mtb), the pathogen that causes tuberculosis (TB), is showing
increasing resistance to current drug therapies. It is therefore essential that novel drug
targets and drug therapies are discovered. Methylglucose lipopolysaccharides (MGLPS)
are glycoconjugates produced by Mycobacteria identified as essential for viability. The
genes involved in the biosynthesis of MGLPs have been shown to be essential for the
survival of the bacterium. Initial stages of the biosynthetic pathway to MGLPs are thought
to include the transfer of a glucose unit to glucosyl glycerate (GG), forming di glucosyl
glycerate. The gene responsible for this reaction has been identified as Rv3031 and is
thought to encode a GH57 glucan branching enzyme (GBE). Known enzymes belonging to
this family act upon large substrates, however, the proposed biosynthetic pathway to
MGLPs implies that the MtGBE works on much smaller carbohydrate units.

The full chemical synthesis of several carbohydrate compounds was performed,
including the synthesis of GG and a novel synthetic route to maltosyl glycerate (MalG).
Compounds were characterised using NMR spectroscopy and mass spectrometry and GG
and MalG were tested in enzymatic assays designed to identify the substrates of MtGBE
and MtGIcT.

The co-expression of MtGBE with the chaperone system GroEL-GroES is described, as
well as the purification of the protein by Ni-NTA affinity column. Various assay techniques
were utilised to investigate the nature of the activity of MtGBE and to identify the glycan
donor. The glycosyl transferase encoded for by Rv3032 was expressed and isolated from
inclusion bodies to investigate potential co-operation between this and MtGBE. Though
no hydrolysis or branching activity was observed and no donors identified, this is the first
time MtGBE protein has been expressed and studied. This work can rule out certain types
of activity thus clearing the way to discovering the true nature of the MtGBE enzyme.
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Chapter 1

1. Introduction

1.1 Tuberculosis

Tuberculosis (TB) is an ancient disease, depicted by the early Egyptians, described by
Hippocrates (using the name phthisis) and is even mentioned in the bible (using the
ancient Hebrew word schachepheth).! By the 19" Century, Europe was suffering a TB
epidemic, during which time the disease was studied in depth by renowned physicians
such as René Laennec and Robert Koch, but the disease was eventually seen as curable
following the introduction of antibiotics starting with isoniazid in 1952. Despite a
period of time during which it was thought TB no longer posed a major threat?, in
recent decades the disease has returned, becoming one of the top 10 causes of death
worldwide.>” Indeed, TB is now such an issue that the World Health Organisation
(WHO) have launched the ‘End TB strategy’ which aims to reduce TB deaths by 95% (in
comparison to 2015) and TB incidence rates by 90% by 2035.2

Caused by the bacterial agent Mycobacterium tuberculosis (M.tb), TB mainly affects

the lungs (pulmonary TB) but can also infect other areas in the body (extrapulmonary
TB).. M.this a gram positive bacterium with a cell wall consisting of a two layers (see
Figure 1. 1), the innermost of which (the cell wall core) is composed of peptidoglycan

(PG) linked to arabinogalactan (AG) and this is then linked to mycolic acids.” *°

The outer layer contains free lipids, amongst which are scattered the cell wall proteins,
and it is this outer layer which is believed to play a role in signalling interactions, whilst
the cell wall core is crucial in maintaining cell viability.10 Once in the lungs, M.tb is
phagocytosed into macrophages, however the bacterium has developed the ability to
survive inside the macrophage, avoiding degradation.11 Further immune response then
leads to the formation of granulomas, in which the bacterium can survive in a dormant

state for many years.12
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Figure 1. 1 Schematic of the Mycobacterial tuberculosis cell envelope, copied, with
permissions, from reference 11. LAM = lipoarabinomannans, LM = lipomannans, PIM =

phosphatidylinositol mannosides.*

The first line of treatment currently used to combat M.tb infections (summarised in
Figure 1. 2) consists of a six-monthly course of four antibiotics: isoniazid (1ZD),
rifampicin (RIF), pyrazinamide (PYR) and either streptomycin (STR) or ethambutol
(ETB).> ™ These drugs not only have to be taken for a long period of time but also can
cause severe, undesirable side effects in patients.14 Resistance of M.tb to two of the
key drugs in first line treatment, isoniazid and rifampicin, is termed multidrug-resistant
(MDR) TB and the term extensively drug-resistant (XDR) TB is used to describe MDR-TB
which is also resistant to any fluoroquinolone (FQ) and any of the following three
compounds: capreomycin, kanamycin or amikacin.™ These resistant strains, along with
the strong synergy between TB and the HIV virus, are a key contributing factor to the

current need for new anti-TB drugs. >~
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A:TB B: MDR/XDR TB
Combination of: Combination of: Most Preferred
Isoniazid Isoniazid
First2 months Pyr.azma .m.lde Pyr.azmar.n.lde
Rifampicin Rifampicin
Ethambutol / Ethambutol

Streptomycin
P Y One or combination of:

Streptomycin

Combination of:

Isoniazid Kanamycirj
Rifampicin Capreomycin
Amikacin
Viomycin / tuberactinomycin B
Next 4 months  — Fluoroquinolones

Ethionamide
Cycloserine
p-aminosalicylic acid Least Preferred

~7
v

Figure 1. 2 A: Course of treatment for TB infections; B: Options for treating MDR/XDR TB cases
in order of preference, italics = drugs MDR TB is resistant to, red = drugs XDR TB is resistant to.

Figure created using information from Janin."

The aforementioned components of the cell wall of M.tb consist of lipids*®, proteins
and carbohydrates.*® Carbohydrates play an important role not just in the cell wall, but
in other biological functions of M.tb such as survival of the cell inside the host",
metabolism®® and virulence.™ A selection of important carbohydrates found in

Mycobacteria will be discussed in the following text.

1.1.1 Key anti-TB drugs
Current drug targets of anti TB therapies (depicted in Figure 1. 3) include biosynthetic

pathways involved in cell wall synthesis, translation and transcription, amongst
others. #2024
IZD (1.1) and its structural relative ethionamide are both prodrugs, with isoniazid being

14, 25

activated by KatG to form adducts with NADH. The target of the activated

compounds is believed to be InhA, an enoyl-ACP reductase involved in long chain fatty

2526 |t has also been noted that KatG activation of

acid and mycolic acid biosynthesis.
isoniazid produces NO- radicals that can attack the bacterium.?’ It is believed that
mutations in the katG gene are the major cause of I1ZD resistance in MDR strains of

TB 28, 29
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Figure 1. 3 Structures of key anti-TB drugs. Reproduced from Janin."*

PYR (1.2), similarly to isoniazid, is also a prodrug that is hydrolysed to an active form,
pyrazinoic acid, which was thought to work by causing an increase in cellular acidity
resulting in cell death. Recent studies suggest that instead, there are two
mechanisms of action: decrease in the essential cofactor acetyl CoA and inhibited
biosynthesis of a virulence factor.?! There aren’t currently any molecular mechanisms
of action of PYR and this is still a heavily studied area.’® The enzyme that converts
pyrazinamide to its active form within TB is known as PncA and is encoded for by the
pncA gene.31 It is the presence of mutations within this gene that cause most cases of
PYR resistance? but mutations in other genes have also been observed in resistant

. 4
strains.>3

The targets of ETB (1.3) are the arabinosyl transferases involved in arabinan
biosynthesis.?* * Arabinan is an important component of arabinogalactan which in
turn is a key component of the bacterial cell wall which, as previously discussed, is vital
for cell viability.? It is within the gene cluster embCAB, containing the genes for the
relevant arabinosyl transferases, in which mutations leading to ETB resistance are

found.3* %’

STR (1.4) is classed as an aminoglycoside and belongs to the family of drugs with that
name.' It targets translation, weakening the proof reading ability of the ribosome as

well as lowering the accuracy with which tRNA binds, thus leading to an increase in
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error during protein synthesis.23 Kanamycin, amikacin, capreomycin and viomycin also

14, 38

target translation. Resistance to STR is mainly caused by mutations in the rpsL and

rrs genes, which encode the $12 protein and 16S rRNA respectively.>

RIF (1.5), a large polyketide containing a napthoquinone core, targets the B sub-unit of
bacterial RNA polymerase to which it binds, inhibiting RNA transcription by blocking
RNA chain elongation at the 5’ end.?® The B sub-unit of RNA polymerase, is encoded for
by the gene rpoB, and it is in this gene that 95% of mutations leading to RIF resistance

are located.*®

FQs, a large family of drugs that includes moxifloxacin (1.6), ciprofloxacin (1.7) and
sparfloxacin (1.8) (see Figure 1. 4), target DNA gyrase, which is essential for effective

replication, recombination and transcription of DNA.**

NH, O O

o o o o
F F F
OH OH OH
| | ) |
HN|---C’/\‘ N (\N N /"(\N N
YN w A LNCELAYN

1.6 1.7 1.8

Figure 1. 4 Chemical structure of some of the members of the fluoroquinolone family,

recreated fromJanin.**

M.tb DNA gyrase consists of two sub units encoded by the genes gyrA and gyrB.41 Itis
due to mutations in these genes that confer resistance to FQs in M.tb and it was found
that these mutations can interact with each other to cause differing levels of

resistance.*

Some of the above mentioned anti TB drugs either target carbohydrate biosynthetic
pathways (for example, ETB) or contain carbohydrates in their structure (e.g. STR) and
it is the biosynthesis of a carbohydrate containing molecule that is the focus of this
study. The following section will therefore discuss carbohydrates, their structure,

importance in nature and key chemical features.
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1.2 Introduction to carbohydrates

Ubiquitous throughout nature, carbohydrates are essential molecules in biological
compounds and processes including; DNA and RNA*, cell signalling** and recognition®
% generation of energy in metabolism®’, structural components of cells*®*°,
reproductionso, the immune system,51 including the inflammatory responsesz, and
much more.”® Carbohydrates are diverse in ring size, hydroxyl group modifications and
anomeric configuration and, in addition, carbohydrate monomers can be linked in a

variety of ways, all leading to an extremely high number of possible carbohydrate

structures.>

Carbohydrates are important components in many diseases and infectious agents such

55-57 58, 59

as in diabetes*’, cancer®>™’, viral infections and bacterial infections . In bacteria,

carbohydrates are involved not just in metabolism® and infection but are also

®1.%2 and are involved in sensing changes in the external

essential cell wall components
environment to respond to stress.®® In fact, carbohydrate binding proteins are often
drug targets due to the sheer importance of carbohydrates in the survival of the

bacterium.% ¢

Carbohydrates are already used for important medical applications such as therapeutic

67, 68 69-72

antibodies®®, anti-cancer and anti-bacterial drugs and vaccines . However, due
to their complex structures and only a more recent understanding of glycobiological
processes, it is felt that the area of carbohydrates as drugs has not been given as much

attention as other families of molecules.”

1.2.1 Basic structural properties of carbohydrates

Carbohydrates are organic molecules containing carbon, oxygen and hydrogen,
generally in the ratio of C,(H,0),.”* They contain many hydroxyl groups and can be
described by taking into account a few structural properties, for example; sugars
containing 4 carbon atoms are termed tetroses, those with 5 carbon atoms in the

chain are described as pentoses, 6 carbon atoms and it is a hexose (see Figure 1.5).”
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H__O
~F —OH
H__O
—OH —0
OH  HO— HO—
OH —OH —OH
OH —OH —OH
OH —OH —OH
1.9 1.10 1.11

Figure 1. 5 Examples of various classes of sugars; ribose (1.9) is a pentose, glucose (1.10) is a

hexose and fructose (1.11) is a ketose (ribose and glucose are aldoses). Recreated from””

In addition, sugars in solution can exist in different forms, based either on
tetrahydropyran (pyranose form), tetrahydrofuran (furanose form) or in an acyclic,
straight chain form.”® These forms are connected and are in chemical equilibrium with
each other (see Figure 1. 6).”” When in the solid state, however, the furanose or
pyranose structures are permanent.’’ Depending on the functional group present in
the straight chain structure, a ketone or an aldehyde, sugars can be further classified

as ketoses or aldoses respectively (see Figure 1. 5).”°

OH OH
0 0
HO HO
HO HO OH
HO o1 \ H\%O / Ho
113
1.12 —OH
HO—
—OH
HO_ \CH,OH —OH HO.__\CH,0H
o —OH o ©
OH / \ OH
1.10
OH
OH OH
1.14 1.15

Figure 1. 6 Furanose (1.14 and 1.15) and pyranose (1.12 and 1.13) forms of D-glucose,

recreated from’®

The stereochemistry of the hydroxyl groups is also key feature in sugars. When in one
of the two ring configurations, a hemi-acetal is formed and it is the carbon atom of this
hemi-acetal that is termed the anomeric position and labelled position 1 when

numbering the ring.”” The stereochemistry at the anomeric centre is termed as either
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o or B (axial or equatorial respectively), and the stereochemistry of the chiral carbon
centre furthest from the anomeric position (in the linear form) determines the
absolute configuration of the sugar molecule, denoted as either b-, the most common
configuration in natural sugars or L-, found to a lesser extent throughout nature (see

Figure 1.7) .7

A B
H O H (0]
HO OH OH OH
HO OH HO 0 HO 0 OH
HO— * *—OH HO . HO
HO HO *
CH,OH CH,OH OH
1.16 1.9 1.12 1.13

Figure 1. 7 A. the L- (1.16) and D- (1.9) forms of ribose with the centre at which absolute
configuration is determined highlighted (*); B. the a (1.12) and B (1.13) forms of glucopyranose

with the anomeric centre highlighted (*).

The stereochemistry of the other hydroxyl groups (those that are not the anomeric)
determines the name of the sugar in question. For example, in the pyranose form of
glucose, the hydroxyl group at position 4 is in an equatorial configuration, however if
this same hydroxyl group is in an axial position, the sugar is now galactose. This is
known as epimerisation and galactose (1.17) is an epimer of glucose (1.12) at position

4 (see Figure 1. 8).”

OH OH_OH
HO O 0
HO HO
HO L, HO L,
1.12 1.17

Figure 1. 8 Galactose is an epimer of glucose at position 4.

1.2.2 The anomeric effect
One important feature of carbohydrates is the anomeric effect. This is an observation
that an electronegative anomeric substituent in a pyranose ring prefers to be in the

axial position rather than the less sterically hindered equatorial position when in
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78-80

equilibrium. The cause of this observation is still studied today, though two widely

accepted theories are discussed in the following text.®

One explanation for the anomeric effect is stabilisation by hyperconjugation depicted
in Figure 1. 9. It is thought that in the axial position, the 6* orbital of the C-X bond of
the anomeric substituent (X) is aligned with the lone pair of the endocyclic oxygen,
allowing for electron donation and the lowering of the overall energy of the system.77
In the beta position, the o* orbital of the substituent would not be in alignment with

the lone pair on the endocyclic oxygen, meaning no stabilisation could take place.”’

v ) ;
WH WH
OH OH
Figure 1. 9 Proposed role of hyperconjugation in the anomeric effect. Recreated from®*

Another theory, illustrated in Figure 1. 10, is that the dipole moment of an axial
substituent would almost oppose that of the neighbouring endocyclic oxygen,
stabilising the configuration.77 Were the anomeric substituent in the beta position,
however, the dipole moments would be close to alignment and therefore would repel

each other, destabilising the system.”’

4
WH =

Figure 1. 10 The proposed role of dipole moments in the anomeric effect. Recreated from®*

In nature, the configuration at the anomeric centre is a key feature that plays a part in
enzyme recognition, with carbohydrate active enzymes being selective of a particular
anomer. For example, a-glucosidase only works on a(1—4) bonds, like those found in
maltose (see figure 1.11).3* Therefore, when synthesising substrates for enzymes, it is
important to obtain the correct anomer in a pure form. Ways of controlling the

anomeric stereochemistry in synthesis include taking into consideration effects from



Chapter 1

solvent, how a glycosyl donor is activated, steric hindrance, metal ion coordination and

many other effects.®”> Some of these will be discussed in the proceeding chapters.

1.2.3 Disaccharides, oligosaccharides and polysaccharides

Sugars are able to link together via glycosidic bonds and when two simple sugars form
a glycosidic bond, a disaccharide is formed.®® Chains containing a few sugar monomers
are known as oligosaccharides and really long chains are termed polysaccharides. All
forms have many uses throughout nature, for example, oligosaccharides are often
found in glycoproteins87 and polysaccharides can be used to store glucose, as in the

case of glycogen or starch.®®

Disaccharides can be linked in a number of ways (see Figure 1. 11), depending on the
configuration of the anomeric position (a or B), through which hydroxyl groups they
are linked (for example 1—4 or 1—6) or through which atom they are linked (O-, N-, S-
or C- linked etc.).®? The end of the chain where the anomeric position is still free is
termed the reducing end, whilst the other end of the chain is the non-reducing end.
Enzymes that act upon disaccharides, oligosaccharides or polysaccharides can be
highly selective for the type of glycosidic bond they act upon’®, including the position
of the bond within the chain, for example, if it is in the middle of the chain or at the

end.®

OH
on O OH o
HO OH
o o HO
o)
HO HO
HO
OH HO
OH

1.18 1.19

Figure 1. 11 Example of a B(1—4) linked (1.18) and an a(1—4) linked (1.19) disaccharide.

Reducing end sugars highlighted in red.

In bacteria, polysaccharides play an important role in survival, for example
peptidoglycan, the main component of the cell wall.%? Other polysaccharides, found in
Mycobacteria, deemed essential for bacterial cell survival are 6-O-methylglucose

lipopolysaccharides (MGLPs) and 3-O-methylmannose polysaccharides (MMPs).%

10
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These polysaccharides were discovered in the 1960’s but are still the subject of

contemporary research which will be discussed in the following sections.”™ %

1.3 Carbohydrates in Mycobacteria

1.3.1 The cell wall
One of the major components of all bacterial cell walls, peptidoglycan (PG) consists of

a carbohydrate backbone which is cross-linked by peptide chains.” %

Generally made
up of N-acetylglucosamine (GIcNAc) (1.20, Figure 1. 12) B(1—4) linked to N-
acetylmuramic acid (MurNAc) (1.21)*, the sugar backbone of PG is slightly different in
Mycobacteria; rather than being N-acetylated, the muramic acid units are N-

glycolylated resulting in N-glycolylmuramic acid (MurNGlyc) (1.22).

OH OH OH
HO O HO 0 HO O
HO o o
OH \\T/ \\T/ NH OH

NH NH OH

o\\/ CO,H o\\/ CO,H O

HO
1.20 1.21 1.22
Figure 1. 12 The structures of GIcNAc (1.20), MurNAc (1.21) and MurNGlyc (1.22), components

of peptidoglycan. Adapted from Warth et al.*®

Biosynthesis of PG begins with the addition of phosphoenolpyruvate (PEP) to the 3-OH
position of UDP-GIcNACc a reaction catalysed by the MurA enzyme (encoded for by
Rv1315 in M.tb).>**’ The enoylpyruvyl group of this product is then reduced using
NADPH by the enzyme MurB (Rv0482)** to form UDP-MurNAc® before glycolylation
performed by NamH leads to UDP—MurNGch.95 A number of peptides are then added
to UDP-MurNAc or UDP-MurNGlyc via the action of MurC, MurD, MurE and MurF, all
ATP dependant ligases, until a muramyl pentapeptide has been formed, known as
Park’s nucleotide.’® ' MurX (Rv2156¢), also known as MurY, attaches Park’s
nucleotide to the membrane acceptor undecaprenyl phosphate to form a compound

101

known as Lipid .-~ A GIcNAc unit is then transferred to Lipid | by the action of MurG

(Rv2153c), an N-acetylglucosaminyl transferase to form Lipid 1,201

Lipid Il is then
transported form the cytosol to the outer side of the cell membrane, however it is not
yet clear which enzyme facilitates this in Mycobolcteria.102 Once outside the

11
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membrane, Lipid Il is used as the monomeric building block for the assembly of the PG

polymer.103

In M.tb, around 10-12% of the MurNGlyc units within PG are linked via a special linker

unit to arabinogalactan (AG).”> ***

This linker consists of a-L-rhamnopyranosyl-(1—3)-
a-D-N-acetylglucosamine-1-phosphate (a-L-Rhap-(1—3)-a-b-GIcNAc-(1—P) which
connects the galactan portion of AG with the C-6 position of the relevant MurNGlyc
component.'® AG consists of a galactan domain, composed of B-D-galactofuranoside
(B-p-Galf) (1.24, Figure 1. 13) units linked alternatively via the 5 or 6 positions in a
linear fashion, and an arabinan domain consisting of branched chains of
arabinofuranose (Araf) (1.23).1%>'° The inner core of this arabinan domain also
contains galactosamine (GalN) and succinyl ester substituents on some Araf

residues.0710°

HO

H
O~ OH O~ OH
HO/\QN HO
HO OH HO OH
1.23 1.24

Figure 1. 13 Structures of Araf (1.23) and Galf (1.24), the main components of arabinogalactan.

As with PG, AG biosynthesis begins in the cytosolic side of the cell membrane and is

110

completed on the outer side.”"~ The linker unit is first synthesised, connected to

decaprenyl phosphate, which is in turn used as the acceptor for the elongation of the

Galfchain.m' 11139 Galf units are linked together before transportation to the other

112

side of the membrane.”™ The initiation and elongation of the galactan chain is

catalysed by the galactofuranosyltransferases GIfT1 (Rv3782) andGIfT2 (Rv3808c)

113,114

respectively, each of which utilise the donor UDP-Galf. Once transported, the

arabinan domain is built beginning with the transfer of Araf units onto the galactan-

linker section.'®

The Araf donor for this is decaprenyl-monophosphoryl-D-arabinose

(DPA) which is used a substrate by an undetermined number of Araf transferases.'*

Branching occurs at a(1—3) branch points, the formation of which in Mycobacterium
smegmatis (M.smeg) was found to be catalysed by the branching enzyme AftC

(Rv2673).11®

12
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Arabinan is also a constituent of another cell wall component, lipoarabinomannan
(LAM).*" This consists of mannopyranose units joined via a(1—6) linkages forming a
backbone which is interspersed with branches of single mannopyranoside (Manp) units

(1.25, Figure 1. 14).*® Further glycosylation of the mannan component occurs as a

119, 120
d.

linear Araf chain is attache This is then branched with either a linear tetra-

121-123

arabinoside or a branched hexa-arabinoside. These are then finally capped with,

124

in the case of M.tb, two a(1—2) linked Manp units forming ManLAM. " It has also

been observed that M.tb ManLAM also contains a unique 5-deoxy-5-methylthio-

125, 126

xylofuranose (MTX) (1.26) moiety linked to the Man cap. LAM and its precursors

are thought to play a role in the modulation of the host immune response. **'*3°

s

OH
OH O._..\OH
HO O
HO 5

OH HO OH

1.25 1.26

Figure 1. 14 Structures of Manp, the monomeric unit of mannan, and MTX, the unique capping

glycan found in M.tb. Reproduced from Turnbull et al.**

The bacterial cell wall of Mycobacteria is surrounded by an outer capsule, the main

132,133

component of which is a glycogen-like a-glucan. This a-glucan is comprised of an

a(1—4) linked a-p-glucopyranose (Glcp) core which contains branches of a(1—4)
linked Glcp at regular a(1—6) branch points.’** The capsule is believed to play a role in

the survival of M.tb within the macrophage, as well as in the modulation of the host

135-137

immune response. The classical pathway to a-glucan is the GlgC-GlgA

134,138

pathway. This pathway begins with the formation of a glucose nucleotide (NDP-

Glc) from glucose-1-phosphate (G1P), catalysed by GlgC, a nucleotide

diphosphoglucose pyrophosphorylase.’* This then undergoes polymerisation by GIcA

138

then subsequent branching which is performed by GlgB.”™" An alternative pathway to

glycogen and a-glucan biosynthesis, the GIgE-GlgB pathway, has been more recently
described.”® This pathway involves trealose synthase and maltose kinase which

134

generates maltose-1-phosphate from trehalose.”™" Maltose-1-phosphate then serves

13
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as the substrate used in polymerisation of the glucan chain which is elongated by

GIgE.* 1% As with the classical pathway, it is believed that branch points are then

introduced by GlgB."*

1.3.2 Metabolism
It has been shown that M.smeg can utilise many sugars as carbon sources including

141,192 1y alignment with this is the identification of many

both hexoses and pentoses.
carbohydrate transporters within the M.smeg cell membrane.*® In contrast, only five
carbohydrate transporters have been identified in M.tb compared to the twenty-eight
identified in M.smeg, thus suggesting a lack of diversity in carbohydrate nutrients

within the macrophage where M.tb resides during infection.

Studies have identified that M.tb will consume either galactose, glucose, arabinose or
fructose (1.27, Figure 1. 15) when these are present in growth media in vitro.'® Though

143, 144
314 the

it has been reported that M.tb mostly utilises fatty acids as a carbon source,
disruption of glycolysis by knocking out pyruvate kinase prevents growth of M.tb when
grown on fermentable carbon sources.** This suggests that glycolysis is an important
metabolic pathway in M.tb.** In addition, the phosphorylation of glucose has been

shown as important for M.tb growth during mice infections suggesting M.tb has access

to glucose during infection.™*®

HO O un
HO " “OH

HO OH

1.27

Figure 1. 15 Structure of fructose (1.27).

Interestingly, it has also been observed that M.tb can co-catabolise different carbon
sources (glucose and glycerol) at the same time by putting each source down a
separate metabolic pathway, a novel type of behaviour found in bacteria at the

time.*¥’

As with most bacteria, the storage of glucose in M.tb is facilitated by the synthesis of

glycogen, a branched polymer of a(1—4) linked Glcp units with branches introduced at

14
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a(1—6) linkages.” the biosynthesis of glycogen is discussed in the previous section

(1.3.1).

1.3.3 Virulence and persistence
Mycolic acids (MAs) form a highly protective layer around the outer membrane of
M.tb, thought to be a major factor in the resistance of the bacterium to toxic

143198 |n the biosynthesis of MA, an important role is

compounds such as antibiotics.
played by trehalose, a disaccharide consisting of a(1—1) linked glucose units.**
Trehalose acts as a carrier for MAs as it is attached to lipids to form trehalose
monomycolate (TMM) which is then transported from the cytoplasm to the

B0 1L T\VM is then used in the synthesis of mycolyl-AG and trehalose

periplasm.
dimycolate (TDM) (1.28, Figure 1. 16), each components of the cell wall, during which
trehalose is released.” Both mAG and TDM have been linked to the virulence and

antibiotic resistance of M.th.1>>1 Indeed, TDM has been identified as the most

abundant lipid released by virulent M.th.*?
R
| /R
© o
OH
HO Q
HO
HOO o) OH
HO
R O OH
17
2 1.28

156 157
. l.

Figure 1. 16 Structure of TDM (1.28). Reproduced from Spargo et a and Glickman et a

In addition to its role in virulence, trehalose also takes part in other key biological

functions such as acting as a carbon source and providing protection against

. . . 152, 1
environmental stresses such as osmotic stress or freezing.>* >

Also found on the cell surface, phenolic glycolipids (PGLs) and p-hydroxybenzoic acid

derivatives (pHBADs) (1.30 and 1.31) are thought to play vital roles in the virulence and

19, 159

infectivity of M.tb (see Figure 1. 17). PGLs consist of a lipid core w-terminated by a

160, 161

phenolic moiety. The phenolic moiety is then glycosylated; in the case of M.tb

15
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(PGL-tb) (1.29), this is with a trisaccharide composed of 2,3,4-tri-O-methyl-a-L-
fucopyranosyl-(1—3)-a-L.-rhamnopyranosyl-(1—3)-2-O-methyl-a-L-

160, 162

rhamnopyranoside. pHBADs are much smaller compounds which consist of a

glycosyl unit attached to a p-hydroxybenzoic acid moiety.'®® The glycosyl units of

pHBADSs are either the same as that of PGL-tb or structurally related.*®

PGL-tb is only found in a few M.tb strains and its exact role in these strains is
unclear.’® However, studies suggest that it enhances infectivity of M.tb and acts as a

159, 163, 164

vital virulence factor. In addition, evidence also suggested that PGL-tb may

play a role in the hyper-virulence of clinical isolates belonging to the W. Beijing

.1 161, 164, 165
family.

pHBADs are thought to have a significant impact on the host immune response by

inhibiting pro-inflammatory responses in infected macrophages.160

o}

o
"y g
WY Ty :
p\i p\i

1.29 1.30 1.31

Figure 1. 17 A) the glycosylated region of PGL-tb (1.29) and B) Examples of pHBADs (1.30 and

1.31). Figure reproduced from Barnes et al.”

1.3.4 6-0O-methylglucose lipopolysaccharides (MGLPs) as drug targets in M.tb
Thought to regulate fatty acid synthesis in Mycobacteriame, MGLPs (1.32) are acylated
polysaccharide chains consisting of 6-O-methylglucose a(1—4) linked units with an

167 At varying points

a(1—6) linked glucose unit at the reducing end (see Figure 1. 18).
in the glucose chain, 6-O-substituted glucose monomers are attached via B(1—3) links
and the reducing end glucose contains a glycerate moiety at the anomeric position in
an a configuration.*®’ This reducing end sugar is termed glucosyl glycerate (GG).

16
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Whilst early structures suggested that the carboxylic acid of GG was octanoylated,
more recent studies have concluded that the octanoate group is actually attached to

the second sugar in from the reducing end.*®®

%@V %%

HO HO o
R? ]

o ° HO
* JVY O
HO E HO o E
, HO !
Moo coo” !
e on |

_______________________

1.32

Figure 1. 18 Structure of MGLPs (1.32) with reducing end glucosyl glycerate highlighted.

Reproduced from*®” ¢

Genetic studies by Sassetti et al. utilised the technique of transposon site hybridization
(TraSH) to produce a comprehensive list of genes essential to the growth of
I\Aycobacl‘eria.169 Within their list of genes identified as ‘required for optimal growth’
resides a number of genes responsible for the biosynthesis of MGLPs, suggesting that

MGLPs may be essential compounds for Mycobacterial survival.*®®

This makes the
biosynthesis of MGLPs a potential novel drug target for the development of new anti

TB drugs and this project will focus on one of the early steps in this process.

1.4 Enzymes involved in MGLP synthesis
A model for the biosynthesis of MGLPs was first proposed in the late 80’s*° but it
wasn’t until 2007 that the genetic basis for the biosynthetic pathway was reported

(see Scheme 1. 1).%° By utilising the Carbohydrate-Active enZYmes (CAZy) database

17
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(www.cazy.org), a gene cluster was identified that the authors believed was
responsible for the synthesis of MGLPs. They proposed that the genes encoding the
enzymes involved in MGLP biosynthesis were as follows: Rv3032 which encodes a
glucosyl transferase; Rv3031 which encodes a GH57 family branching enzyme; Rv3030
thought to encode an S-adenosylmethionine-dependant methyltransferase; Rv3034c,
thought to encode an acetyltransferase and Rv3037c, believed to encode another S-

adenosylmethionine-dependant methyltransferase.90

The same authors were also able to confirm that Rv3032 encoded for an a(1—4)
glucosyltransferase that was not only the main enzyme responsible for elongating
MGLPs but was also involved in glycogen synthesis.90 It was also suggested that the S-
adenosylmethionine-dependant methyltransferase encoded for by Rv3030 was

responsible for the main, 6-O methylation of MGLP.>**"*

OH OH
0 Gpg GpgP
HO + O3PO HO 0 >
HO ~ " (Rvizos)  HO ~ o (Rv2415¢)
(o}
~UDP o\[co2
1.33 1.34 1.35 20

OPO,4

further chain
extensions,
methylations,

OH
HO 0
MtGIcT HO/% OH acylations
HOO o)
HO

I — — > MGLPs

UDP-Glc

OH
HO donor?
HOo co@ (Rv3031) (Rv3032) HOJ
"3 éﬁ HO/&O:
OH ° HOGO coY S o
O. _CO;
1.37 \[ \[

OH OH

1.36

Scheme 1. 1 Current proposed biosynthetic pathway of MGLP synthesis. Figure reproduced from®®’

A year later, Empadinhas et al. purified and characterised a glucosyl-3-

172

phosphoglycerate synthase (GpgS) encoded for by Rv1208.”"“ The crystal structure of

GpgS was also published in the same year'”*"*, followed by mechanistic studies later
on.'> 78 This enzyme is responsible for the formation of glucosyl-3-phosphoglyerate
(GPG) (1.35) with optimal substrates in vitro found to be UDP-glucose (1.33) and 3-

phosphoglyceric acid (3-PGA) (1.34).)2 It was suggested that GPG was a pre-cursor to

18
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172
In

di-glucosyl glycerate (DGG) (1.37) which itself is a precursor to MGLP synthesis.
addition, Rv1208 was among those genes found essential for growth in M.tb, leading
the authors to postulate that MGLP synthesis could not be initiated without the

199 172The suggestion that GPG was vital for MGLP synthesis was given

presence of GPG.
further credit by studies that found a direct link between GpgS and the synthesis of

MGLPs.>”’

The next enzyme involved in MGLP biosynthesis to be characterised was the glucosyl-
3-phosphoglyerate phosphatase (GpgP) encoded for by Rv2419c which converts GPG
to GG (1.36) and so is thought to be involved in the early stages of MGLP synthesis.'’®
Classified as belonging to the histidine phosphatase superfamily, structural and
mechanistic studies led to the elucidation of a 2 step mechanism of action for GG

synthesis.179

Although the characterisation of enzymes involved in MGLP biosynthesis is not

complete, a picture of the overall process can start to be mapped.

1.4.1 Rv3031 encodes an apparent glucan branching enzyme

The gene Rv3031 was not only identified as being essential for growth of M.tb™®, but
was also found to reside in the gene cluster associated with MGLP biosynthesis.90 Itis
believed that Rv3031 encodes an enzyme that catalyses the formation of di-glucosyl

glycerate (DGG) starting from GG and an unknown donor.?® *¢7- 17!

Sequence analysis and alighnment shows strong sequence homology with branching
enzymes that are also members of the CAZy family GH57 (those that have been
characterised include those isolated from Thermococcus kodakaraensis KOD1180,
Thermus thermophilus*®* and, more recently reported, Pyrococcus horikoshii*®?). This
would suggest that Rv3031 could also encode a branching enzyme belonging to the
GH57 family. However, whilst these sequence-similar proteins all act upon large,

lengthy polysaccharide chains,*®%*8

it would appear that, given which step it is
thought to catalyse in the MGLP pathway, the protein encoded for by Rv3031 actually

acts upon much smaller substrates, which is unusual for a branching enzyme.
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Characterisation of this enzyme could not only lead to further understanding of the
biosynthetic pathway of MGLPs in Mycobacteria, but might also reveal novel branching

enzyme behaviour.

1.5 Project Aim

The primary aim of this project is to characterise the enzyme encoded for by Rv3031,

suspected of being a glucan branching enzyme (GBE) and hence referred to as MtGBE.
Characterisation would include identifying substrates, activity and eventually optimal

conditions for assays leading to kinetic characterisation.

A secondary objective is to identify any inhibitors of MtGBE from which novel anti TB

therapeutics could be developed.

1.5.1 Mechanistic hypotheses

Branching enzymes undergo a retaining 2-step transferase mechanism, shown in
Scheme 1. 2, in which the a(1—4) glucan substrate is cleaved, forming a covalently
bound enzyme-substrate intermediate where the reducing end portion of the cleaved
glucan is bound to a carboxylic acid moiety of an active site residue.’® In the GH57

family of enzymes, this residue is a glutamic acid (Glu).*®*

In the following step, the
enzyme bound chain is transferred to the hydroxyl group in the 6 position of either the
same glucan chain (intrachain transfer) or another glucan chain (interchain transfer),

creating a new a(1—»6) branch point.*®

Should a water molecule, rather than the 6-
hydroxy group, cleave the covalent enzyme-substrate bond then the result is a cleaved
a(1—4) glucan chain in a hydrolysis reaction, hence branching enzymes are classified

into glycosyl hydrolase groups.184
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Scheme 1. 2 Retaining mechanism of glucan branching enzyme. Step 1: a(1—4) link is
cleaved (i) and a covalently bound enzyme-substrate intermediate is formed (ii, highlighted
in red); Step 2: 6-hydroxy group of a glucan chain attacks intermediate to form a new a(1—6

)link (iii). R,R",R? = glucan chain. Figure reproduced from'®*

As MtGBE is a GH57 branching enzyme, it is thought that it would also undergo a
retaining transferase mechanism and that one substrate is GG, given that the
biosynthetic route to MGLPs suggests this molecule is made first before the chain is
eIongated.167 However, as most branching enzymes have large glucan chains as their

substrate, the fact that MtGBE appears to utilise small substrates is unusual.’®

Based on the hypothesis that MtGBE follows the retaining transferase mechanism but
also works on at least one small substrate (GG), two potential mechanisms have been
proposed, each with a different donor, as the source of the additional glucose unit in

DGG has not yet been confirmed.

1.5.1.1 Proposed mechanism A

In the first of the postulated mechanisms, herein referred to as mechanism A, the
donor substrate is proposed to be an a(1—4) glucan chain (see Scheme 1. 3). It is
suggested that perhaps the glucan chain will bind and form the enzyme-substrate
intermediate with the non-reducing end sugar unit, with the 6-hydroxy group of GG

then attacking to form the a(1—6) link of DGG.
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Scheme 1. 3 Proposed mechanism A where the donor is an a(1—4) linked glucan chain.

It is thought that the acceptor could either enter the active site after the intermediate
formation, or it could become part of a ternary complex. If the latter occurs, it would
suggest that the formation of the covalently bound intermediate would induce a
conformational change of the active site in order to put the acceptor in a good position

for carrying out the transglycosylation reaction as described.

This proposed mechanism however, suggests that MtGBE behaves as an exo-
glycosidase in that it may hydrolyse the glycosidic bond at the end of the glycan chain.
However, known GBEs generally show endo-glycosidase activity; hydrolysing glycosidic

bonds in the middle of a chain to produce two shorter chains.*®*

1.5.1.2 Proposed mechanism B

The second hypothetical mechanism, mechanism B, suggests the donor carbohydrate
is a maltose unit with a glycerate moiety at the anomeric position, here termed
‘maltosyl glycerate’ (MalG) (1.38, Figure 1. 19). This suggested compound is similar to
DGG but with an a(1—4) glycosidic bond, instead of the a(1—6) bond that is present
in DGG.
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Figure 1. 19 The proposed substrate for MtGBE in mechanism B, maltosyl glycerate (1.38).

It is proposed here that MtGBE forms a covalently bonded enzyme-substrate
intermediate with the reducing end glucose (Scheme 1. 4). Following this, once the
a(1—4) glycosidic bond is hydrolysed, the newly liberated GG could then move within
the active site so as to be in the best position to now form an a(1—6) bond. The 6-
hydroxy group of GG can then perform nucleophilic attack at the anomeric position of

the bound glucose unit, forming DGG.
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Scheme 1. 4 Proposed mechanism B, where maltosyl glycerate is the substrate
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This mechanism, if it were to occur, would require the enzymatic synthesis of maltosyl
glycerate before it could act as a substrate for MtGBE. A likely candidate could be the
glycosyl transferase (GIcT) enzyme encoded for by Rv3032. This transferase enzyme
has been reported to show transferase activity using UDP-glucose (UDP-Glc) and short
chain a(1—4) glucans.’* It could be that this GIcT utilises UDP-Glc and GG as

substrates to form maltosyl glycerate.

1.5.2 Investigating the proposed mechanisms
The first step in determining the mechanism of MtGBE will be to determine the
currently unknown donor substrate. As GG is the acceptor substrate, this compound

would also need to be acquired.

To investigate substrate breadth, purified recombinant protein will be tested with a
number of compounds and detection of any potential product carried out by a number
of techniques, such as TLC, mass spectrometry and various assays. In order to
investigate mechanism A, various a(1—4) glucans which are commercially available
will be tested. However, the proposed substrate for mechanism B is not commercially
available nor is there a reported synthesis of this compound. Therefore, the synthesis

of maltosyl glycerate will need to be undertaken in order to test this with MtGBE.

For testing of compounds against recombinant MtGBE, the recombinant protein will be
over-expressed and purified. Furthermore, investigations into a suitable activity assay
will be undertaken in order to determine activity and any effect various compounds
may have on this. If the type of enzymatic activity can be determined, this will assist in

determining the potential mechanism of MtGBE.
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2. Chemical synthesis of potential substrates and

inhibitors of MtGBE

2.1 Glucosyl Glycerate
The synthesis of GG was based upon that of Lourenco et al. who reported the full
synthesis in 2009.'% The final synthetic route to GG undertaken in this project is

depicted in Scheme 2. 1.
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Scheme 2. 1 The synthetic pathway to glucosyl glycerate based on that reported by Lourengo

et al.’®

In their search for a glycosylation reaction with high a selectivity, the authors opted to

186-188

follow the procedure developed by Crich and co. Crich et al. had already

developed a method for selectively forming B-mannopyranosides without having to

189-192

employ neighbouring group strategy and later proposed to use the same strategy

187

to form B-glucosides, however they found this was not possible.™" Instead it was

found that S-phenyl 2,3-di-O-benzyl-4,6-0-benzylidene-1-deoxy-1-thia-b-
glucopyranosides (2.10 and 2.11, Figure 2. 1) activated with triflic acid in DCM led to
the selective formation of a glucosides when reacted in the presence of 2,6-di-tert-

butyl-4-methylpyridine at -78 °C.**’
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Figure 2. 1 a (2.10) and B (2.11) anomers of S-phenyl 2,3-di-O-benzyl-4,6-0-benzylidene-1-
deoxy-1-thia-D-a-glucopyranoside, both found to react with alcohols to yield predominantly a

oriented products when in the presence of 2,6-di-tert-butyl-4-methylpyridine by Crich et al.”*’

When Lourenco et al. attempted this method in the formation of GG, they obtained

the glycosylation product with a 72% yield with no  anomer detected.'®

Despite high
yields and stereoselectivity, the lability of the benzylidene protecting group proved
problematic for future use of the compound in subsequent coupling reactions.*®°
Therefore, the next strategy employed was that in which the sugar with all hydroxyl
groups protected except for the 6-OH could be formed (2.6). In this case, the authors
prepared ethyl 6-O-acetyl-2,3,4-tri-O-benzyl-1-thio-a/B-b-glucopyranoside (2.4) via
direct treatment of the per-benzylated methyl glucoside (2.2) with sulphuric and acetic

acid, simplifying a more convoluted procedure previously reported in the literature.*®

With 2.4 in hand, the Crich method of activation was attempted, however it was found
that activation with N-iodosuccinimide (NIS) and triflic acid (TfOH) provided more
desirable results with higher anomeric selectivity.186 The use of the acetyl protecting
group at the 6 position allowed for the 6-hydroxyl to be deprotected, which could then

be used to form a 1—6 linked disaccharide.®

In this work, it was thought that 2.4
could be used for future derivatives that may be investigated and thus it was decided
this route would be followed. Furthermore, it is postulated that the acetyl group in the
6 position of 2.4 may aid in the formation of the a anomer by electronically shielding

the top face of the glycosyl donor.***

2.1.1 Thioglucoside donor

Methyl-a-b-glucopyranose (2.1) is a readily available resource so was used as the
starting point for this synthesis, though the anomeric configuration would not be
retained further on in the synthesis and thus a mixture of anomers could have been
used. Benzylation using the commonly used conditions of sodium hydride and benzyl

bromide in dimethylformamide (DMF) readily yielded the tetra-O-benzylated methyl
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glucoside (2.2). During work up, diethyl ether was used during extraction and thorough
washing of this with water allowed for removal of most of the DMF. Flash
chromatography easily allowed for removal of residual DMF and mineral oil that had

stabilised the sodium hydride.

Regioselective acetolysis of 2.2 using a mixture of acetic acid and acetic anhydride in
the presence of a catalytic amount of sulphuric acid was used to produce the 1,6-di-O-
acetyl-2,3,4-tri-O-benzyl glucoside (2.3) in a mixture of anomers (2.3a and 2.3B). The
reaction was carried out by Laura Jowett, an undergraduate student who worked on
this project, who obtained 2.3 with an overall yield of 72% after purification by column

chromatography.

In the third step, the formation of 2.4 was achieved by activating 2.3 with boron
trifluoride in the presence of ethanethiol. Pure product took the form of a white waxy
solid once purified by column chromatography, and 2.4 was obtained in 69% vyield.
With 2.4 in hand, the desired glycosylation donor was prepared and attention turned

to the preparation of the acceptor.

2.1.2 Glyceric acid acceptor

The glycerate moiety of GG is derived from glyceric acid, though coupling of
unprotected glyceric acid could lead to undesired products due to it having two free
hydroxyl groups. To selectively couple the donor (2.4) with the 2-hydroxyl group of
glyceric acid, the primary alcohol was protected selectively as a tert-butyldiphenylsilyl
(TBDPS) ether. The bulkiness of TBDPS compared to other silyl protecting groups
allows for selective protection of the primary alcohol, due to steric hindrance of the
secondary hydroxyl group. The acid group of the glyceric acid is also protected in the

form of a methyl ester (2.9).
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Scheme 2. 2 Synthetic route to glycerate acceptor 2.9.

To form the protected glycerate 2.9 (Scheme 2. 2), a synthetic route starting from b-
mannitol (2.12) was employed. Initially, 1,2:5,6-di-O-isopropylidine-D-mannitol (2.13)
was prepared by stirring mannitol in acetone in the presence of zinc chloride. This
reaction was performed on large-scale in which 30 g of mannitol was used to generate
a large amount of 2.13. The literature procedure referenced for this reaction described
the use of recrystallization from ethyl acetate as a purification method.'®> Whilst this
method was indeed successful, with pure crystals being formed, ethyl acetate was also
the solvent used in the extractive work up in the preparation of the compound,
meaning that the desired product dissolved well in this solvent and so using the
minimum amount of boiling ethyl acetate in the recrystallization was critical. This may
have been one reason the yield obtained in this work was not as high as that
reported.195 Another reason may be the lack of anhydrous acetone, however access to
a still to prepare this was not available and considering the large scale of the reaction,

the 36% vyield of 2.13 still gave enough material to carry through.

Oxidative cleavage of 2.13 yielded two molar equivalents of the protected
glyceraldehyde (2.14). This was achieved using sodium periodate in DCM and
saturated sodium bicarbonate solution. Due to periodate not being soluble in DCM,
the reaction was stirred vigorously to allow for thorough mixing of the aqueous and

organic layers. In this case, the procedure reported by Sugisaki et al. was followed in
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198 At the time this work was

which the product was distilled under reduced pressure.
carried out, the crude product was combined with that of a colleague working with the
same compound, for ease of access to the distillation equipment. Therefore, it was not
possible to determine the overall yield after purification, however the crude yield for

2.14 was 56%, lower than that reported by Sugisaki et al.**®

As 2.14 is an unstable compound197, the next reaction in the synthetic pathway was
carried out as soon as possible post distillation. Indeed, signals were observed in the *H
NMR, particularly around 4.20-3.90 ppm and 1.38-1.35 ppm, which may have arisen
from polymerisation, even after distillation. It may have been for this reason that
Ladame et al. carried out oxidation of 2.14 to a methyl ester (2.15) immediately after
the oxidative cleavage, without having isolated the aldehyde in-between steps.197
When attempted in this work, the immediate oxidation of 2.14 to 2.15 was
unsuccessful, resulting in a small amount of brown residue after work up. It was
therefore decided that another route to 2.15 be taken, by first oxidising to an acid then
subsequently carrying out esterification. This was attempted with potassium
permanganate using a procedure reported by Qu et al. to get the acid product'®, a
reaction that was successful with a crude yield of 76%, however the crude product
required further purification. Another procedure, as per Tanaka et al., was trialled in
an attempt to obtain the potassium salt (2.17) which would result in a crystalline

199 1t was thought a solid would be easier to handle and purify (via

product.
recrystallization), however in this case the solid was very fine and proved difficult to
filter off. Alongside forming the acid or the salt, a third reaction was carried out in
which purified 2.14 was oxidised using the soft oxidative conditions used by Ladame et

al. in the aforementioned work'®’

. This was to see if isolating and purifying 2.14 before
further oxidation was more of a success than the one pot method reported in the
literature. A summary of the methods trialled to obtain 2.15 and 2.17 is shown in

Scheme 2. 3.
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Scheme 2. 3 A: One-pot reaction combining oxidative cleavage and oxidation as reported by
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Ladame et a unsuccessful in our case; B: Route to methyl ester via the carboxylic acid as

198,
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per Qu et a C: Most successful route to methyl ester achieved by separating the

cleavage and oxidation steps.

It would appear that separating the oxidative cleavage and further oxidation steps
proved more effective than attempting both reactions in immediate succession. These
soft oxidative conditions were achieved using bromine in water and concomitant
esterification was achieved thanks to the presence of methanol. Following the
guenching of bromine and the extraction of the product with DCM, 2.15 was obtained

without need for further purification in 84% yield.

The removal of the acetonide protecting group of 2.15 was performed using acid
hydrolysis, and the use of an acidic resin (Dowex®) made this a simple reaction to carry
out, the only work up required being the removal of the resin via filtration. Again, no
purification steps were required and the diol (2.16) could now be used in the final step

of this synthesis.

Following the reported procedure from Lourenco and co,*® TBDPS chloride was added
to 2.16 in the presence of imidazole to produce 2.19 with an almost quantitative yield

(99%). The thick syrup that resulted was not purified any further as *H NMR
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spectroscopy suggested the product was pure enough to be taken through to

glycosylation.

2.1.3 Glycosylation and final steps to glucosyl glycerate

With both the thioglycoside donor (2.4) and the glycerate acceptor (2.9) in hand,
glycosylation was the next step towards GG. Due to the need to control the
stereochemical outcome of the coupling reaction, this is a challenging step in the

synthesis.

Natural glucosyl glycerate contains an a-glucopyranoside linkage and this configuration
must be replicated in the chemical synthesis. Controlling the stereochemical outcome
of glycosylation reactions has been studied in detail and there are a number of ways to

attempt to selectively obtain the o (or 1,2-cis) anomer % 209 201

During the glycosylation reaction, the activated leaving group of the sugar donor
departs and thus forms a glycosyl cation (Scheme 2. 4). The latter evolves through
resonance to the more stable oxocarbenium ion that is then attacked by the
nucleophilic acceptor compound, either from the bottom face or the top face, forming

either an a or B anomer respectively.

OH OH OH OH

o) ci') o®) o)
HO HO HO HO.
HO — | HO ® = Ho Ny \ — = Ho Nu
S
HO L;D HO HO \\/ Nu HO |

Scheme 2. 4 General reaction mechanism for chemical glycosylation showing the formation

of both alpha and beta anomers.

Controlling the reaction at this point can lead to stereochemical control of the product.
The presence of an acyl containing functional group at position 2 on the sugar ring can
aid stereoselectivity via a process known as neighbouring group participation (NGP),

depicted in Scheme 2. 5.20%2%3

In NGP, the lone pair from the carbonyl oxygen of the
acyl group attacks the anomeric position of the oxocarbenium ion forming an
acetoxonium ion, which blocks the bottom face of the ring, forcing the nucleophile to
attack from the top face and form the  product.
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Scheme 2. 5 Neighbouring group participation of a C2 acyl substituent.

In the case of 1,2-cis glycosylation NGP from a group at position 2 is highly undesirable
and so, in the case of this synthesis, the donor is benzylated at position 2, a group
which does not contain acyl functionality and so cannot partake in NGP. As well as
position 2, it is thought that NGP may also occur with groups at position 6 on the sugar

204-206

ring. For example, in their synthesis of GG, Lourenco et al. found that having a 6-

OAc group on the thioglycoside donor gave greater selectivity of the a anomer, 86207
In a similar manner to NGP at position 2, the 6-0 acetyl group can electronically shield
the top face of the sugar ring, driving the attacking nucleophile to attack from

194

below.™™" As this work follows their synthesis closely, the 6-OAc group was also utilised

in this work.

Another variable that can be manipulated in order to control the stereochemical
outcome of glycosylation is the solvent used in the reaction. It is generally believed
that polar solvents promote the formation of the B anomer and non-polar solvents
promote formation of the a anomer.®® In addition, it has also been observed that

205, 208

ether-containing solvents promote formation of the a product , supposedly

8,194 Conversely,

through the formation of an intermediate in the equatorial position.
nitrile containing solvents have been observed to favour formation of the  anomer via
formation of a nitrilium cation that adopts an axial conformation.® In this synthesis,
the reaction solvent was kept as DCM, a non-polar solvent that led to a yield of 63%
and an alpha selectivity of a:B 2:1. Diethyl ether was trialled but gave a low yield of
9%. Lourenco et al. also experimented with solvent effects on glycosylation with
similar compounds to GG, however whilst they found diethyl ether greatly promoted
1,2-cis glycosylation with smaller, more reactive acceptors, they did not report

improvement in a selectivity in their glycosylation reaction involved in the synthesis of

GG 194
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Finally, a third consideration is the temperature of the reaction. Due to the anomeric
effect described in chapter 1 (section 1.2.2) the alpha anomer of unprotected sugars is
favoured thermodynamically and so generally forms at warmer temperatures.85
Generally, during glycosylation reactions, lower temperatures favour formation of the
210 In

B-anomer 29 however there is also evidence of the opposite situation occurring.

this case, the reaction was carried out at 0 °C as per the literature.*®®

Initially, separation of anomers of 2.5 was not achieved. A gradient of ethyl acetate in
hexane starting from 30 % was initially tried but with no success when isolating
anomers. TLC in various solvent systems then showed promise with 90:9:1 DCM/
toluene/ EtOAc though again, no separation of the anomers was achieved. However,
later on in the project, the synthesis was revisited in order to produce more material
and it was then found that a system of 10% ethyl acetate in hexane was found to lead

to almost pure a anomer when a slow gradient was used up to 15% ethyl acetate.

The first deprotection reaction carried out was the removal of the 6-O-Acetyl group
using sodium methoxide in methanol, known as Zemplén conditions. With a reaction
temperature of 0 °C, 2.6 was obtained with yield of 67%. This yield was lower than the
literature procedure which was followed.™®® Lourenco et al. used sodium metal in

186

methanol rather than a stock solution of sodium methoxide ™" and therefore in situ

generation of sodium methoxide may prove more effective in the reaction in future.

The second deprotection step was the removal of the TBDPS group using
tetrabutylammonium fluoride (TBAF) to give 2.7. As before, the high yields reported
were not repeated in this work (the highest achieved yield was 53%). It was initially
found that separation of the anomers after the glycosylation was not possible and so a
mixture of anomers was taken on to this step in the early stages of the project.
Interestingly, following removal of the TBDPS group, the o anomer was the only

anomer observed both in the crude material and after purification.

Following removal of the TBDPS protecting group, the benzyl groups were then
removed to give 2.8. The literature reported this was possible using hydrogen and a
palladium catalyst with a mix of ethyl acetate and ethanol as the reaction solvent all

under 35 psi.'® Due to the lack of access to equipment required to carry the reaction
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out under pressure, this was first attempted at atmospheric pressure. Though some
benzyl groups were removed (as interpreted from TLC) the reaction did not reach
completion even after 3-4 days with addition of fresh catalyst and hydrogen. To try and
improve this result, different catalysts were used, changing the initial catalyst of
palladium on carbon to palladium black or palladium hydroxide on carbon. Neither
changing the catalyst or the reaction solvent improved the reaction efficiency, all
conditions attempted are summarized in table 2.1. Even once access to a pressurised
reaction vessel was obtained, the literature results of complete reaction after 4 hours
could not be replicated. In a further attempt, triethylsilane was used to generate

hydrogen gas in situ. However, this did not produce the fully de-benzylated product.

Table 2. 1 Conditions trialled in attempts to remove benzyl ether protecting groups from GG.

Catalyst Solvent Reaction time Pressure  Result
Pd/C (10 %) EtOAc/EtOH (2:1) 3 hrs 2 atm Mix of products
Pd/C (10 %) EtOACc/EtOH (2:1) 48 hrs 1 atm Mix of products
EtOAC/EtOH (2:1)
Pd/C (10 %) 4 days 1 atm Mix of products
(+ AcOH)
Pd(OH),/C (20
\ EtOAc/MeOH (2:1) 4 days 1 atm Mix of products
%
Pd black EtOAc/MeOH (2:1) 24 hrs 1 atm Mix of products
Pd black EtOAc/MeOH (2:1) 24 hrs 5 atm Mix of products
Pd/C (10 %)
EtOH 9 days 1 atm Mix of products
(+TES)
Pd(OH),/C
EtOACc/EtOH (2:1) 18 hrs 1 atm Desired product
(20%)

However, when attempted again at standard pressure but with more vigorous
degassing and increased volumes of hydrogen bubbled through the system, the
reaction was taken to completion after 18 hours with palladium hydroxide as the

catalyst and a mix of ethyl acetate and ethanol as the reaction solvent. Methods used
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previously had involved using a hydrogen balloon and a needle to allow the gas to
bubble through the reaction mixture before another hydrogen balloon was used to
maintain a saturated atmosphere. The new method involved exposing the system to
vacuum until the solvent began to boil and then releasing hydrogen gas into the
system. This was repeated multiple times before a balloon used to maintain a
saturated atmosphere as before and proved the most successful method. Once the
reaction was complete, the palladium hydroxide could be filtered off over Celite®
which was washed with methanol. NMR suggested no further purification was
required due to lack of significant peaks in the aromatic region. The yield for this first
successful reaction was 80% of 2.8, and repetition of the reaction led to a yield of 95%

of 2.8 when it was left for 48 hours.

The final step towards 1.36 was the removal of the methyl ester to free the carboxylic
acid group on the glycerate moiety of the compound. This was achieved in a
guantitative yield via ester hydrolysis with a 1.0 M solution of lithium hydroxide. NMR
and mass spectrometry matched that reported by Lourengo and co., though it was also
observed in some cases that the NMR would show slightly different coupling patterns,

thought to be due to conformational effects (Figure 2. 2).
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Figure 2. 2 Section of *H NMR of GG with relevant peaks highlighted; A: the spectrum
obtained that matches that reported by Lourenco et al.; B: the spectrum thought to arise
from intermolecular hydrogen bonding, locking the conformation of the compound; blue

square = H7, red square, H8.

For example, in the 'H NMR spectrum reported by Lourenc;o186 and also in initial
spectra in this work (Figure 2. 2 A), an apparent triplet is observed at 4.35 which can be
assigned to the C-H environment in the glycerate region (in this report assigned as H7).
This triplet couples with the signal at 3.9 ppm which is seen here as a doublet (though
reported as a multiplet in the literature®®) and integrates to 2 protons, leading to its
assignment as the CH, environment in the glycerate part of the compound (here
designated H8). However, in the *H NMR spectrum for the same compound taken later
on in this project (Figure 2. 2 B), the signal for H7 now shows upfield at 4.16 ppm and is
now a clear doublet of doublets. Similarly, the doublet of H8 has also shifted upfield
and is now within the multiplet that appears from 3.83-3.70 ppm, becoming less

distinguishable.
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Figure 2. 3 Anomeric signals in GG "H NMR spectrum; A: the spectrum obtained that matches
that reported by Lourenco et al.; B: the spectrum thought to arise from intramolecular
hydrogen bonding, locking the conformation of the compound. Both spectra obtained with

samples dissolved in D,0.

Other chemical shifts remain similar, except for the anomeric signal that shifts slightly
from 5.03 ppm to 4.97 ppm (Figure 2. 3). It was thought that these changes in the
relevant peaks may come around from the two H8 protons being fixed in their
environments. This may occur if the carbonyl group of the acid were to rotate and
hydrogen bond with the hydroxyl group, locking the conformation and hindering

rotation in that part of the molecule (Figure 2. 3 B).

2.2 Maltosyl glycerate

As described in chapter 1 (section 1.5.1.2), substrate investigations would include the
testing of the compound maltosyl glycerate (MalG, 1.38). A literature search suggested
that this compound had not been reported before and so a novel synthesis had to be

designed.

It was initially thought that a route similar to that of GG could be taken (Scheme 2. 6),
starting with maltose (2.18). However, though the idea of using a thioglycoside
activated by NIS and TfOH was carried over into this synthesis, the route to make the
donor had to be modified. The GG synthesis started from the commercially available
methyl glucoside which could then be benzylated and the anomeric and 6-OH positions

selectively acetylated. This could not be done in the case of MalG however, as methyl
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maltoside is not a readily available resource. This could have been prepared from
maltose, but it was deemed that the synthesis would be more efficient if this step was

not included.

When deciding on protecting group strategy, the effects of protecting groups on the
reactivity of the glycosylation donor were taken into consideration. Works have been
carried out investigating the influence of protecting groups on the reactivity of glycosyl

211-213
It

donors with the aim of being able to tune the properties of the donor in use.
has been found that esters have a ‘disarming’ effect on the sugar ring, making
reactions at the anomeric centre slower, whilst ethers have an arming effect, leading
to faster reaction times in glycosylation.”® Therefore, the use of benzyl ether groups to
protect the thiomaltoside donor would be desirable. However, to generate the
thiomaltoside, the anomeric position must be free of a benzyl group as this would not
make a good leaving group when coupled with a thiol. As in the GG synthesis, it was
thought that should the anomeric protecting group be converted to an acetyl group,
the donor could be easily formed. Literature reports do suggest it is possible to
selectively remove the anomeric benzyl group from fully benzyl protected maltose
using in situ generation of hydrogen.214 Bieg et al. used ammonium formate and a
palladium catalyst to produce the 2,3,6,2°,3’,4’,6’-O-benzyl maltose (2.20) from the

21 Therefore the initial synthesis plan was based on

fully protected sugar (2.19).
benzylation, followed by selective deprotection of the anomeric position, then
acetylation and coupling with a thiol to produce a thiomaltoside donor for the

glycosylation with the glycerate acceptor (Scheme 2. 6).
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Scheme 2. 6 Initial synthetic plan to thiomaltoside donor.

However, the selective removal of the anomeric benzyl group to give 2.20 was
inefficient when attempted in this work. Therefore, a different approach to the
synthesis of the thiomaltoside was designed (Scheme 2. 7). This involved per-O-
acetylation of maltose to give 2.23, which could then be coupled with a thiol, followed
by removal and replacement of the acetyl groups with benzyl protecting groups,
forming the armed donor.

BF3.OEty,
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ACZO AcO o CH,Cl, AcO 0
0 0
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OBn
2.25 2.26

Scheme 2. 7 Revised synthetic plan of thiomaltoside donor.

As maltose (2.18) is a disaccharide of two glucose units, it was thought the same
glycosylation conditions for GG could also be applied in the case of the MalG synthesis.
It was also thought that separation of anomers could be carried out at this point.

Following on from the glycosylation reaction, it would then take 3 deprotection steps
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to achieve MalG; removal of the TBDPS group, removal of the benzyl ethers and finally

hydrolysis of the methyl ester.

Once maltosyl glycerate had been obtained, it was then planned that this would be

tested for activity with purified MtGBE protein.

2.2.1 Initial attempt to prepare thiomaltoside donor

The synthesis of MalG was first attempted via benzylation of 2.18. This was carried out
using standard benzylating conditions, using benzyl bromide in the presence of sodium
hydride with DMF as the reaction solvent. The reaction was deemed complete via TLC
after 3 hours which led to 2.19 with a yield of 81% following purification via column

chromatography.

The selective removal of the anomeric benzyl group was attempted multiple times
with ammonium formate and 10% palladium on alumina in methanol. 2.20 was
obtained with mild success as yields ranged from 10-35 % and scale-up to 2.69 mmol
(2.86 g) of starting material only yielded 12 % of desired material. The procedure
followed in the literature reported a 65% yield of 2.20 after 10 hours.*** However,
when this was attempted in this work on the same reaction scale, after 8 hours a yield
of just 12% was achieved. In fact the highest yield obtained (35%) was achieved after 5
hours on a 0.11 mmol scale, however this was still too low to enable an efficient
synthesis. After each attempt the starting material (2.19) could be recycled via column
chromatography using a gradient of 0-20% diethyl ether in toluene and reacted again
to obtain more product. Thus, enough 2.20 was obtained to be taken through to the

subsequent step.

Once the anomeric benzyl group had been removed, the next step was the acetylation
of the anomeric hydroxyl group to give 2.21 which was carried out with acetic
anhydride in pyridine. After overnight reaction, TLC suggested complete conversion of
the starting material though following column chromatography, starting material was

isolated as a minor fraction. The highest obtained yield of 2.21 was 66%.

Attempts at then preparing 2.22 were unsuccessful. The reaction was attempted at 0
°C using boron trifluoride diethyl etherate as the activating agent with DCM as the

reaction solvent. Reactions were first carried out on small scale and though TLC
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suggested consumption of the starting material, no product was seen in mass
spectrometry analysis of the crude mixture. Due to the difficulty in forming 2.22 and
the low yields in the regioselective benzyl removal, this synthetic route to MalG was
redesigned. It was also decided that a different thiol be used to prepare the
thiomaltoside donor to improve the ease of handling the malodourous smells given off
by these compounds. Therefore, p-thiocresol was chosen to replace ethanethiol as the

solid is naturally less volatile and the smell less potent.

2.2.2 Successful synthesis of maltosyl glycerate

2.2.2.1 Thiomaltoside donor

Donor 2.26 was obtained in four steps, the first of which was peracetylation of maltose
to give 2.23. Kartha et al. had reported full acetylation of maltose, among other
substrates, using iodine as a catalyst after 10 minutes.’* This was deemed a faster
acting and greener alternative to the standard method of acetylation involving
pyridine, acetic anhydride and 4-dimethylaminopyridine (DMAP) and therefore this
procedure was followed. The reaction was carried out on large scale (20.0 g, 55.5
mmol of maltose) with acetic anhydride as the reaction solvent. When a catalytic
amount (0.07 molar equivalents) of iodine was added the reaction became hot and
was therefore then cooled with an ice bath. After initial reaction of approximately 5
minutes, the ice bath was removed and the reaction carried out at room temperature.
Though the literature procedure had said they found complete acetylation after ten
minutes, this reaction was left for 1.5 hours due to the vastly increased scale.
Following work up, 2.23 was obtained to an acceptable level of purity meaning no

further purification was carried out and the material taken through to the next step.

With 2.23 in hand, it could then be coupled with p-thiocresol to form 2.24. Boron
trifluoride was used to activate 2.23 and the reaction was carried out in DCM at room
temperature for 18 hours. Guan et al. reported this reaction was complete after just 2
hours?'®, however it was found in this case that starting material was still present after
2 hours and so the reaction was left overnight. 2.24 was successfully obtained in a 64%
yield after purification via column chromatography, similar to the reported yield of

73%.
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In order to create an armed donor, the global protecting groups were changed from
acetyl groups to benzyl ethers. The acetyl groups were removed using Zemplén
conditions which led to 2.25 in a 91% yield after column chromatography. Following
deprotection, global benzylation of the donor was achieved using sodium hydride and

benzyl bromide which, after column chromatography, led to 2.26 with a yield of 70%.

2.2.2.2 Glycosylation and deprotection to give MalG
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Scheme 2. 8 Remaining synthetic steps towards MalG.

With 2.26 in hand, the glycosylation reaction with 2.9 could now be performed
(Scheme 2. 8). The conditions chosen for glycosylation were those of the glycosylation
in the GG synthesis as they had previously successfully yielded a majority of a
anomer.'®® Therefore, 2.26 was activated with NIS and trimethylsilyl
trifluoromethanesulfonate (TMS-OTf) in the presence of 2.9 with the reaction solvent
being DCM. TMS-OTf in this case replaces TfOH as it is easier to store and to handle.
The reaction was successful, with the most successful yield of 2.27 being 68%, however
this was the overall yield for a mixture of both a and  anomers, the ratio of which was
found to be 1:0.6 a:p via *H NMR. Separation of anomers was then attempted via
column chromatography using a system of ethyl acetate in hexane, however complete
separation was not achieved. Therefore, further purification using a longer silica

column and a slower solvent gradient was used in an attempt to obtain the desired a

anomer (2.27a). Whilst this was successful to a certain degree, mixed fractions were
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always still obtained. It may have been possible to achieve complete separation using
automated chromatography, such as with a Biotage® system, or via HPLC, however
due to time considerations, it was decided to proceed with the synthesis using both
the mix of anomers (2.27) (which were now in a ratio of 1:0.3 a:B) and the pure a

material that had been obtained (2.27a).

Alongside the attempts to separate the anomers of the glycosylation product, a
literature report was found in which DMF was used to promote the formation of the a

2171 u et al. found that pre-activation of a perbenzyl

product of glycosylation reactions.
thiogalactoside formed an intermediate glycosyl imidate, the B anomer of which they
proposed to be more reactive upon addition of the acceptor, leading to the formation
of the a glycosidic linkage in the final desired product (Scheme 2. 9). Although the
authors found that increased molar equivalents of DMF in the pre-activation step

increased the ratio of a: in the products, the effect was minimal, however with more

sterically constrained donors, the ratio could be greatly improved upon.217
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Scheme 2. 9 Suggested mechanism for DMF mediated stereoselective glycosylation. An
oxocarbenium ion forms both a and B intermediates with DMF, the latter of which reacts
faster with the incoming acceptor to lead to the formation of the a product. Figure recreated

from Mong et al.?*’

This method was attempted in this work with the aim of increasing the yield of the a
glycosylation product. Therefore, following the literature procedure, 1.5 molar
equivalents of 2.26 were pre-activated with DMF (6 molar equivalents) before addition

of 2.9. The reaction was found to have produced 2.27 as detected via mass
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spectrometry, however following purification via column chromatography, the product
could not easily be separated from other by-products of the reaction. In addition, the
mass of the impure product fraction would only have led to a 14 % yield of 2.27 and for
this reason, coupled with the appearance of various other side-products, this

procedure was not pursued further.

The first deprotection step undertaken after glycosylation was the removal of the
TBDPS group to give 2.28, achieved using 1.0 M TBAF in THF. The yield of this reaction
following purification was low, with 2.28 produced in a 57% yield. This may have been
due to reagent quality, had any moisture been present in the TBAF solution or in the
solvent (bought commercially as anhydrous) then the TBAF may have decomposed.
However, TLC had shown the starting material to have been fully consumed after 3

hours, suggesting another possible reason for the lower than desired yield.

Following TBDPS removal, hydrogenolysis was performed in order to remove all 7
benzyl ethers to give 2.29. This was initially performed using palladium on an alumina
support. It was thought that alumina may have a larger surface area, which may
increase adsorption of the substrate. In addition, this was also the catalyst used in the
literature report using hydrogenolysis to regioselectively remove the anomeric benzyl
group as previously mentioned.?'* However, the reaction was not complete even when
left for 7 days, with varying degrees of deprotected sugar being present. Therefore
different catalysts were explored, including palladium on carbon, palladium hydroxide
on carbon and a mix of both, the latter of which had been reported to be a more
efficient catalyst than either component used separately.?*® Small scale reactions were
successful when using palladium hydroxide alone, and scale up was successful when a
large amount of catalyst was employed (1.5 molar equivalents). This method of using
large equivalents of catalyst in a mixed solvent system of ethyl acetate and methanol
was thus used to convert 2.28 to 2.29 with the highest yield achieved being 88%, with

no further purification deemed necessary following work up.

Additionally, an alternative deprotection strategy found in the literature was tested in
which sodium bromate and sodium dithionite alongside a biphasic solvent system are
employed to provide oxidative conditions for benzyl ether removal.?*® This procedure
was tested on small scale (0.03 mmol) but although TLC suggested reaction
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progression, NMR spectroscopy showed the presence of benzyl groups after column

chromatography of the crude material. Therefore this procedure was not repeated.

The final step to obtaining MalG involved hydrolysis of the methyl ester in 2.29. This
was achieved using a 1.0 M solution of lithium hydroxide in a mixture of water and
THF. This was successfully achieved with an 81% yield to produce 1.38 as determined
by 1D and 2D NMR and high resolution mass spectroscopy (HRMS) (see appendix A,
A.5).

In this way, both the pure a anomer of maltosyl glycerate and a mixture of anomers
containing predominantly a maltosyl glycerate were obtained. These were then taken

through to check for any activity with MtGBE.

2.3 Fluorinated inhibitors

For decades now, glycosyl fluorides have been known to act as substrates for

221

glycosidases,220 usually with fast reaction rates.”*” They also have an advantage over

other popular glycosyl derivatives in that there are few cases, if any, of a glycosidase

not working on the corresponding glycosyl fluoride substrate.?**

This advantage is
highlighted in the case of the mammalian glycosidase pancreatic a-amylase wherein
the appropriate a-maltooligosaccharyl fluorides are useful substrates®?* ?*3 put the

corresponding aryl glycosides are deemed poor substrates for this protein.221

Glycosyl fluorides have also proven useful tools in investigating and identifying the key

catalytic residues in enzyme active sites, due to their not requiring acid catalysts in

224

hydrolysis.””" Should a mutated residue still show activity on the glycosyl fluoride but

not the native O-glycoside, the residue is likely involved in acid catalysed hydrolysis.?**

Fluorinated carbohydrates have also been widely used in studying the covalent

183,225,226
Th

enzyme-substrate intermediate for both a and B retaining glycosidases. e

established mechanism for glycosidases suggests that this intermediate occurs via a

transition state of considerable oxocarbenium ion character (Scheme 2. 10).183’ 221
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Scheme 2. 10 Generic mechanism for a retaining glycosidase showing transition states.

Figure reproduced from Uitdehaag et al.’®

One of the original tactics for trapping covalent intermediates of glycosidases was to

221 The strong electronegativity

replace the hydroxyl group at C-2 with a fluorine atom.
of fluorine destabilises the transition state so much so that glycosylation is really slow.
Due to this effect, 2-deoxy-2-fluoro carbohydrates have been used to inhibit enzymes
mechanistically.221 However, it was found that these 2-deoxy-2-fluoro carbohydrates
act as better inhibitors for B glycosidases compared to a glycosidases, thought to be
partly due to the fact that the a configured intermediate for the B glycosidase is more
stable than the B configured intermediate of the a glycosidases.227 It was to tackle this

selectivity that Withers et al. developed 2,2-difluoro sugars, such as 2.30 (Figure 2. 4),

which were tested and found to be good inhibitors of both classes of glycosidases.?*’
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F
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Figure 2. 4 Examples of fluorinated carbohydrates designed to trap enzyme-substrate

intermediates.**

Another class of fluorinated inhibitors found to be useful for trapping intermediates
are 5-fluoro-glycosyl fluorides of which 5-fluoro-a-p-glucopyranosyl fluoride (5FGIcF)

221,228

(2.31) is an example. It is thought that the highly electronegative fluorine atom at

C-5, being positioned next to the ring oxygen where most charge is built up, again

229 |t has been

destabilises the transition state, making glycosylation extremely slow.
reported that most charge is found on the ring oxygen compared to the anomeric
carbon during the transition state in a glycosidases, and that this may contribute to the

183, 230 .
Itis

fact that 5-fluoro-glycosyl fluorides trap intermediates for both a and B.
believed that the use of 2.31 will have a similar effect on the MtGBE enzyme, allowing

the observation of an intermediate.

In addition, it was also planned that p-nitrophenyl 6-deoxy-6-fluoro-a-p-
glucopyranoside (2.33) be synthesised and tested as a potential inhibitor of MtGBE.
Though the synthesis was completed, the compound was not able to be tested with
the protein. The synthesis followed that of Card and Reddy who reported that the a
anomer was not stable enough for characterisation.”® In this case however, the a
anomer was synthesised and characterised with both NMR spectroscopy and Mass

spectrometry.

2.3.1 p-nitrophenyl 6-deoxy-6-fluoro-a-bp-glucopyranoside
Diethylaminosulphur trifluoride (DAST) has long been used in the synthesis of
fluorinated carbohydrates, due to its use in one-step mono- and difluorination

231233 Therefore, DAST fluorination

reactions of unprotected carbohydrate substrates.
of p-nitrophenyl a-pD-glucopyranoside (2.32), which requires no protection or
deprotection steps and can provide the desired product in one step, is an attractive

route to 2.33 (Scheme 2. 11). The procedure for this reaction was reported by Card
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and Reddy, however they did not fully report on the synthesis of the o anomer,

claiming it was unstable.”!

Despite this, the reaction was performed in order to obtain
the material. This work was carried out by an undergraduate student Laura Jowett who

contributed to this project as part of a Master’s degree programme.

OH F

DAST
HO, O ————— Ho o)
© DCM, RT ©
HO 57% HO

2.32 NO, 2.33 NO

Scheme 2. 11 One-step synthesis of 2.33, performed by Laura Jowett, following the procedure

2

of Card and Reddy.”**

The reaction was carried out in DCM with an excess of DAST (5.7 molar equivalents) to
produce 2.33 in a 57% yield following purification via column chromatography. The
DAST selectively fluorinated the 6-hydroxy position, because the SN2 of the DAST
intermediate by fluoride ions is faster on the primary position than on the secondary
ones on the sugar ring. The compound was stable enough to allow for characterisation
by both *H and *°F NMR spectroscopy and mass spectrometry. A doublet in the *H
NMR at 5.71 shows the presence of the a anomer due to the small coupling constant
of 3.6 Hz, as would be expected due to the reaction having no effect on the anomeric
position of the substrate. Furthermore, the position of the fluoride at the 6-position is
confirmed due to the large coupling constants found in the multiplet arising from the
CH, protons at position 6. Further evidence is seen in the 13C DEPT-135 spectrum,
where the CH; signal of C6 (6 = 97.9 ppm) is split due to coupling with the fluorine at

this position.

2.3.2 5-fluoro-B-L-idopyranosyl fluoride

Initially, it was planned that 5-fluoro-a-p-glucopyranosyl fluoride (2.31) would be
synthesised and tested as a potential inhibitor of MtGBE should a substrate be
identified and a suitable assay developed. However, it was then decided that 2.31, as a
potential inhibitor, would be of good use in crystallographic studies of the protein and
was therefore to be sent to collaborators to attempt co-crystallisation with MtGBE.

However, due to low yields in the synthesis (see Scheme 2. 12), and therefore low
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amounts of materials, it was the 5-fluoro-B-L-idopyranosyl fluoride (2.38) that was
synthesised, as this could be achieved in the same synthesis but with 2 fewer steps
than required for 2.31. It was thought that the idosyl derivative, an epimer of glucose

at position C-5, may also act as an inhibitor useful for co-crystallisation studies.

OAc OAc OAc
A(foc\)o o) HF.pyridine AcO 0 hv, NBS AcO 0 AgF
C
56% AcO ccl,,31%  A© ACN, 45%
OAc OAc AcO E lAcO F
2.34 2.35 2.36 Br
OAc OH
F OAc
AcQ HF.pyridine AcO 0 NH HO 0
Aco}k/ CACO 3 HO
(e} MeOH
OAc IACO £ | HO F
F 237 239 F 231 F
F OH
NH, Ho—HO k/
MeOH, 57% ‘&O oH
F
2.38

Scheme 2. 12 Synthetic route to both 5-fluoro-a-b-glucopyranosyl fluoride (2.31) and 5-fluoro-

| 234

B-L-idopyranosyl fluoride (2.38) based on Thanna et a

The synthesis of both 2.31 and 2.38 has been reported by Thanna et al. as well as

234,72
McCarter.?3% 2%

Starting from the commercially available 1,2,3,4,6-penta-O-acetyl-D-
glucopyranose (2.34), 2.38 was obtained after four steps, the first of which was to
form the 2,3,4,6-tetra-O-acetyl-p-glucopyranosyl fluoride (2.35). This was achieved
using HF.pyridine at room temperature overnight to exclusively produce 2.35,
exclusively as the a anomer in a 56% vyield after purification by column
chromatography. In this reaction, the anomeric effect (described in more detail in
Chapter 1, section 1.2.2) is thought to be the main factor as to why only the a anomer
is formed. This was confirmed by the *H NMR of 2.35 in which the anomeric signal at
5.76 ppm is a doublet of doublets with a large coupling constant (52.9 Hz) due to 2 Jurr

and a smaller coupling constant (2.8 Hz) due to coupling between the equatorial

anomeric proton and H2 (3JH1eq-HZaX).

The second step in the synthesis used light irradiation to facilitate photobromination of

the C5 position of 2.35 to form 2.36, a process described early on by Ferrier et al.2% %’
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The authors proposed that the reaction proceeded by way of a tertiary radical formed
at position C-5 which is then brominated from the axial direction.?*” Light was
produced via a 400 W tungsten bulb which was used to heat a solution containing 2.35
and N-bromosuccinimide (NBS) in carbon tetrachloride to reflux for 9 hours. An initial
attempt of this reaction was left overnight, however the following day, the solvent had
entirely evaporated despite the use of a reflux condenser, leaving a brown residue on
the flask which had to be discarded. Therefore, for all future repeats, the reaction was
not left overnight again. The literature procedure that was followed reports a 47%
yield®** and the highest yield of 2.36 obtained in this work was 31%. This is in
agreement with the fact that radical reactions are not generally high yielding due to
the possibilities of many other side reactions occurring. In addition, starting material
was still recovered, so the reaction did not reach completion. However, Thanna et al.

described using 2,2'-Azobis(2-methylpropionitrile)***

(AIBN), a radical initiator, which
was not used in this case. Use of AIBN in future work may lead to reduced reaction
time. Analysis of the *H NMR for 2.36 (Appendix A, A8) shows the lack of a C5 proton
signal compared to the starting material, which, along with mass spectrometry,

confirms installation of a bromine atom at this position in the ring.

After formation of 2.36, halogen exchange with fluorine was then possible. This
reaction had been reported by Withers and co. who used silver fluoride in acetonitrile
as the fluorinating reagent.228 This method was also utilised by Thanna et al. who
reported a 68% yield.”>* However, in this case the highest yield of 2.37 achieved was
45%. The reaction had to be carried out in the dark due to the sensitivity of silver
fluoride so it is possible that some of the reagent had decomposed before reacting.
The reaction was carried out overnight and column chromatography allowed for
purification of the desired product. The reaction causes inversion of the
stereochemistry at C5, thus producing the epimer of the glucosyl product (idosyl). This
is confirmed via comparison with the *H NMR of both the ido- and gluco- forms found
in the literature, the former of which matched almost exactly with the data obtained in
this work?*” (Appendix A, A9). The presence of a second fluorine atom in the sugar ring
was confirmed by *°F NMR of 2.37 which now showed two signals at -106.3 and -138.6

235

ppm in accordance with the literature data.?*> The coupling constants in the "H NMR
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for 2.37 also suggest that the sugar ring is in boat conformation rather than a chair.
The 3)2.43 coupling constant, 8.3 Hz, suggests an approximate anti-periplanar
relationship between H2 and H3. In addition there is a smaller coupling constant
between H3 and H4 (3Jys.na = 1.7 Hz) suggesting a more gauche-like relationship
between the two. Similar coupling constants were reported by Nelson when describing
the structure of 2,3,4-tri-O-acetyl-pD-xylano-1,5-lactone, which was suggested to adopt
a °Bs boat-like conformation.?*® For this reason, 2.37 and 2.38 are depicted as having

this °Bs conformation.

The final step to 2.38 was deacetylation for which a methanolic solution of ammonia
was used. A solution of ammonia in methanol was used as a substitute for bubbling

234,235

ammonium gas through the cooled solution, as reported in the literature. Basic

deprotection of acetyls is a commonly used method?®**

and so the yield of just 57% for
2.38 achieved following purification via column chromatography is considered low.
Despite this, 1H NMR confirmed the presence of the desired product due to the

absence of any methyl peaks.

Once 2.38 had been obtained, it was sent to collaborators for attempts at co-

crystallisation.

2.4 Conclusions

This chapter has described the successful synthesis of GG (1.36), MalG (1.38), p-
nitrophenyl 6-deoxy-6-fluoro-a-b-glucopyranoside (2.33) and 5-fluoro-B-L-idopyranosyl
fluoride (2.38). In the case of GG, the majority of the synthesis followed that of
Lourencgo and co. with slight changes made to their procedures, mainly in the removal
of the benzyl ether protecting groups.*®® This step proved troublesome, though
improvements to the experimental technique led to eventual success. Overall, the
yields reported in this work were not as high as those reported in the literature,
though despite this, GG was obtained with enough material for testing in enzymatic
assays. In addition, the synthesis of the glycerate acceptor used in the synthesis of GG
was successfully synthesised from D-maltose. Adaptation of a procedure by Ladame
and co. led to methyl (R)-(+)-2,2-dimethyl-1,3-dioxolane-4-carboxylate (2.15) directly

from the aldehyde which was then converted to the desired acceptor (2.9).
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With no literature precedent for MalG, a synthesis was planned which followed a
similar path to that of GG in which a thioglycoside donor was formed before coupling
with the glycerate acceptor. Though the synthesis that was initially planned had to be
revised, the final synthetic route led successfully to MalG, though not as anomerically
pure as desired. Whilst some a anomer was obtained, further purification techniques,
such as HPLC, would be required to separate the a and f anomers completely. Samples
of both pure a anomer and a mixture of anomers were taken through for testing with

the enzyme.

In order to produce potential inhibitors of the enzyme MtGBE, two fluorinated
compounds were prepared. The first, 2.33, was prepared by project student Laura
Jowett via a simple one-step DAST reaction. Following purification, the yield of this
reaction was 57%, a good yield for this type of procedure, especially considering data

on the a anomer had not been previously reported.

The second fluorinated compound obtained was 2.38, which was synthesised following

the works of both McCarter®®® and Thanna et al.>**

The synthesis contained low-
yielding steps; the radical photobromination of position C5 and the subsequent
substitution of the installed bromine atom with fluorine. Overall the low-yielding
synthesis led to stopping at the idosyl sugar rather than continuing the synthesis to
obtain the gluco form of the product. However, samples were sent to collaborators for

co-crystallisation with the enzyme, though results of this have not yet been reported.
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3. Expression and purification of Mycobacterium
tuberculosis glucan branching enzyme (MtGBE)

3.1 Initial attempts at expression of recombinant MtGBE

3.1.1 Vector design and plasmid transformation

The plasmid containing the gene Rv3031 was ordered from GenScript and consisted of
a pET-28a(+) vector into which the codon optimised sequence for Rv3031 was cloned
using the restriction sites Ndel and Xhol. As seen in the plasmid map in Figure 3. 1, the
gene sequence included a hexa histidine-tag (Hise-tag) as well as a thrombin cutting
site between the Hisg-tag and the target protein. The pET-28a(+) system utilises the

IPTG promotor system and also contains a kanamycin (Kan) resistance marker.

T7 Terminator
Xhol - 160 - CTCGA_G

pET28a_Rv3031

Ndel - 1748 - CA'TA_TG

T7 Promoter

Figure 3. 1 Plasmid map of pET28a(+)::Rv3031 generated using pDRAW32 software.

The vector pET28a(+)::Rv3031 was transformed into chemically competent E. coli
BL21(DE3) cells (for preparation of cells, see method 8.2.1.3, chapter 8), via the heat
shock technique (method 8.2.1.4, chapter 8) which proved successful upon the first
attempt. Incubation of the transformants on agar plates containing Kan (50 pg/mL) led

to the successful growth of many colonies.
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In order to increase plasmid stocks, pET28a(+)::Rv3031 was amplified and purified via a
mini-prep technique using the Invitrogen™ ChargeSwitch® -Pro plasmid mini prep kit
(see procedure 8.2.1.1, chapter 8). The purified plasmid DNA was then analysed by
agarose gel electrophoresis (see procedure 8.2.1.2, chapter 8), the results of which are
shown in Figure 3. 2. The samples analysed included the in-tact plasmid, as well as the
products of digesting the plasmid with either Ndel, Xhol or both (for digestion
procedure, see procedure 8.2.2.1, chapter 8). The fragments produced in the digest
with both restriction enzymes appears as roughly 2000 bp long, which is in conjunction
with the actual size of the gene sequence that was ordered (1715 bp). For the full
sequence, see appendix B. To confirm that this was indeed the desired plasmid and
that the competent cells had not introduced errors during amplification, purified
plasmid was sent to Eurofins Genomics for DNA sequencing. The results confirmed the
plasmid was the same sequence as the original that was ordered (results shown in

appendix B).

Figure 3. 2 1% agarose gel of Ndel and Xhol restriction digestion products. Lane 1: no

restriction enzymes present; Lane 2: Ndel only; Lane 3: Xhol only; Lane 4: Ndel and Xhol.

3.1.2 Expression of MtGBE
Following transformation, attempts were then made to express the recombinant

MtGBE protein. Initially, expression studies were performed on a 500 mL scale. To
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determine the optimal conditions for protein expression, both the temperature of

expression and the concentration of ITPG used in induction were varied.

During the overexpression of recombinant proteins in bacterial cells, it is possible for
the tertiary structure to fold incorrectly. Misfolded proteins are recognised by the cell
and are gathered into insoluble packages termed inclusion bodies (IBs).%*® When
proteins are expressed in IBs they are difficult to isolate and refold. Therefore, it is
desirable to prevent misfolding of the proteins during expression and one such
approach to achieving this is to slow down expression. This can be achieved by
lowering the temperature. After induction, differing temperatures of 18 °Cand 37 °C
overnight were used to compare levels of protein expression. Another method
employed to slow expression was to lower the concentration of IPTG added upon

induction. Concentrations of 0.1 mM, 0.5 mM and 1.0 mM IPTG were tested.

Following protein expression, the cells were harvested and lysed (see chapter 8,
sections 8.2.1.7 and 8.2.1.8). The cells debris was then separated via centrifugation (12

krpm, 30 minutes, 4 °C) leaving behind all soluble proteins in the lysate.

In order to analyse the effect of varying the temperature and concentration of IPTG
used in expression, the lysate, the insoluble fraction and the whole cell pellet before
lysis from each experiment were analysed using SDS-PAGE and compared (Figure 3. 3).
No increase in the amount of soluble protein was observed upon the addition of a
lower concentration of IPTG. This is indicated by the weak band observed at around 55
kDa in each of the wells corresponding to the cell lysate in each experiment. The
results show that varying the temperature of expression also has no effect on the

amount of soluble protein expressed.
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Figure 3. 3 SDS PAGE results of initial expression studies of MtGBE. A: 18 °C expression; B; 37
°C expression; Lanes 1-3: 0.1 mM IPTG, lysate, insoluble, whole cell; Lanes 4-6: 0.5 mM IPTG,
lysate, insoluble, whole cell; Lanes 7-9: 1.0 mM IPTG, lysate, insoluble, whole cell; M: marker.

MtGBE = 57 kDa.

From the results of the SDS-PAGE in Figure 3. 3, there appears to be no significant
increase in the amount of soluble protein in any of the experiments. The
corresponding band from the experiment using 0.1 mM IPTG is slightly stronger than
that of the other experiments, but the majority of the protein remains in the insoluble

fraction.

In an attempt to obtain a small amount of protein, a 1.0 L scale expression was carried
out at 18 °C overnight using 0.1 mM IPTG for induction. An attempt to purify the
soluble protein from this experiment was then made using a nickel affinity column (see

procedure 8.2.1.10, chapter 8) (see Figure 3. 4). In this first purification attempt, the
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fractions collected at the time of high imidazole concentration were analysed by SDS-

PAGE (Figure 3. 5).
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Figure 3. 4 Ni-NTA purification of MtGBE protein: UV-vis trace (blue); % elution buffer (red);

fractions (black).

Figure 3. 5 SDS-PAGE of eluted fractions from the first attempt at purifying MtGBE protein. Lanes
1-11: fractions 1-11; M: marker. MtGBE = 57 kDa.

The results of the SDS-PAGE shown in figure 3.5 suggest that the purification was

unsuccessful. Although the desired band appears in the fractions, it does so with a lot

of other bands, meaning the fractions contain a mix of proteins still. As there was a low

57



Chapter 3

level of target protein, a larger number of E. coli proteins could bind to the column,

thus leading to impure fractions.

3.2 Attempts to solubilise MtGBE

As described in section 3.1.2, initial attempts to express MtGBE in soluble form were
unsuccessful. Therefore, solubilisation techniques were utilised in an attempt to solve
this issue. The first technique employed was the recovery of misfolded protein from
IBs. However this method has disadvantages and so co-expression with chaperone

proteins was also attempted.

3.2.1 Recovery of proteins from inclusion bodies
During the over-expression of recombinant proteins there is a chance that the target
protein can become mis-folded during synthesis and will either be degraded or form

insoluble aggregates with other incorrectly folded proteins.**" **?

These aggregates
come together in one site within the cell to form IBs (illustrated in Figure 3. 6), the

composition of which has been shown to be heterologous, containing proteins in

241, 242

varying states of folding or degradation.

Misfolded protein Protein aggregate Inclusion body
Figure 3. 6 Cartoon depicting one way in which IBs are formed. Figure reconstructed from

Kopito.242

As inclusion bodies can contain large amounts of the desired protein, there have been

243-2
43249 commonly

many reports on the extraction and re-folding of proteins from IBs.
used agents used in the solubilisation of IB proteins are shown in Figure 3. 7 and
include urea (3.1) and guanidine hydrochloride (3.2), known as chaotropic agents, as

well as surfactants such as sodium dodecyl sulphate (SDS) (3.3) or sodium lauroyl
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sarcosinate (sarkosyl) (3.4). These reagents are typically used in high concentrations to
solubilise the protein and are then subsequently removed in order to affect re-folding
of the protein.243 However, high concentrations of chaotropic agents have been shown
to increase the formation of aggregates during the refolding process and so milder

solubilisation techniques are preferred.***

N7
S
jL /\/\/\/\/\/\o/ \O@ @Na
HoN™ > NH,
3.3
3.1
NH | (0]
| oo
HZNJ\NH2 . HCI \/\/\/\/W o° “Na
3.2 ©
3.4

Figure 3. 7 Compounds used in the solubilisation of proteins from IBs; A: chaotropic agents

urea and guanidinium hydrochloride; B: surfactants SDS and sarkosyl.

In this project the recovery of MtGBE from IBs was attempted using sarkosyl. A low
concentration (0.2 %) of sarkosyl was used, following a procedure reported by Klutts et

al., providing mild conditions to allow for recovery of correctly folded protein.**°

3.2.1.1 Solubilisation of MtGBE from inclusion bodies using sarkosyl

Firstly, MtGBE protein was expressed as per procedure 8.2.2.3 (chapter 8), using 1.0
mM IPTG to induce expression which was then performed at 37 °C overnight. 2.0%
sarkosyl solution (final concentration 0.2%) was added at various stages of protein
extraction, illustrated in Figure 3. 8, in order to determine at which point the addition
of sarkosyl would give the highest yield of soluble protein. The first stage at which
sarkosyl was added was once the cells had been harvested and were re-suspended in
lysis buffer prior to sonication and subsequent centrifugation (pre-lysis). The sarkosyl
was added as part of the lysis buffer itself. The second stage was after the intact cells
had been sonicated and centrifuged to yield the insoluble cell debris. This insoluble
fraction was re-suspended in the presence of 0.2% sarkosyl (post-lysis) via stirring at 4
°C overnight. A control experiment in which no sarkosyl was added was run in parallel

to the others.
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Figure 3. 8 Representation of the different points at which sarkosyl was added in an attempt to

solubilise MtGBE from IBs.

In the pre-lysis sarkosyl experiment, sonication and centrifugation led to two fractions,
the cell lysate and the insoluble fraction. In the post-lysis sarkosyl experiment, the
resultant resuspension was centrifuged again to yield fractions termed the soluble
(supernatant) and insoluble (pellet) fractions. These fractions, as well as the whole cell
fractions from each experiment, were analysed by SDS-PAGE alongside the whole cell,
cell lysate and insoluble fraction from the control experiment in order to assess the

effects, if any, of sarkosyl addition.

Figure 3. 9 shows that very low levels of protein were isolated in the soluble fraction.
The experiment in which sarkosyl was added pre-lysis also shows low levels of soluble
protein. However, post-lysis addition of sarkosyl shows a strong band of desired
protein in the soluble fraction. The results therefore suggest that the best point at
which to add the sarkosyl is once the insoluble cell debris and IBs have already been
separated from the crude cell extract, which can be re-suspended in the presence of

sarkosyl in order to solubilise the protein.
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Figure 3. 9 SDS-PAGE of the effect of sarkosyl and the stage at which it is added. Red boxes
highlight soluble MtGBE. Lanes 1-3: no sarkosyl added, whole cell, insoluble, soluble; Lanes 4-
6: pre-sonication addition of sarkosyl, whole cell, insoluble, soluble; Lanes 7-9: post-sonication

addition of sarkosyl, whole cell, insoluble, soluble; M: marker. MtGBE = 57 kDa.

As the solubilisation of the insoluble MtGBE from inclusion bodies using sarkosyl
appeared promising in initial experiments, solubilisation was combined with Ni-NTA
purification. In this experiment, the insoluble cell debris fraction obtained from protein
expression of MtGBE was resuspended in 20 mL deionised water before being
centrifuged (12,000 rpm, 30 minutes, 4 °C). This was to remove any contaminant
proteins that were already soluble. Next, the pellet was resuspended in solubilisation
buffer (chapter 8, section 8.2.6.12). The suspension was then divided into two and
both portions were gently mixed on a rocker at 4 °C. One portion was mixed in this
way for 1 hour, the other for 4 hours. Once mixing was complete, the protein solutions
were dialysed against Tris buffer (20 mM Tris HCI pH7.4, 0.5 M NaCl) in order to
remove the sarkosyl. To remove any particulates, the samples were centrifuged before
SDS-PAGE analysis was run to determine if purification by Ni-NTA affinity column was

feasible.
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Figure 3. 10 SDS-PAGE of solubilisation of MtGBE from IBs. Lane 1: cell lysate; Lane 2: Insoluble
cell debris after lysis; Lane 3: solubilisation on 0.2% sarkosyl, 1 hour mixing; Lane 4:
solubilisation on 0.2% sarkosyl, 4 hours mixing; Lane 5: supernatant after washing of IBs with

water; M: marker. MtGBE = 57 kDa.

The SDS-PAGE results in Figure 3. 10 show thick bands of soluble protein of a mass
between 55-72 kDa, indicative of MtGBE protein, for both the 1 and 4 hour
solubilisation experiments. As impurities were still present, the sample was further
purified by Ni-NTA affinity column. The protein solutions were loaded onto the Ni-NTA
resin and eluted using a gradient of 0-0.5 M imidazole. In each case there was a small
peak shortly after the initiation of the elution gradient. These fractions were analysed
by SDS-PAGE, however, the analysis showed no protein was present in any of the
eluted fractions. This may have been due to incorrect folding of the protein upon
renaturation (dialysis to remove the sarkosyl). If the protein were not folded correctly,
there is a possibility the Hisg-tag may have ended up ‘hidden’ within the protein
structure and not able to bind to the nickel resin. Therefore, this method of protein
solubilisation was deemed unsuccessful and other methods of obtaining soluble
protein were explored. Due to the lack of requirement of a solubilisation and refolding
process, co-expression with chaperone proteins was chosen as an alternative

technique.
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3.2.2 Molecular chaperone proteins

In the highly saturated environment of the cell, chaperone proteins can assist in the
correct folding of large multi-domain and complex proteins.251 Two chaperone systems
that have been widely studied are the DnaK-Dnal-GrpE and GroEL-GroES systems, the
latter of which is used in this project.”>? GroEL belongs to the family of group |

chaperonins and works in conjunction with the co-chaperonin GroES to aid in the

253

correct folding of proteins post translation.”>” GroEL acts upon proteins between 20-60

kDa in size and has an open barrel-like structure in which misfolded proteins can

251

enter.”” The misfolded proteins generally present hydrophobic areas on the surface

which bind to hydrophobic residues in the apical region of GroEL.>!

Following
substrate binding, GroES binds, acting as a lid and forming a closed cage structure, the
interior of which is hydrophilic and provides an ideal environment in which the
substrate protein can refold correctly (see figure 3. 11).>> The binding of GroES is

reversible and regulated by ATP.?>

Once GroES leaves, opening the lid of the cage, the
substrate protein is released; should the substrate still not be folded correctly, it can

bind again for further attempts at refolding in the chaperonin system.?>*

GroEL GroES Misfolded Correctly folded

protein protein

Figure 3. 11 simplified representation of how the GroEL-GroES system aids in protein refolding.
i) misfolded proteins enter the barrel-like GroEL via hydrophobic interactions; ii) GroES binds
forming a ‘lid’, the protein is held within a hydrophilic environment for roughly 10 seconds
during which refolding can occur; iii) correctly folded protein can now leave as the GroES ‘lid’ is

removed. Adapted from Hartl et al.”**
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In 1998, Nishihara et al. reported the construction of plasmid systems that allowed for
independent expression of the GroEL-GroES system and today, plasmids of a similar
function are commercially available. One such example, the pGro7 plasmid, was
obtained from Takara Bio Inc. and contains the genes encoding GroEL and GroES under
the control of an araB promotor which allows for the induction of protein expression
in the presence of L-arabinose (L-ara). The pGro7 plasmid is 5400 base pairs in length
and contains a chloramphenicol (Chlor) resistance marker. This was co-transformed
with pET28a(+)::Rv3031 into E. coli BL21(DE3) chemically competent cells for co-

expression of the chaperone system with MtGBE.

3.2.2.1 Co-transformation of pGro7 and pET28a(+)::Rv3031 plasmids

The pGro7 plasmid was initially amplified and purified. It was then transformed into
chemically competent E. coli BL21(DE3) cells. In this case, the resistance marker was
Chlor and so transformants were grown on agar plates containing 30 pg/mL Chlor.
Though few, transformation resulted in the growth of colonies, one of which was used
to grow an overnight culture for use in a plasmid mini prep. Analysis using a

NanoDrop® ND-1000 spectrophotometer suggested a plasmid concentration of 189

ng/uL.

The pGro7 plasmid was co-transformed into BL21 (DE3) cells with the
pET28a(+)::Rv3031 plasmid described previously. Two methods of co-transformation
were trialled; the first involved transforming both plasmids into the competent cells at
the same time, whilst the second involved transforming one plasmid, converting the
successful transformants into competent cells and then transforming the second
plasmid into the new competent cells (see procedure 8.2.2.5, chapter 8). The second
method led to a higher number of colonies grown on the agar plate, suggesting it was

more successful than the first method of co-transformation.

In order to confirm the success of the co-transformation of the chaperone plasmid
with the vector containing the Rv3031 gene, plasmid amplifications and purifications
were carried out on BL21 cells transformed with either pET28a(+)::Rv3031 or co-
transformed with both plasmids. The purified plasmid DNA from each experiment was
then analysed via agarose gel electrophoresis.
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Initially, E. coli BL21(DE3) cells were transformed with pET28a(+)::Rv3031. A co-

transformation was also carried out in which both plasmids were transformed in one

experiment. Colonies from each transformation were used to grow an overnight

culture (conditions detailed in table 3.1) which was used in a plasmid mini prep.

Table 3. 1 Conditions used in the experiments to confirm success of co-transformation

Plasmids transformed Antibiotics in overnight media (concentration)

pET28a(+)::Rv3031

Kanamycin (30 pg/mL)

pET28a(+)::Rv3031 + pGro7 Kanamycin (30 pg/mL) and chloramphenicol (20

ug/mL)

Once the plasmids were isolated, they were then analysed using agarose gel

electrophoresis, the results of which are shown in figure 3. 12.

250

Figure 3. 12 Agarose gel of pET28a(+)::Rv3031 transformation and pET28a(+)::Rv3031 co-

transformation with pGro7. Lane 1: pET28a(+)::Rv3031 and pGro7 mix of stock plasmids; Lane

2: pGro7 stock plasmid; Lane 3: pET28a(+)::Rv3031 stock plasmid; Lane 4 + 5: co-

transformation; Lane 6 + 7: pET28a(+)::Rv3031 transformation; M: marker.
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Lanes 1-3 are samples of the plasmid stocks used to transform the cells. Lane 1
contains a 50:50 mix of each plasmid whilst Lanes 2 and 3 contain samples of the
pGro7 stock and the pET28a(+)::Rv3031 stock respectively. Lanes 4 and 5 represent
plasmid DNA purified from colonies that were co-transformed and each contains the
same bands as the mixed standard suggesting both plasmids are present in each
colony. Lanes 6 and 7 contain purified plasmid DNA from colonies that were only
transformed with pET28a(+)::Rv3031. Each lane contains bands that are also present in
the reference sample, though Lane 6 seems to contain more supercoiled DNA, as
indicated by the strong band in the 10,000 bp region. In contrast, the sample in Lane 7
appears to contain more single stranded circular DNA, as indicated by the strong band
that appears in the 5,000 bp region. Overall, this analysis strongly suggests that the co-

transformation of the target gene and the chaperone plasmid was successful.

3.2.2.2 Small scale co-expression of MtGBE with GroEL-GroES chaperone proteins
Although it produced fewer colonies, the first co-transformation method was faster
than the second method of transforming one plasmid after the other. Therefore
colonies grown from the first transformation method were used in co-expression

experiments.

A 1.0 L culture of cells was used to co-express MtGBE with the chaperones with 0.5
mM IPTG used in induction. Protein was expressed at 18 °C, 180 rpm overnight. Cells
were then harvested and lysed. Analysis by SDS-PAGE, shown in figure 3. 13, showed a

thick band at around 60 kDa suggesting soluble MtGBE was present.
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Figure 3. 13 SDS-PAGE of first attempt at the co-expression of MtGBE and the GroEL-GroES
chaperone system. Lanel: whole cell; lane 2: insoluble; Lane 3: lysate; M: marker. MtGBE = 57

kDa.

As there was soluble protein present, an attempt was made to purify it in order to
obtain MtGBE for testing. The soluble cell lysate was loaded onto a Ni-NTA affinity
column and eluted over a gradient of 0-0.5 M imidazole over 60 mL (figure 3. 14).
Although the UV trace from the purification did not show a large peak for protein
elution, a small peak was observed that may have been the target protein. To confirm,
the fractions collected were analysed via Bradford assay (see procedure 8.2.1.11,
chapter 8) in order to determine the protein concentration of each fraction. The

results of the Bradford assay are shown in figure 3. 15.
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Figure 3. 14 Ni-NTA purification of MtGBE from first attempted co-expression: Absorbance (blue);
% elution buffer (red); fractions (black). Dashed lines show region in which fractions were collected

and pooled.
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Figure 3. 15 Protein concentration of fractions analysed via Bradford analysis, dotted lines

indicate fractions pooled and dialysed.

The Bradford analysis suggested that protein was present in fractions 28-40, and a

cross section of these fractions was analysed via SDS-PAGE, as shown in figure 3. 16.
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Figure 3. 16 SDS-PAGE analysis of fraction from purification of first co-expression of MtGBE.
Lane 1: lysate; Lane 2: insoluble; Lane 3: fraction 4; Lane 4: fraction 6; Lane 5: fraction 24; Lane
6: fraction 30; Lane 7: fraction 34; Lane 8: fraction 38; Lane 9: fraction 40; M: marker. MtGBE =
57 kDa.

As the SDS-PAGE result showed pure protein of the desired mass, fractions 28-40 were
pooled and dialysed to remove the imidazole and high salt content of the elution
buffer. The protein solution was then concentrated via spin concentration using
Amicon® Ultra — 15 (Merk) centrifugal units (10 kDa MWCO) at 4,000 rpm, 4 °C for runs
of 10 minutes until the desired volume of 10 mL was met. Subsequent Bradford
analysis suggested a final concentration of 0.5 mg/mL. The overall yield of this
expression and purification was 5 mg protein per litre culture (5 mg/L). This is a low

yield though unsurprising given the low solubility of the expressed protein.

Collaborators from the group of Prof. Kyeong Kyu Kim at Sung Kyun Kwan University
(SKKU) were working on the crystallisation of MtGBE. Communications from them
suggested a new method of co-expression in which the L-Ara was added to the
overnight culture rather than in the large scale growth. Therefore, this method was
trialled in which 600 pug/mL L-Ara was added to the overnight culture. 2.5 mL was used
to inoculate 1.0 L LB media and the protein was expressed at 18 °C overnight. Once the
cells had been harvested and lysed, the cell lysate was purified by Ni-NTA affinity
column. No peak was observed in the UV trace and so this method was deemed
unsuccessful. However, this did suggest that adding L-Ara to the overnight culture

alone was not enough to express soluble MtGBE.
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3.2.2.2.1 Investigations into the effects of L-Ara concentration on the amount of
soluble MtGBE protein expressed

Given that there was a large amount of insoluble protein of the size expected for
MtGBE in the SDS-PAGE analysis of the co-expression, it was thought that increasing
the volume of chaperone proteins may also increase the amount of solubilised protein
during expression. As the expression of the chaperones was moderated by the addition
of L-Ara to the culture, an investigation was carried out to determine if increases in the

concentration added also increased the amount of soluble target protein.

To investigate the effect of increasing the concentration of L-Ara in the growth
medium, three experiments were carried out where three different concentrations of
L-Ara were present in the growth during co-expression: 600 pg/mL, 700 pug/mL and 800
ug/mL. Each growth gave approximately the same mass of pellet (600 = 0.47 g, 700 =
0.52 g and 800 = 0.47 g) suggesting that cell growth was not affected by the increase in
presence of L-Ara. Once lysed via sonication, the whole cell extract, cell lysate and

insoluble cell debris of each experiment was analysed via SDS-PAGE (figure 3. 17).

Although each lane on the gel is saturated, it can be seen that the addition of 700 and
800 ug/mL of L-Ara yields a larger band in the soluble cell lysate between 56 and 72
kDa. This may be due to the increase in presence of GroEL, which is itself 57 kDa in
size.”* However, the insoluble fractions of both the 700 and 800 ug/mL experiments
show a smaller band at 56-72 kDa, suggesting that more insoluble MtGBE is being
converted to soluble protein. Therefore, as a result of this experiment, future co-

expression of MtGBE contained 800 pug/mL L-Ara in the large scale culture.
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Figure 3. 17 SDS-PAGE of the effects of increasing L-Ara concentrations in co-expression. Lanes
1-3: 600 pug/mL L-Ara, whole cell, insoluble, lysate; Lanes 4-6: 700 pg/mL L-Ara, whole cell,
insoluble, lysate; Lanes 7-9: 800 pug/mL L-Ara, whole cell, insoluble, lysate; M: marker. Insoluble
(blue box) and soluble (red box) fractions for each experiment highlighted for clarity. MtGBE =
57 kDa.

A final small scale co-expression (1.0 L) was carried out under these conditions to
check the levels of soluble protein expressed and determine a purification protocol.
The cell lysate was loaded onto a Ni-NTA column and the protein was eluted over a
gradient from 0-0.5 M imidazole over 150 mL. A Bradford analysis was carried out on

each fraction collected to give an indication of protein concentration (figure 3. 18).
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Figure 3. 18 Protein concentration of each fraction from purification of MtGBE 1.0 L co-

expression with 800 pug/mL L-Ara as determined by Bradford analysis.

SDS-PAGE was then carried out to analyse fractions of interest (figure 3. 19).
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Figure 3. 19 SDS-PAGE analysis of purification of MtGBE. Lane 1:lysate; Lane 2: insoluble; Lane
3: fraction 5; Lane 4: fraction 15; Lane 5: fraction 22; Lane 6: fraction 24; Lane 7: fraction 30;

Lane 8: fraction 34; Lane 9: fraction 44; M: marker. MtGBE = 57 kDa.

As seen in the SDS-PAGE, fractions 15-44 contain pure protein with a mass between 55
and 70 kDa, suggestive of MtGBE. Therefore, fractions 15-30 (those showing the
highest concentrations of protein) were pooled and dialysed to remove imidazole and
high salt concentrations present in the elution buffer. During dialysis, the buffer was
also exchanged from Tris-HCI to HEPES buffer (50 mM, pH7) as this was the buffer to

be used in future assays. The protein solution was then concentrated via spin filtration

72



Chapter 3

using Amicon® Ultra — 15 (Merk) until the desired volume of 1.0 mL was reached.
Bradford analysis suggested a final protein concentration of 14 mg/mL. This gave an
overall protein yield of 14 mg/L, an improvement on the previously obtained 5 mg/L.
These results indicate that increased L-Ara concentration does in fact lead to a higher

protein yield.

3.2.2.3 Large scale co-expression and purification of MtGBE

Once the conditions for co-expression had been optimised, a large scale growth of 5.0
L was carried out. L-arabinose was present in the expression culture at a concentration
of 800 pg/mL and 0.5 mM IPTG was used in induction. Protein was expressed at 18 °C,
170 rpm overnight. Cells were then harvested and lysed via sonication. The soluble cell
lysate was then obtained and loaded onto a Ni-NTA affinity column. The Hise-tagged
target protein was eluted over a gradient from 0-0.5 M imidazole. Bradford analysis of
each fraction collected during elution (figure 3. 20) suggested a large quantity of
eluted protein in fractions 11-16 which were subsequently analysed via SDS-PAGE

(figure 3. 21).
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Figure 3. 20 protein concentration of fraction from 5.0 L co-expression of MtGBE as

determined by Bradford analysis.
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Figure 3. 21 SDS-PAGE of 5.0 L co-expression of MtGBE. Lane 1: S; Lane 2: In; Lane 3: fraction 2;
Lanes 4-9: fractions 11;-16; M: marker. MtGBE = 57 kDa.

The Bradford analysis and SDS-PAGE results in figures 3.20 and 3.21 led to fractions 11-
16 being pooled and dialysed against HEPES buffer (50 mM, pH 7.4) for further
concentration and use in assays. The protein solution was concentrated to a final

concentration of 4.0 mg/mL and stored at -80 °C for future use.

3.2.2.4 Experiment to confirm GroEL is not purified alongside MtGBE
SDS-PAGE analysis is unable to differentiate between proteins of a similar size. As
MtGBE and GroEL are both 57 kDa in mass, experiments were designed to determine if

254

the presence of GroEL was affecting analysis of SDS-PAGE gels.”>” To investigate this,

an experiment in which three protein expressions were performed; one in which
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MtGBE was expressed on its own, one where the chaperone proteins were expressed
on their own and one where MtGBE was co-expressed with the chaperone system. A
negative control was run in parallel in which neither the gene for MtGBE nor that for
the chaperone system was present, i.e. ‘blank’ E. coli BL21(DE3) cells were grown
under same the expression conditions. For conditions for each expression, see chapter
8, section 8.2.2.9. The soluble cell lysate and insoluble cell debris from each expression

were analysed via SDS-PAGE, the results of which are shown in figure 3. 22.

kDa

Figure 3. 22 SDS-PAGE analysis of the effect chaperones have on the solubility of MtGBE. Lanes
1+ 2: BL21 blank, insoluble, lysate; Lanes 3 + 4: MtGBE only, insoluble, lysate; Lanes 5 + 6:
chaperones only, insoluble, lysate; Lanes 7 + 8: co-expression, insoluble, lysate; M: marker.

MtGBE = 57 kDa.

From the thick band that appears in the 55-72 kDa region in the soluble fraction of the
co-expression, it can be seen that soluble protein is being expressed that is not
normally present when MtGBE is expressed on its own. This could be soluble MtGBE
appearing but an identical band also appears in the soluble fraction of the experiment
in which the chaperone proteins were expressed with no MtGBE present. In order to
investigate further, more in depth experiments were carried out in which the same set
of protein expressions were performed on a larger scale in order to then purify the cell
lysates obtained via Ni-NTA affinity column. Whilst in theory, the chaperone proteins,
which do not contain a His-tag, would not be eluted from the column alongside
MtGBE, it was still considered prudent to confirm that this is indeed the case in order

to ensure the protein being purified was in fact MtGBE.
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For the large scale experiments, transformations, overnight cultures and expression
conditions were the same as in the small scale experiments. This time the larger
culture was 2.0 L in volume. Cell lysates were loaded onto a Ni-NTA column and

protein was eluted via a gradient of 0-0.5 M imidazole over 150 mL.

The UV absorbance traces from each purification are shown in figure 3. 23. For the
purification of MtGBE expressed on its own, a small peak is observed shortly after the
gradient begins. For the co-expression experiment, this peak appears at the same time,
though much larger in size. For the expression of the chaperone proteins, a peak is also
observed shortly after elution begins, this appears to be approximately the same size
as that from the MtGBE only expression and so cannot been seen as insignificant in
this context. The peak is split into two overlapping signals and so SDS-PAGE analysis

was done on all fractions across the whole signal.
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Figure 3. 23 Experiment to confirm chaperone proteins are not co-eluted with MtGBE.
Purification of: A: MtGBE only; B: chaperone proteins only; C: co-expression. Absorbance trace

in blue; % elution buffer in red.

SDS-PAGE analysis was run on all fractions containing the eluate that led to the

relevant signals seen on the purification traces. These are shown in figure 3. 24.
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Figure 3. 24 Experiment to confirm chaperone proteins are not co-eluted with MtGBE. SDS-
PAGE analysis of purifications. A: MtGBE only, Lane 1: wash through; Lanes 2-9: eluted
fractions; B: chaperone proteins only, Lane 1: wash through; Lanes 2-9: eluted fractions; C: co-
expression, Lane 1: wash through; Lanes 2-9: eluted fractions; M: marker. MtGBE (= GroEL) =

57 kDa.

From the SDS-PAGE, it is clear that a larger amount of soluble MtGBE was eluted in the

co-expression. This suggests that even if chaperones were co-eluting with MtGBE, they
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are not the majority of the protein seen on the gel. Moreover, the faint bands that can
be seen on the SDS-PAGE of the chaperones only expression do not appear to be of the
relevant size, i.e. they are not between the 55-72 kDa bands on the marker, but seem
to be equal to 72 kDa or heavier. In addition, in the MtGBE only experiment, and to a
lesser extent in the co-expression, these same, heavier bands appear in later fractions,
suggesting that rather than a product of the chaperone proteins themselves, they

could be E. coli proteins.

Though the SDS-PAGE from the purifications of each experiment suggested that the
chaperone proteins were not being co-eluted with MtGBE, the fractions containing
protein of interest were pooled and dialysed in order to be analysed by spectroscopic
methods as well as in assays, so that this could be fully confirmed. These results will be

discussed in the following sections, as well as in the following chapter.

3.3 Spectroscopic analysis of MtGBE

3.3.1 Mass spectrometry

In an attempt to characterise MtGBE, mass spectrometry was carried out in order to
confirm the mass of the protein that had been expressed and purified. According to
the gene sequence, the protein, including the Hisg-tag, should have a mass of 59.979
kDa (calculated using ExPAsy peptide mass tool:
https://web.expasy.org/peptide_mass/). To see if this was true for the purified MtGBE
obtained in the co-expression experiments, protein was dialysed into ammonium
formate buffer (20 mM) and diluted to 50 pg/mL. This was then run on a MaXis (Bruker
Daltonics, Bremen, Germany) mass spectrometer which was equipped with a time of

flight (TOF) analyser (figure 3. 25).
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Figure 3. 25 Deconvoluted mass spectrum (ESI+) of MtGBE co-expressed with chaperone
proteins.

The mass spectrum shows a main peak at 57,198 Da, which is not in agreement with
the mass expected of MtGBE. The expected mass of MtGBE, including the Hise-tag is
59,979 Da, meaning a mass of around 3000 Da is unaccounted for. One reason for this
may be that the protein was not correctly translated. Sequencing of the plasmid used
in experiments confirmed the correct DNA sequence but errors may have occurred
during protein synthesis. However, analysis of the DNA sequence and other possible
open reading frames (ORFs) which could lead to off-target expression, does not
produce a protein of the mass observed in MS. It may also be that the protein is
degraded by proteases despite the presence of protease inhibitors. If this were the
case, due to the Hisg-tag appearing to remain in place, the fragment cleaved would
have to be removed from the C-terminus. Mass calculations of peptide sequences
removed from this end would suggest that the protein would be cleaved at site 521
(this would leave behind a protein of mass 57,126 Da). A search using the ExPASy
peptide cutter tool (https://web.expasy.org/peptide_cutter/) has identified only one
peptide cleavage site at position 521, which would be for proteinase K. However, there
are also many other cutting sites for this protease and it is unlikely only one site out of

278 options would be cleaved.

As discussed previously, experiments were run in which MtGBE and chaperone
proteins were expressed separately alongside the co-expression of both MtGBE and
the chaperone proteins. The cell lysates from each experiment were purified by Ni-NTA
column and fractions containing protein, as determined by SDS-PAGE, were pooled. In

order to analyse the proteins obtained from each purification, the relevant fractions
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were dialysed against 20 mM ammonium formate buffer and run on a MaXis (Bruker
Daltonics, Bremen, Germany) mass spectrometer which was equipped with a time of
flight (TOF) analyser. The mass spectra for MtGBE expression in the absence of

chaperones and for chaperone expression only are shown in figure 3. 26 below.
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Figure 3. 26 Deconvoluted mass spectrum (ESI+) of A: MtGBE expressed alone and B: chaperone

proteins expressed alone.

These results indicate that the co-expressed MtGBE is the same mass as the protein
obtained when MtGBE is expressed on its own without any chaperones present. In
addition, the protein isolated from the chaperone protein is much less than the mass
obtained from the co-expression, strongly suggesting that chaperone proteins are not
co-eluted with MtGBE. Thus, it was concluded that the protein obtained in the co-

expression did not contain chaperone proteins.

3.3.2 Circular Dichroism

Circular dichroism (CD) is the spectroscopic technique in which circularly polarised light
is shone at a sample. In the case of proteins, the sample is an aqueous solution which
must be clear of any components that have a strong absorption in the 180-260 nm

255

(far-UV) range.” The relationship between the absorption of a sample and the
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variables involved in the measurement is characteristic of the molecule and is
represented as the molar extinction coefficient, €. For molecules that absorb at a
certain wavelength, € will have a different value depending on the rotation direction of
the polarised light (left or right). In CD, the difference between the value of € for left
circularly polarised light and right circularly polarised light is measured and this is what

25 The absorption comes mainly from the amide backbone

is observed in the spectrum.
of the protein, as amide bonds have a strong electronic absorption at 190 nm.?> The
secondary structure of the protein will have an effect on the electronic environment of
the backbone and therefore its absorbance, thus making CD spectroscopy sensitive to

2°6 Examples of typical CD spectra for

the overall secondary structure of the protein.
proteins with pure secondary structures consisting of a-helices, B-sheets and random

coils are shown in figure 3. 27.

a-helix

/ \ — [-sheet

Random coil

Ae

>
180 250
Wavelength / nm

Figure 3. 27 Example CD spectra for pure proteins with certain structural characteristics.

Reconstructed from Johnson?” and proteinchemist.com.”’

The characteristic shapes of the CD spectra as a result of certain structural features has
led to the widespread use of CD in the characterisation of protein structure.?*® Usually,
part of the analysis involves comparison to a set of data from proteins of a known
structure.”® It has also been shown useful to include denatured protein samples in
these reference sets.”® In this work, however, CD was used as a quick reference to

82



Chapter 3

compare the proteins purified from the various expression experiments and so further

analysis was not carried out.

Following purification, samples were dialysed into 20 mM potassium phosphate buffer
in order to remove any traces of components that may absorb in the far-UV region.
Samples were then either concentrated or diluted to 0.5 mg/mL except for the sample
from the MtGBE only expression, which, due to lack of material, was only concentrated
to 0.1 mg/mL. Samples were loaded into a 1 mm sample cell and run on a Jasco J720
CD spectrophotometer from 190-260 nm with a band width of 2 and an accumulation

of 10. The resulting spectra are shown in figure 3. 28.
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Figure 3. 28 Spectra obtained from circular dichroism experiments on protein obtained from
MtGBE expression (green), chaperone expression (red) and MtGBE co-expression with
chaperones (blue). Data were smoothed using 2nd order smoothing (4 neighbours) on

GraphPad Prism 7.03.

The CD spectrum of the co-expressed protein gives a graph with a distinct shape which

255

suggests high a-helix content.””” In comparison, the MtGBE which was expressed on its

own has a much weaker signal, potentially due to a lower protein concentration in the
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sample. The shape resembles that of the co-expressed protein but it cannot be said to
be the same with certainty. However the absorbance maxima is the same as that of
the co-expressed protein at 193 nm. Similarly the signal from the chaperone protein
expression also has a weak signal, again, likely due to low protein concentration. The
chaperone expression product also has a similar shape graph to the other two
suggesting it may also have high a-helix content. The signal maxima however, is not
the same as the other two graphs, being of a slightly higher wavelength (196 nm).
Whether or not the MtGBE protein is correctly folded is also not possible to deduce
from these experiments without a sample of denatured protein to compare these
results to. However, when it was attempted to denature a sample, precipitation kept
occurring which meant the sample could not be run on the spectrometer. However, if
such a sample could be obtained, this could give an indication in future as to the

folding state of the MtGBE protein obtained from the co-expression experiment.

3.4 Conclusions

Though transformation of the plasmid vector containing the Rv3031 gene was
successful, as shown by agarose gel and sequencing of the subsequently purified
plasmid, expression of the MtGBE protein led to the formation of inclusion bodies
within the bacteria. Two methods were attempted to obtain correctly folded soluble

protein: solubilisation using sarkosyl and co-expression with chaperone proteins.

Overall, the most successful method proved to be the co-expression. Though sarkosyl
was able to solubilise apparent MtGBE from IBs, attempts at purification of the
resulting solution proved unsuccessful, possibly due to incorrect refolding during

renaturation.

Co-transformation was achieved successfully via two separate methods, one in which
both plasmids were transformed at the same time, and one in which cells transformed
with one plasmid were made chemically competent and then transformed with the
other. Though less efficient in terms of transformants produced, the first method was
used in future experiments due to its taking less time to achieve. Agarose gel
electrophoresis and sequencing of the purified plasmid from the transformants

confirmed both plasmids were successfully taken up by the competent cells.
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Co-expression with the chaperone proteins required the presence of L-arabinose in the
growth medium, the concentration of which was optimised in small scale experiments.
SDS-PAGE analysis showed that the more L-Ara was in the culture, the less target
protein appeared in the insoluble cell fraction. After initial small-scale experiments to
find the best conditions for co-expression, protein was produced using a large scale
(5.0 L) experiment. This was carried out by expressing the proteins overnight at 18 °C
using 0.5 mM IPTG and 800 pg/mL L-Ara to induce MtGBE and chaperone protein
expression respectively. Protein was then purified via Ni-NTA FPLC. Protein
preparations were deemed pure enough for use in the assay experiments that were

planned.

Finally, it was shown that the band at approx. 60 kDa in the SDS-PAGE from protein
purification was not due to the chaperone proteins being co-eluted during Ni-NTA
FPLC. Parallel expressions were carried out in which MtGBE was expressed on its own,
the chaperone proteins were expressed on their own and where both the target
protein and chaperones were co-expressed. Purification of each of the cell lysates and
subsequent analysis of the eluates via SDS-PAGE, suggested that the protein obtained
in the co-expression was indeed the target protein and not the larger of the two
chaperones (GroEL = 57 kDa). LC-MS of each protein fraction also supported this
conclusion. CD spectra were less conclusive though they do show that the MtGBE co-

expressed protein may have a secondary structure of high a-helical character.
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4. Investigations to identify the unknown donor

substrate of MtGBE

With MtGBE successfully expressed and purified (see chapter 3), investigations into its
possible activity and natural substrates could now be undertaken. As discussed in
chapter 1 (section 1.4), the reaction thought to be catalysed by MtGBE is the addition
of a glucose monomer at the 6 position of glucosyl glycerate (GG).>* **” "1 If true, GG
would be one of the natural substrates for this enzyme. However, the donor substrate
for this reaction remains unknown and two main hypotheses were proposed (see
chapter 1, section 1.5) in which the donor was either an a-glucan, or maltosyl glycerate
(MalG). It was thought that despite sequence similarities between MtGBE and
branching enzymes belonging to the GH57 family, the fact that at least one substrate is
a small monosaccharide may hint at novel branching behaviour in which small
molecules act as substrates for a branching enzyme. Therefore, experiments were first
aimed at probing such a possibility. However, the likelihood of MtGBE exhibiting
typical branching behaviour could not be ruled out completely and was therefore also
investigated. Once the synthesis of GG and MalG were complete (see chapter 2),

assays to probe the substrates of MtGBE began.

4.1 Sequence similarities between MtGBE and GH57 branching enzymes

A Basic Local Alignment Search Tool (BLAST) (http://www.uniprot.org/) was used to
find proteins with a similar sequence to MtGBE in order to determine the potential
activity of the enzyme. The results showed strong sequence homology with a-1,4
branching enzymes and hydrolase enzymes, particularly from the CAZy database
family, GH57. A sequence alignment was performed using MultAlin®*® and the results
illustrated in JalView. Figure 4.1 shows the alignment of MtGBE (A) with: a 1,4-a-glucan
branching enzyme from Rhodococcus qingshengii showing 69% sequence homology
(B); a family 57 glycosyl hydrolase from Hoyosella subflava showing 64% sequence
homology (C); a family 57 glycosyl hydrolase from Streptomyces sp. AA4 showing 56%
sequence homology (D); a 1,4-a-glucan branching enzyme from Thermus
thermophilius showing 33% sequence homology (E) and a 1,4-a-glucan branching

enzyme from Thermococcus kodakarensis showing 30% sequence homology (F).
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Figure 4. 1 Sequence alignment of MtGBE (A) with a GBE from R. gingshengii (B); a GH57

glycosyl hydrolase from H. subflava (C); a GH57 glycosyl hydrolase from Strep. sp. AA4 (D); a

GBE from T. thermophilius (E) and a GBE from T. kodakarensis (F). Alignments performed with

MultiAlin®° and presented using JalView. Red boxes indicate conserved sequence regions

shared in GH57 enzymes.

%% Green box indicates loop important to branching enzymes,

identified in known structures.”®
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4.1.1 The GH57 family
Part of the carbohydrate active enzyme database (CAZy, www.cazy.org) and created in
1996, the family GH57 (glycosyl hydrolase 57) was formed to accommodate a-amylase

enzymes whose structures were not similar with any other known amylases and so did

261

not sort into existing GH families.”>™ The family contains proteins that can be grouped

into 5 families according to activity: alpha amylase, amylopullulanase, branching

enzyme, 4-alpha-glucanotransferase and alpha galactosidase.”®® A comprehensive

262

study by Zona et al. identified 5 conserved sequence regions (CSR)“>“ of GH57 proteins,

260
l.

one of which was updated in 2012 in a study by Blesak et a In the same study, the

catalytic residues were identified as Glu and Asp (Glu291 and Asp394 in the

amylopullulanase from Thermococcus hydrothermalis) which act as the nucleophile

262, 263

and proton donor respectively. However, not all members of the family have

been found to contain these residues, though all contain a (B/a);-barrel as their

262, 263

catalytic domain. In addition, Palomo et al. have demonstrated that GH57

enzymes follow a retaining mechanism.*8!

Common to all GH57 enzymes, an a-helical domain, termed domain C, that follows the

(B/a);-barrel structure is deemed critical for activity. 8% 260 264 265

This arrangement is
found in branching enzymes along with a few additional features. For example, 2 a-
helical inserts within the (B/a);-barrel are found in branching enzymes, 1 of which is
believed to be unique to the branching enzymes within GH57 and not found in any
other GH57 enzymes that display one of the other 4 classes of activity.”*® Additionally,

181

a loop has been identified as being important for branching activity.” " These features

are highlighted in figure 4.1 based on the work reported by Blesak et al.?®°

According to the aforementioned BLAST search, MtGBE shares the highest sequence
similarity (69%) with GH57 branching enzymes. The structure and biochemical
characterisation of three of these enzymes have been reported. These are the

182

branching enzymes from P. horikoshii***, T. kodakarensis®®® and T. thermophi/iuslgl and

will be discussed in the following section.
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4.1.2 Structurally and biochemically characterised GH57 branching enzymes
The first GH57 branching enzyme to be described was that from T. kodakarensis.'®
Noting the enzyme contained the five CSRs of GH57 proteins, the authors also

identified the catalytic residues Glu183 and Asp354.'%

Additionally, these residues
were surrounded by histidine and tryptophan residues, with Trp407 and Trp416
thought to prevent water or the acceptor sugar from approaching from the Glu183
direction.™® A later study by Santos et al. focussed on more detailed structural
analysis, which , amongst other interesting features, identified the (B/a);-barrel and a-
helical domain important to catalytic activity in GH57 proteins.?®® The residue Tyr233

was also identified in the catalytic loop region and this residue is also conserved in the

GH57 family.?®

In subsequent years, Palomo et al. reported the crystal structure and biochemical
analysis of branching enzyme from T. thermophilius.181 The report described the
(B/a);-barrel and a-helical domain, identifying the catalytic residues as Glu184 and
Asp353.181 Additionally, Trp274 and Trp404 which flank the active site were found to
be essential to activity, indeed, modelling studies carried out by the group suggested
they are involved in substrate recognition.181 Again, the conserved residue Tyr236 was
found in the flexible loop which was reported essential for enzymatic activity as the

enzyme was found to be inactive once Tyr236 was mutated to Ala.'®!

Product analysis
showed that the GH57 branching enzymes utilise a retaining mechanism and modelling
studies suggested that initial cleavage of the donor substrate had to be completed

before the acceptor substrate could bind and form the product.*®

Most recently, the crystal structure and mechanistic studies of a GH57 branching

enzyme from P. horikoshii was reported.'®?

The enzyme was shown to contain the
(B/a);-barrel and two a-helical domains common amongst GH57 branching
enzymes.™®? In addition, the authors identified the catalytic resides, Glu185 and
Asp355, as well as many tryptophan, histidine and phenylalanine residues near the

active site residues thought to be involved in substrate recognition.'®

The flexible loop
containing the conserved residue Tyr236 and thought to be involved in catalytic
mechanism was also noted by the authors to have potential involvement in chain

length distribution of products.'®
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4.1.3 Applications in this project

MtGBE shares the conserved CSR regions found in family GH57 as well as apparently
sharing some key residues identified in the other branching enzymes (figure 4.1).
These were identified using sequence alignment and include the catalytic residues
Glu205 and Asp344 and the important residues flanking the active site Trp260 and
Trp396. However, the conserved residue in the flexible loop (Tyr 236 in P. horikoshii
and T. thermophilius and Tyr233 in T. kodakarensis) appears not to be present in
MtGBE and instead a His is found at this apparent position. Further residues common
to MtGBE and the other GH57 branching enzymes are discussed and summarised in

section 4.4.1, table 4.3.

These shared features may indicate that MtGBE has GH57 branching activity. However,
the small acceptor substrate in the reaction that MtGBE catalyses (GG) is at odds with
the usual large substrates of the GH57 branching enzymes already characterised.
Therefore, it was thought that MtGBE may follow a novel branching mechanism. This
possibility was explored before the potential of branching activity was investigated as

per the reports of the proteins discussed in the preceding section.

4.2 Assays employed to identify the activity and potential substrates of
MtGBE

Discussed in chapter 1, the reaction believed to be catalysed by MtGBE involves the

. . 167,171
transfer of one glucose unit to a small monosaccharide, GG.*® %"

The similarity in
sequence between MtGBE and GH57 branching enzymes discussed in section 4.1 also
suggests MtGBE may act as a branching enzyme. However, as branching enzymes do
not work on small substrates but on large polysaccharides, it may be a possibility that a
novel form of branching activity could be displayed by MtGBE. Due to this conflict
between the proposed activity (branching enzyme) and the apparent substrates (small
molecules) of MtGBE, hypotheses were formed suggesting an alternative mechanism
to those of the known branching enzymes. These are discussed in detail in chapter 1,
section 1.5. Both suggest initial hydrolysis behaviour in which a glucose unit is cleaved

from a donor to then be transferred to GG. Therefore, to test the viability of these

hypotheses, hydrolysis activity would was investigated.
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Initially, experiments were carried out using reconstituted enzyme that was sent from
collaborators (Prof. Kyeong Kyu Kim Group at Sung Kyun Kwan University (SKKU)) and

then with freshly expressed enzyme from the experiments discussed in chapter 3.

The absorbance assays carried out in this project with p-nitrophenyl-a-b-
glucopyranoside (pNPGlc) did not suggest any hydrolytic activity was associated with
MtGBE. Therefore, different possibilities were investigated, mainly focussing on

branching activity which will be discussed in the following text.

When no branching activity was observed different glucose donors were investigated
and one such donor investigated was glucose-1-phosphate (G1P). An assay to test for
release of phosphate is the malachite green assay and so this was also attempted with

the enzyme and G1P.

Alongside the spectroscopic assays, substrate activity was tested for using thin layer
chromatography (TLC) analysis of the starting materials and reaction components. In
this way, the proposed substrate MalG was tested. Whilst not conclusive, TLC can

indicate product formation or starting material consumption.

The following sections detail the assays performed and the results of each alongside a

brief introduction to each assay technique.

4.2.1 Absorbance assays with p-nitrophenyl-a-b-glucopyranoside

4.2.1.1 MtGBE absorbance assay with p-nitrophenyl-a-p-glucopyranoside

Initial enquiries into potential substrates and activity of MtGBE focussed on identifying
any hydrolysis activity. This was attempted by monitoring the reaction between p-
nitrophenyl-a-b-glucose (pNPGlc) and MtGBE at 400 nm in order to detect any release

of p-nitrophenol.

At the outset, MtGBE prepared by collaborators (Prof. Kim Group, SKKU) was used in
the assays. The enzyme came in lyophilised form which was reconstituted with sterile
water. These first assays were also used as a test to see if the presence of metal ions
was required for activity as well as which concentration of enzyme would be best to
use. In this case, KCl was used as a source of K" and two enzyme concentrations were

used. The conditions tested are summarised in table 4.1.
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Table 4.1 Experimental conditions used in initial assay attempts.

Experiment [MtGBE] / [KCI] / mM [PNPGIc] / mM
no. mg/mL

1 0.1 0.0 0.1

2 1.0 0.0 0.1

3 0.1 100.0 0.1

4 1.0 100.0 0.1

Each experiment was run in 50 mM HEPES buffer at pH 7 at a total volume of 100 pL.
Reactions were run for 10 minutes at 37 °C and absorbance readings taken at 400 nm

from the addition of the enzyme. Results are shown in figure 4.2.

0.4 -
0.3 -

0.2 -

Absorbance at 400 nm / AU

Time / min

Figure 4. 2 Results of first assay attempt with MtGBE and pNPGIc. Reactions run in 50 mM
HEPES, pH 7 at 37 °C. Various conditions trialled: 0.1 mg/mL MtGBE, no KCl (red); 1 mg/mL
MtGBE, no KCI (blue); 0.1 mg/mL MtGBE, 100 mM KCl (green); 1.0 mg/mL MtGBE, 100 mM KCl

(purple). Assays performed in duplicate.

All but one experiment show no increase over time. Experiment 4 (see table 4.1) did
show a slight increase (gradient of line of best fit = 0.00288 + 0.0002039) compared to
the other three experiments carried out (gradient of lines of best fit = 0). Though this
increase is small, these results may be indicative of KCl needing to be present in the

reaction mixture and that, due to the reaction rate being very slow, larger
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concentrations of enzyme or longer reaction times were required. Thus, further

optimisation was attempted.

In an attempt to obtain more conclusive results, the substrate concentration was
increased to 1.0 mM. Additionally, a wider range of enzyme concentrations was
investigated. The concentrations tested were: 0.7, 0.6, 0.5, 0.4, 0.3, 0.2 and 0.1
mg/mL. Assays were run as before, with a negative control run in which no MtGBE was

present. Results are shown in Figure 4.3.
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Figure 4. 3 Absorbance assays run with MtGBE and 1.0 mM pNPGlc. Enzyme concentrations
tested: 0.1 mg/mL (blue), 0.2 mg/mL (red), 0.3 mg/mL (green), 0.4 mg/mL (purple), 0.5 mg/mL
(orange) 0.6 mg/mL (black) and 0.7 mg/mL (brown); negative control with no enzyme present

(dark blue); A: all data sets, B: data set for 0.6 mg/mL removed for clarity.

As seen in figure 4.3, results from varying the enzyme concentration are inconsistent.
The concentrations that appeared to show a clear trend were 0.1 mg/mL, 0.5 mg/mL
and 0.7 mg/mL. Of these, 0.5 mg/mL was chosen as the enzyme concentration to be
used in following assays. However, the change in absorbance is still very low,
suggesting that either the reaction rate is low or the signal emitted from the product is

low and more optimisation is needed.
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The reaction catalysed by MtGBE involves transfer of a glucose unit to GG. If the
reaction mechanism of MtGBE involves the hydrolysis of a donor and then transfer of

the resulting glucose monomer to GG, the presence of GG may facilitate this transfer

and therefore increase activity.

To investigate this, an absorbance assay was carried out with 0.5 mg/mL MtGBE, 1.0
mM pNPGlIc and either 0 or 1.0 mM of GG. All other components were present as
described for the previous experiments. Reactions were carried out at 37 °C with

readings taken at 400 nm, every 30s for 60 cycles. The results are illustrated in figure

4.4.

N
o
1

1.54

Absorbance at 400 nm / AU

Time / min

Figure 4. 4 Absorbance assay of MtGBE and pNPGlIc either in the presence (®) or absence (O)

of GG. Control experiment run without enzyme present (A). Assays performed in duplicate.

From the graph shown in figure 4.4, it was not possible to conclude whether the
addition of GG had an effect on the reaction rate. The error for each experiment
overlap and therefore render the results inconclusive. What can be seen is that the
starting absorbance between the control experiment without enzyme present and the
other two experiments is different (approximately 0.4 AU). One possibility for this
could be that the reaction has gone too fast and the beginning has been missed by the
time measurements are taken. This seems quite unlikely however, as complete

reactions would have a large amount of pNP present in the reaction mixture which
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would turn the solution yellow, a colour change visible to the naked eye. However,
after the experiments had been run, no yellow colour was observed, suggesting the
reaction had no gone to completion. A further explanation for the difference in
starting absorbance may be that the enzyme is absorbing at 400 nm. To explore this
theory, further experiments would need to be carried out to test this possibility (see

conclusions).

Following these experiments, a fresh sample of protein was sent by collaborators (Prof.
Kim Group at SKKU) in lyophilised form, as before. This fresh batch of enzyme was
tested to see if any activity could be observed and if previous failed attempts were due
to the degradation of the earlier protein sample. In addition, these assays were carried
out in a UV-vis spectrometer (Agilent Technologies) using a quartz cuvette, rather than
the plate reader and 96-well plate setup used previously in an attempt to see if more

accurate results could be obtained.

The assays with the fresh sample of MtGBE protein were carried out as before, with
1.0 mM pNPGlc, 100 mM KCl in 50 mM HEPES pH 7. As a positive control, the same
reaction with a-glucosidase rather than MtGBE was performed. The carbohydrate
active enzyme a-glucosidase naturally occurs in the mammalian gut and breaks down
glycogen and other glucose based oligosaccharides.84 It hydrolyses both a(1—4) and
a(1—6) bonds and will therefore cleave the a(1—4) bond of pNPGIc used in this

267

assay.””’ Additionally, a reaction using the original sample of protein was also run in

order to compare the two batches.

As can be seen in the results (figure 4.5), the positive control displays a clear trend,
showing what one would expect as the glucosidase breaks the glycosidic bond and
releases pNP. None of the reactions with MtGBE appear to show any activity. The
assay was also repeated in the presence of GG, however this produced the same result

—no significant increase in absorbance (results can be seen in appendix C, C.1).
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Figure 4. 5 Absorbance assays of MtGBE and pNPGIc performed with fresh enzyme samples
sent from collaborators. Reactions run at 37 °C for 10 minutes with 1.0 mM pNPGlc. Enzyme
concentrations varied: 0.5 (green), 0.8 (purple), 1.0 ( ), 1.2 (black), 2.0 (brown) mg/mL.
Control reactions: no enzyme present (deep red); a-glucosidase (blue); sample with previous

batch of enzyme (0.5 mg/mL, red).

Therefore, further assays were postponed until MtGBE protein could be generated
freshly on site in this project. It was also concluded that the UV-vis spectrometer was
no more accurate than monitoring the reaction with the plate reader and so further

assays were carried out on the latter instrument.

Once soluble protein was obtained from the co-expression with chaperone proteins
(see chapter 3), assays with fresh enzyme stocks could be carried out. To further
optimise the assay conditions and see if pH played a vital role in the activity of the
enzyme, reactions were carried out in HEPES buffer covering a range of pH values
including: 6.8, 7.0, 7.5 and 8.0. To increase any weak activity, the concentration of
both enzyme and substrate was increased to 1.0 mg/mL and 10 mM respectively.

Apart from the changes mentioned, the assay was carried out as described previously.
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Figure 4. 6 Absorbance assay with freshly prepared MtGBE (1.0 mg/mL) and pNPGIc at various
pH levels: pH 6.8 (blue); pH 7.0 (red); pH 7.5 ( ) and pH 8.0 (purple).

The results in figure 4.6 suggest that none of the pH ranges tested had any effect on
the activity of the enzyme. There was very little to no increase in absorbance at all
(gradient of lines; pH 6.8 = 0.0002297 + 0.0000246; pH 7.0 = 0.0001733 + 0.0000243,
pH 7.5 =0.0000912 + 0.0000390 and pH 8.0 = 0.0000714 + 0.0000189).

As HEPES buffer has a useful pH range between 6.8 and 8.2, lower pH levels were not
able to be tested in the initial pH optimisation assay. To check lower pH ranges, MES
buffer was used (useful pH range of 5.5-6.7) to test for any activity at pH levels 5.5, 6.0
and 6.5. The assays were then run as before with 1.0 mg/mL enzyme, though substrate
concentration was 2.0 mM. All other conditions were the same. Blank experiments

were run with no enzyme present.

Upon first examination of the results in figure 4.7, the reaction carried out at pH 5.5

displays apparent activity as there is a sharp increase in absorbance which then levels
out after 20 minutes. If this is indeed activity, it would also appear that the beginning
of the reaction has been missed and may therefore need to be slowed down for initial

activity to be observed in future experiments.
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Figure 4. 7 Absorbance assay with freshly prepared MtGBE (1.0 mg/mL) and pNPGIc at lower
pH levels: pH 5.5 (green); pH 6.0 (red) and pH 6.5 (purple). Control experiments run with no
enzyme present: pH 5.5 (blue); pH 6.0 (brown) and pH 6.5 (black).

At the other two pH levels, there does also appear to be an increase in absorbance,
which occurs more steeply at the lower pH level (pH 6.0). Although the data in the first
20 minutes of the assay show a trend, it cannot be ignored that at pH 5.5 the data is
less conclusive from 20 minutes onwards, with errors becoming large. This is probably
explained by the formation of a white solid that appeared in the wells for these
reactions after the assay was complete. It is assumed that this is precipitated enzyme
as this did not occur in the control experiment at the same pH level. If this is the case
and the protein is precipitating, what may appear to be activity in the initial part of the
assay may be invalid. To test this, the experiment was repeated exactly as before,
though with a lower enzyme concentration of 0.5 mg/mL. Should the apparent activity
been a valid result in the first assay at pH 5.5, the beginning of the reaction should be
seen now it has been slowed down with less enzyme present. The control experiments
for this assay were changed from having no enzyme present to having no substrate
present. Thus, if the trend observed was indeed due to unstable protein, the control

should show the same trend. The results of this assay are shown in figure 4.8.
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Figure 4. 8 Attempt to repeat ‘positive’ assay result. Absorbance assay with MtGBE and
pNPGlIc (1.0 mM) at low pH values in MES buffer (50 mM). Enzyme concentration is 0.5 mg/mL.
pH levels tested: pH 5.5 (red); pH 6.0 (purple) and pH 6.5 (black). Control experiments run with
no pNPGIc present: pH 5.5 (blue); pH 6.0 (green) and pH 6.5 (orange). Experiments run in

triplicate.

The trends observed in figure 4.8, suggest that the ‘positive’ results seen in the first
assays carried out at low pH (figure 4.7) were not positive, but due to the protein,
possibly being unstable in these conditions. In all reactions in which all components
are present, the trend is almost exactly the same as the equivalent control reaction in
which no substrate is included. Therefore, the increase in absorbance observed is not
due to the hydrolysis of pNPGIc. It is also interesting to see that again, there are
differences between the starting absorbance readings for each experiment. This may

suggest possible absorbance of the protein at 400 nm.

The assays at various pH levels had so far been carried out with no GG present at all.
To see if GG was required for activity, assays were carried out with both pNPGlc and
GG present at varying pH levels. As before, for pH 7 and 8, HEPES buffer was used, and
for pH 6, MES buffer was used. The concentrations of pNPGlc and GG were each 1.0
mM and MtGBE was present at a concentration of 0.5 mg/mL. Results are depicted in

figure 4.9.
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Figure 4. 9 Absorbance assays

(®) or absence (0) of GG (1.0 mM) at various pH levels: A: pH 6; B: pH 7; C: pH 8. Control

Time [ min

with MtGBE (0.5 mg/mL) and pNPGlc (1.0 mM) in the presence

experiments run with no enzyme present (A).
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As seen in figure 4.9, the presence of GG does not lead to any significant increase in

absorbance, suggesting that no activity is occurring.

All the absorbance assays attempted so far have shown either no or very little increase
in absorbance over time or that increases in absorbance may be due to the presence of
the protein itself and not due to its activity (for example, figure 4.7). Therefore, the
investigations into hydrolysis activity ended and attention was turned towards other
possible activity that MtGBE may possess. MtGBE has been classified as a branching
enzyme in family GH57 and for this reason, the potential for MtGBE to show branching

behaviour was explored.

4.2.1.2 Absorbance assays to test effect of co-expression on MtGBE

In the previous chapter (chapter 3) it is described how MtGBE had to be co-expressed
with chaperone proteins so as to obtain soluble protein. Due to one of the chaperones
having a similar mass (57 kDa) to MtGBE, experiments were run in which MtGBE was
expressed on its own, the chaperones were expressed on their own and in which both
chaperones and target protein were co-expressed. The resulting lysates from each
experiment were purified via Ni-NTA column and samples analysed by both MS and
CD. All these experiments and their results are discussed in chapter 3, sections 3.2.2.4

and 3.3.

In addition to the aforementioned purification, SDS-PAGE and spectroscopic data, the
purified protein from each experiment was also used in absorbance assays to explore
any effect the co-expression may have had on the results of the previous absorbance
assays. In each assay, the protein concentration used was 0.5 mg/mL for each sample
and 5.0 mM pNPGIc was used. The assays were run in 50 mM HEPES buffer at pH 7 in
the presence of 100 mM KCI. The absorbance at 400 nm was measured every 30
minutes over a 15 hour period. Assays were run overnight to account for any activity
that may be slow and therefore missed at shorter time periods. The results of each

assay are shown in figure 4.10.
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Figure 4. 10 Absorbance assays with 5.0 mM pNPGlc (®) and A: co-expressed MtGBE; B:
MtGBE expressed alone and C: protein obtained after chaperone only expression and
purification. Control experiments run in which no pNPGlc was present (O). Experiments run in

duplicate, except for controls.
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In figure 4.10, both the co-expressed and non co-expressed MtGBE give similar trends,
showing a slight increase in absorbance over time. However, given the results of the
absorbance assays discussed so far in this section, it seems unlikely this is due to any
hydrolysis activity. Indeed, for the co-expressed protein, the control experiment in
which no substrate is present has a very similar result to that in which substrate is
present. For MtGBE expressed independently, this difference is less obvious, though
the small increase in absorbance still suggests no hydrolysis activity from the target
protein. The only graph that shows a significant increase in absorbance is that of the
chaperone proteins. However, the control in which no substrate is present gives an
anomalous trend, suggesting the protein present is unstable. Conversely, this
behaviour hasn’t been seen in any of the experiments in which co-expressed enzyme is
present, suggesting that this ‘activity’ is either anomalous or that the proteins leading

to this signal are not present in the samples that have been used for previous assays.

Overall, it was thought that, from looking at these experiments, the chaperone
proteins used in co-expression do not seem to be affecting the results seen in the
absorbance assays as there is no significant difference between the co-expression and
the expression of MtGBE on its own. Furthermore, the similarity in trend between the
MtGBE experiments and that containing no MtGBE protein (the chaperone only
experiment) supports the idea that the increase in absorbance seen in earlier

experiments is not necessarily due to any hydrolysis activity of MtGBE.

4.2.2 Assays designed to detect branching activity: lodine staining assay

It was concluded that no hydrolysis activity was detected for MtGBE in the
experiments discussed in section 4.2.1. Therefore, investigations into another possible
behaviour of MtGBE were carried out. As discussed in the preceding text (section 4.1),
MtGBE shows sequence homology with branching enzymes from the GH57 family, thus

branching assays were performed.

Branching enzymes act upon a(1—4) linked glucan chains, cleaving an a(1—4) link to
produce a short chain which is then attached to either elsewhere on the original chain,
or onto another chain, via an a(1—6) glycosidic bond in a transglycosylation reaction

(illustrated in figure 4.11).%

The result is a highly branched a(1—4) glucan chain, with
a(1—6) branch points.185
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Figure 4. 11 Cartoon depicting general mechanism of branching enzymes. A: inter-chain

branching; B: intra-chain branching. Figure reconstructed from Tetlow.'®

Of the branching enzymes found in family GH57, three have been characterised with
both crystallographic and biophysical data. These enzymes are branching enzymes
from P. horikoshii*®?, T. kodakarensis'®° and T. thermophiliuslgl, the latter two of which
show around 30% sequence homology with MtGBE. Each of these enzymes were
investigated using the iodine staining assay, a technique widely reported in the
literature and used to characterise branching enzymes that are active upon starch or

268-271
glycogen.”®®%

The assay utilises the colour change that occurs when a solution of iodine and iodide
comes into contact with a-glucans. The colour is a result of polyiodide complexes
sitting within the helical structure of the glucan; in the case of amylose, the species Is°
forms a dark blue complex, and in the case of amylopectin, I3 forms a pink/purple

colour complex.272 The intensity of this colour changes depending on the length of the
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a glucan chain with which the iodide is complexed and so the total activity

(transglycosylation and hydrolysis) of the branching enzyme can be monitored.?®

If MtGBE were to utilise the branching activity displayed by other GH57 branching
enzymes, the iodine staining assay could be used to identify polysaccharide substrates
such as amylose or amylopectin. These are the most common polysaccharides used in

180, 181, 268

the iodine staining assay and were therefore used as potential substrates for

MtGBE.

4.2.2.1 MtGBE iodine staining assays

Following the methods reported by Takata et al.,*®® Murakami et al. **° and Palomo et
al.,"®" MtGBE was first tested with amylose and amylopectin as potential substrates in
the iodine staining assay. The assay components were prepared with the same ratio
and concentrations described by Murakami et al.*®® with alterations as to the type of
buffer used. The amount of amylopectin used was based on the procedure detailed by

Palomo et al.

A substrate stock was prepared containing amylose (1.2 % w/v in
DMSO) or amylopectin (2.5 % w/v in DMSO) in HEPES (0.5 M, pH 7.4) buffer. Enzyme
solution was prepared by diluting the stock to 0.2 mg/mL with 50 mM HEPES pH 7.4.
This was further diluted to yield solutions of the following concentrations: 20, 18, 16,
14, 12, 10, 8, 6, 4 and 2 ug/mL. For the reaction, the enzyme solution, substrate
preparation and GG were mixed and incubated for 10 minutes at 37 °C. To stop the
reaction after 10 minutes, 0.4 M HCl was added followed by iodine reagent (see

chapter 8, section 8.2.6.13). The absorbance at either 530 nm (amylopectin) or 660 nm

(amylose) was measured for each concentration of enzyme used.
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Figure 4. 12 Initial iodine staining assay attempts with MtGBE and A: Amylopectin or B: Amylose.

The results of these experiments are shown in figure 4.12 and in each, no clear trend in
the data is observed. It is expected that the absorbance would decrease as the glucan
chains are cut and branched thus becoming shorter. For both amylopectin and

amylose however, there seems to be no overall decrease in absorbance nor does there

appear to be an increase.

To investigate whether the lack of trend in the data was due to the low concentration
of enzyme used, the assay was repeated using much larger concentrations of MtGBE

(final concentrations used: 1.0, 0.5, 0.25, 0.125 and 0.0625 mg/mL). The results are

shown in figure 4.13.
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Figure 4. 13 lodine staining assay with increased enzyme concentrations of MtGBE. Substrate

was either A: Amylopectin or B: Amylose.

A trend is now observed in the data. For amylopectin, the absorbance decreases as the
enzyme concentration is increased, suggesting possible branching activity. A linear
regression was performed using GraphPad Prism 7, as shown in figure 4.13, A.
However, as before, there is still no clear trend in the data when amylose is used as
the substrate. This may be due to lack of activity for this substrate, but to investigate
the possibility that the concentration of amylose may be too high, an experiment was
run with half the amount of amylose. In addition, experiments were run in triplicate,
unlike previous attempts. The results of this, compared to results of an experiment

using the same amount of amylose as before (0.06%) are shown in figure 4.14.

109



Chapter 4

0.8
-
< l fe) T T z 3
~ 7 ¢
£ 0.6
=
(=]
O
(=]
® 0.47 ° s
o
g e
8 0.2-
=]
Ud
<
0.0 T T 1

1 T
0.00 0.02 0.04 0.06 0.08 0.10
[MtGBE] / mg/mL

Figure 4. 14 lodine staining assay with MtGBE and either 0.03 % Amylose (@) or 0.06 %

amylose (0). Experiments performed in triplicate.

The results again show no overall decrease in absorbance with increasing enzyme
concentration for either concentration of amylose. From this it was concluded that
amylose was not acting as a substrate for MtGBE and was therefore not further

investigated.

Amylopectin, however, was taken forward as a potential substrate for optimisation of
the staining assay. In the literature, branching activity from this assay is taken as the
amount of enzyme that is able to decrease the absorbance by 1% in a minute.?®®
Practically, the data are collected after 10 minutes, and if it is assumed that the
reaction is in the linear stage, it could be estimated that the absorbance would
therefore decrease by 10% per unit enzyme activity. Using the data for amylopectin in
figure 4.13, A, according to the linear regression, the initial absorbance (y intercept, x =
0 mg/mL enzyme) is 0.22. A decrease in 10% would lead to an absorbance of 0.198.
Interpolation using the linear regression leads to an enzyme concentration of 0.353
mg/mL. This would lead to an activity of 2.83 U/mg. However, the conditions for this
assay are not optimised, and so investigations into temperature and pH optimisation
were carried out. Temperatures investigated included 30, 37, 40 and 45 °C. It was
thought that 37 °C was likely the optimal temperature due to this being body
temperature and so temperatures either side of 37 °C were explored. The results are

shown in figure 4.15.
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Figure 4. 15 lodine Staining assay with MtGBE and amylopectin at different temperatures. A:
30°C; B: 37 °C; C: 40 °C; D: 45 °C.

For each data set, linear regressions were performed and the activity of the protein
under each set of conditions was measured as described above. The activity was then

plotted against the temperature. Results are shown in figure 4.16.

The results suggest that 37 °C is the optimal temperature as at this temperature,

MtGBE showed highest units activity per mg protein.

Another condition to be optimised was the pH of the reaction. To test this, the assay

was carried out at varying pH levels in either MES (pH 5.5) or phosphate buffer (pH 7,
pH 8). The results are depicted in figure 4.17.
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Figure 4. 16 Activity of MtGBE on amylopectin at various temperatures. Linear gradient =
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Figure 4. 17 lodine staining assay with MtGBE and amylopectin at different pH levels: pH 5.5
(blue), pH 7.0 (red) and pH 8.0 (green). Experiments run in triplicate with the exclusion of two

anomalous data points in pH 8 experiment.

As described previously, the activity at each pH level was determined from the linear

regressions and then plotted as a function of pH (figure 4.18).
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Figure 4. 18 Activity of MtGBE at various pH values.

The results in figure 4.18 suggest that changing the pH does not have a significant
effect on the activity of the enzyme. Although the activity appears slightly higher at pH
8 thanitis at pH 6 or 7, the value is within the error range of pH 7, making it unlikely
that this indicates optimal pH. Therefore, all future experiments were carried out as

before, at pH 7.4 in HEPES buffer.

To investigate whether kinetic data could be obtained via the iodine staining assay, an
experiment was carried out in which the branching reaction was initiated and
incubated for 30 minutes, with aliquots at certain time points being taken. The aliquots
were treated with 0.4 M HCI to stop the reaction, as described previously, and then
mixed as before with the iodine reagent. Absorbance was then measured for each
aliquot and plotted as a function of time. To try and optimise the enzyme
concentration needed for this type of reaction, the assay was carried out with various
concentrations of protein. The results in figure 4.19 show the results of this assay both
in the presence and absence of 1.0 mM GG. The lines of best fit were generated using

GraphPad Prism 7 and the 1% order exponential decay function.
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Figure 4. 19 lodine staining assay kinetics experiment with varying concentrations of MtGBE
and amylopectin, with (A) and without (B) 1 mM GG. Enzyme concentration used: 0.0 mg/mL

(blue); 2.0 mg/mL (red); 1.0 mg/mL (green); 0.5 mg/mL (orange); 0.25 mg/mL (purple); 0.125
mg/mL (black).

To try and visualise any effect the change in enzyme concentration may have on the
initial rate of reaction, the initial gradient for each line of best fit was added and
plotted against enzyme concentration. For the data sets which fit a 1 phase
exponential decay curve, the initial gradient was calculated as -kYO, where k is the rate
and YO is the Y intercept, each of which are calculated by the GraphPad software. As
the absorbance decrease is being measured, the gradient values are
negative.Therefore, the gradient values were multiplied by -1 to give positive values of

the same magnitude (figure 4.20).
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Figure 4. 20 Initial rates of MtGBE branching reactions for different concentrations of enzyme
A: with 1.0 mM GG; B: no GG present. Initial rates calculated using line of best fit for each data
set (1 phase exponential decay for all except 0 mg/mL for which linear regression was

performed).

In the case of the initial rate of reaction in which GG is present in the reaction mixture
(figure 4.20, A) it would appear that no clear trend has emerged. In the case in which
GG is not present (figure 4.20 B), an overall increase is observed, though this increase
is small. Overall, neither graph gives a clear, conclusive result and this method was not

deemed suitable for attempting to obtain Michaelis-Menten type kinetic data.

To gain more accurate data, it was decided that the kinetics would be run with a
change in substrate concentration whilst keeping the enzyme concentration constant.
An enzyme concentration of 0.25 mg/mL was chosen as this gave a clear data trend in
the previous reactions (i.e. not appearing to react too fast or too slow). The data are

shown in figure 4.21, which includes initial rate plotted as a function of time.
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Figure 4. 21 lodine staining assay attempt at kinetic measurements of MtGBE and
amylopectin. A: Amylopectin concentrations used: 0.5% (red), 0.25% (green), 0.125% (orange)
and 0.0625% (purple). Control experiment run with no MtGBE present (blue). B: Initial rate of

reaction as a function of % amylopectin.

Whilst all the experiments with enzyme present led to a decrease in absorbance over
time when compared to the control (no enzyme present), there does not seem to be a
clear trend in initial rate of reaction and increasing substrate concentration. The initial
rate increases slightly from 0.0625% to 0.125% and then steeply at 0.25%. However,
the rate then appears to decrease greatly when the substrate concentration is 1.0%.

|273

This does not fit a Michaelis Menten kinetic model“’” and therefore this method was

not deemed as appropriate for gathering kinetic data.

In addition to the kinetic experiments run for amylopectin, glycogen and maltodextrin
were investigated as other potential substrates using both the iodine staining assay
and the kinetic iodine staining method described above. For the iodine staining assay,
the colour that formed when the iodine stain was added to glycogen or maltodextrin
was a red/brown colour and the absorbance of these complexes was measured at 395
nm. Moulay describes how measuring the glycogen iodine complex at this wavelength

has been used to quantify glycogen in the past.272

However in the same article, the
issues with this method for glycogen determination are described; these include the
fact that absorbance can change not just with glycogen concentration but also with
temperature and iodine concentration.?’? These variables are however kept constant

in this case and so this method was used as before with amylose and amylopectin.
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Absorbance scans indicated the maltodextrin complex absorbed at the same
wavelength as the glycogen complex and therefore the absorbance was also measured
at 395 nm (for absorbance scans, see appendix C, C.2). In the assays for each substrate,
the final glucan concentration was 0.125% and experiments were run in 50 mM HEPES
pH 7 at 37 °C. Each assay was run both with or without 1.0 mM GG. The results are

shown in figure 4.22.
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Figure 4. 22 lodine staining assays with MtGBE and A: Maltodextrin or B: Glycogen. With (O)

and without (®) the addition of GG (1.0 mM).

Interestingly, rather than a decrease in absorbance with increasing enzyme
concentration, the absorbance increases. Given that the reported branching assays
with amylose and amylopectin rely on a decrease in absorbance due to the different
lengths of glucan chains being produced in the branching reaction, it is unclear what
the relationship is here. It may be possible that the complex formed becomes more
intense as the glycan chains become more branched, or it could be that it is not
branching activity that is leading to the observed trends. One conclusion that can be
drawn from these results is that the presence of GG has no effect on the absorbance

values obtained, though this may be due to no reaction occurring.

To investigate if the increase in absorbance could still be seen with constant enzyme
concentration, the same reactions were run but this time aliquots were taken at
different time points, the reaction stopped, and the solution mixed with the iodine

staining solution. The absorbance of each time point was then plotted. This was

117



Chapter 4

repeated for reactions with different substrate concentrations ranging from 0.5%-

0.0625% and the results can be seen in figure 4.23.
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Figure 4. 23 lodine staining assay kinetics experiments with MtGBE and A: Maltodextrin or B:
Glycogen. Concentrations of substrate used: 0.5% (red), 0.25% (green), 0.125% (purple),

0.0625% (orange). Control experiments run in which no enzyme was used (blue).

The data show that, for each substrate, there is no significant increase in absorbance.
For each data set a linear regression was performed, and the gradients are

summarised in table 4.2.

Table 4. 2 Summary of gradients from figure 4.23: iodine staining assay

kinetics with maltodextrin and glycogen

Gradient
= R R~~~ = === === ===
Maltodextrin Glycogen
substrate
0.5 0.001546 + 0.0007143 0.002372 + 0.002037
0.25 0.000199 + 0.0004295 0.003027 + 0.001366
0.125 0.0008052 + 0.0001999 0.00406 +0.001291
0.0625 -0.0000776 + 0.0004429 0.000879 + 0.0002236
0 0.0009452 +0.001047 0.0001871 + 0.0006497

As the gradient of each reaction in which substrate is present is not significantly bigger
or is less than that of the control experiment, it was concluded that neither glycogen

nor maltodextrin acted as a substrate for MtGBE.
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4.2.3 Assays designed to detect branching activity: Branching assay with isoamylase
When reporting on the activity of the Thermus thermophilius GH57 branching enzyme,
Palomo et al. used a debranching assay alongside the iodine staining assay in order to
determine the number of a(1—6) branch points introduced during the branching
reaction.'® In order to determine if there was any correlation between the
observations in the iodine staining assays and legitimate branching activity (i.e. if
branch points are actually being introduced), this assay was performed for MtGBE with

amylopectin and amylose.

Isoamylase is a debranching enzyme that catalyses the hydrolysis of a(1—6) branch

274

points in a-glucans (figure 4.24).””" Palomo et al. describe the use of isoamylase in a

branching assay designed to detect the number of new branch points introduced by

the branching enzyme in question.”®®

The authors carry out the branching reaction,
stopping it at different time points. The number of reducing end sugars are then
measured before isoamylase is added to the reaction products. Once debranching has
been allowed to occur, the number of reducing end sugars is then measured again,
indicating how many branch points were introduced.?®® For example, the more branch
points that are introduced, the more a(1—6) linkages are introduced. Once de-

branched using isoamylase, the a(1—6) linkages are now cleaved, leaving behind short

chains with more reducing end sugars available for detection.

. Debranching with mw
‘t‘.' same | 99060
_

O =reducing end sugar

Figure 4. 24 Cartoon depicting how reducing end sugar content increases after isoamylase

debranching

The number of reducing ends present was measured using bicinchoninic acid (BCA),
two molecules of which can complex Cu” ions to give a purple colour solution, the
intensity of which is dependent upon the concentration of Cu* present.’’>?’® When a

solution of Cu?* is introduced to a solution containing reducing end sugars, the sugars
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can reduce the copper ions to Cu®, and thus the number of reducing end sugars
present can be estimated.?’® To estimate the amount of reducing sugars present, a
standard curve is performed using known concentrations of reducing sugar. In this
work, the sugar used to generate a standard curve was maltotriose. Solutions of
maltotriose were prepared in the following concentrations: 500, 400, 300, 200, 100,
50, 25, 10 uM. The standard curve was measured as per section 8.2.3.6 in chapter 8
and the results are shown in Appendix C.3. By quantifying the difference between the
number of reducing end sugars before and after debranching, the number of branch

points that were introduced during the branching reaction can be assessed.”®

4.2.3.1 MtGBE branching assays

269
I.

Following the procedure reported by Palomo et al.”””, the branching assays were

carried out as per chapter 8, section 8.2.3.7.

For amylopectin, the substrate concentration used was 0.5% and for amylose it was
0.25 %. These concentrations were chosen after initial attempts with less substrate
gave inconclusive results. In the same way, the enzyme concentration was chosen to

be 0.25 mg/mL. The results are shown in figure 4.25.
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Figure 4. 25 BCA branching assay. MtGBE with A: Amylopectin and B: Amylose. Control
experiment carried out in which no enzyme was present (0). Linear regression of amylopectin

control excludes first two values which were deemed anomalous.

If the reaction were a success, the number of branch points introduced over time
would increase as branching activity increases. This would lead to a greater number of

reducing end sugars being present once isoamylase has removed all 1,6-a-linked side
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chains. However, the data show that neither amylopectin nor amylose show an
increase in the number of branch points introduced and, therefore, that no branching
activity is occurring. Each set of data was analysed using linear regression and although
the data for amylose appear to show a decrease in the number of branch points
introduced, the gradient is low (gradient = -1.864 + 0.6285) given the scale of the
graph. Each experiment shows the same trend as the control, which in this case was
the substrate sugar without MtGBE present. Therefore, no further assays to detect

branching activity were pursued.

4.2.4 Investigations into other potential substrates: glucose-1-phosphate
As no hydrolysis or branching activity had been detected, another potential donor was
investigated. The sugar phosphate G1P is commonly used throughout nature as a

277-279

building block and donor for many reactions , including the biosynthesis of

glycogen280 and starch.?®! As MtGBE is believed to contribute to the formation of a

167,171 'it is possible that G1P could act as a donor for the

polysaccharide chain
formation of di-glucosyl glycerate. If this were the case, it would be highly likely that
the mechanism would include the formation of inorganic phosphate (P;) as the glucose

of G1P is transferred to GG.

The release of P;from reactions can be measured using a solution containing malachite
green dye and molybdate anions, an assay technique widely reported in the

282-284

literature. The assay works by measuring the intensity of the colour produced

upon the formation of a phosphomolybdate complex with the malachite green dye.?**

284 |n the absence of P;, the malachite green solution remains yellow, whilst in the

283 The concentration of P, can be

presence of P;, the solution turns blue/green.
determined by creating a standard curve in which the absorbance maxima of samples
containing known concentrations of P; are measured. In this case, the standard curve
was made with solutions of potassium phosphate (monobasic) prepared in the
following concentrations: 10, 20, 40, 50, 60, 80, 100 uM. Standard curves are shown in

appendix C and were made in both water and HEPES to investigate any effect the

buffer may have on the readings.
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4.2.4.1 MtGBE malachite green assays

To test whether G1P could be a substrate for MtGBE, a malachite green assay was
performed. First, the malachite green dye was prepared from malachite green carbinol
base, acidified water, and ammonium molybdate tetrahydrate (see chapter 8, section
8.2.6.15). The dye was separated into aliquots and before each use, Triton-X 100 was

added.

For the reaction, 1.0 MM GG and 1.0 mM G1P were combined in 50 mM HEPES (pH 7)
to which a solution of MtGBE was added to give a final concentration of 1.0 mg/mL.
The reaction was carried out at 37 °C over 60 minutes, during which time aliquots were
taken and added to the malachite green dye. The dyed sample solution was left to
incubate for 5 minutes before absorbance spectra were taken 3 times, each 2 minutes
apart. Absorbance data was collected between 600-750 nm. From the absorbance
spectra obtained, it was determined that the absorbance maxima for each sample was
630 nm and so the absorbance value for each experiment was plotted as a function of

time. The results can be seen in figure 4.26.
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Figure 4. 26 A: Malachite green assay of MtGBE and G1P: reaction (®); control with no enzyme
present (A); control with no substrate present (0). B: Malachite green assay of MtGBE and

G1P, difference between reaction data and control containing no substrate.

The data show that the concentration of P; present increases gradually over time.
However, the control experiment run with MtGBE and no substrates present also
follows this trend, though with lower concentrations. The enzyme on its own could be

reacting with the dye and producing absorbance readings. Therefore, in an attempt to

122



Chapter 4

separate the signal from the enzyme and any signal relating to release of P;in the
reaction, the data set for the enzyme only control was subtracted from the data set for
the reaction (figure 4.27, B). The results of this remove the trend previously observed.
Although there is an increase in phosphate after the initial reading at 0 minutes, the
increase does not continue; P; concentration decreases before increasing again.
Therefore, this particular reaction was deemed unsuccessful, though further
investigations were not able to be carried out due to the time constraints of the

project.

4.3 Substrate screening using thin layer chromatography

4.3.1 Oligosaccharides

To test the hypothesis that MtGBE may be active on a chain of a(1—4) linked glucose
units (see chapter 1, section 1.5), reactions were carried out with oligosaccharides of
such a nature. Those tested were maltose (consisting of 2 glucose units), maltotriose (3
glucose units), maltotetraose (4 glucose units) and maltoheptaose (7 glucose units).
The reactions were carried out as per chapter 8, section 8.2.3.10. The results are

shown in figure 4.27.

Figure 4. 27 TLC analysis of reaction with MtGBE, GG and; a) maltose, b) maltotriose, c)
maltotetraose, d) maltoheptaose. Lane 1: glucan donor; Lane 2: GG; Lane 3: Crude reaction

mixture; Lane 4: Mixed spot. Eluent used: ACN/EA/IPA/H,0 85:20:50:50.

For reactions in which the donor used was either maltose, maltotriose or
maltotetraose, the TLC results show that the donor is not present. This may be
because the donor has been consumed in the reaction and it is possible that the main

spot in the reaction mixture is due to the formation of a new product which is very
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similar in polarity to GG. The main spot seen in these reaction mixtures is very similar
in Rf to that of GG and it is plausible that DGG would be slightly lower in polarity.
Conversely, it may be that the donor is not consumed but is not visualised due to its
being present in low amounts in the reaction. In this case, the main spot observed in
these reaction mixtures would be due to the GG that is still present. The mixed spot for
these reactions does not contain a new product spot, supporting the latter hypothesis.
More detailed analysis such as HPLC could be used in further studies to investigate the
potential of these oligosaccharides as donors. For the reaction with maltoheptaose, it
is clear that no new product spot has been formed as the donor glucan is still visible in

the reaction mixture, thus conclusively ruling this out as a potential donor.

4.3.2 Melibiose and pullulan

Other enzymatic activities that have been described in the GH57 CAZy family include a-
galactosidase and amylopullulanase activity263 and one way to test for such activity is
to incubate the enzyme with either melibiose (4.1, figure 4.28) (a disaccharide
consisting of galactose a(1—6) linked to glucose) or pullulan (4.2, figure 4.28) (a

polysaccharide consisting of maltotriose units linked via a(1—6) glycosidic bonds).*®
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Figure 4. 28 Chemical structures of melibiose and pullulan (with one maltotriose monomer

highlighted in red).

To test to see if MtGBE shows either of the aforementioned behaviours, the enzyme
was incubated with each substrate for 6 hours at 37 °C. The reactions were carried out
in HEPES buffer (50 mM, pH 7) in the presence of 1.0 mM GG either with or without
100 mM KCI. The enzyme concentration used was 0.1 mg/mL and potential donors
were present at a concentration of 1 mg/mL. The TLC was run in an eluent consisting
of iPA/acetone/H,0 in a ratio of 2:2:1. The stain used to dip the plate was 20% H,50,4

in ethanol. The results are shown in figure 4.29.
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Figure 4. 29 TLC analysis of reaction with MtGBE, GG and; a) melibiose, b) pullulan. Lane 1:
glucan donor; Lane 2: GG; Lane 3: Reaction mixture without KCl present; Lane 4: Reaction

mixture with KCl present; Lane 5: Mixed spot. Eluent used: IPA/acetone/H,0 2:2:1.
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In the analysis of the reaction with melibiose, only one spot is visible in the reaction
mixture lane. There is no difference between the reaction mixtures with or without KCl
present. The spot observed occurs at a similar Rf value as both the substrates
(melibiose or GG). This could mean that the components were not detected by the
methods used or that a product spot has appeared and both reagents consumed. To
confirm the results, more precise methods could be used, for example, HPLC or mass
spectrometry. The pullulan reaction analysis is clearer. Though faint, the reaction
mixture lanes (in which KCl was and in which KCl was not present) show a spot
corresponding to GG as well as a strong spot on the baseline which may correspond to
pullulan. As no new product spot appeared, it was concluded that MtGBE does not

exhibit amylopullulanase activity.

4.3.3 Maltosyl glycerate

The compound maltosyl glycerate (MalG) was synthesised towards the end of the
project and therefore comprehensive assays with MtGBE were not able to be
performed. Therefore, the reaction was analysed by TLC to check for any signs of
activity. The reaction was carried out as per chapter 8, section 8.2.3.10. The results are

shown in figure 4.30.

had

1 2 3 4

Figure 4. 30 TLC analysis of reaction between MtGBE and MalG. Lane 1: MalG; Lane 2: control
reaction with no enzyme present; Lane 3: mixed spot; Lane 4: reaction mixture. Eluent used:

ACN/EA/IPA/H,0 85:20:50:50.

The TLC results are inconclusive. The reaction mixture contains a spot corresponding to
the starting material and nothing else, though the spot is not well defined and so is not

clear. Repeated attempts at TLC varying the amount of product spotted gave no
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clearer results. The spot has an elongated shape which may suggest a product formed
of a similar Rf, but more likely this is due to the nature of the reaction mixture
conditions. For example, the control reaction in which no enzyme is present also has
an elongated shape, suggesting the same could have occurred in the enzymatic
reaction sample. Additionally, the mixed spot does not show any sign of an additional
product spot, though this is not conclusive due to the streaking. Overall it was
concluded that the results were not clear and therefore inconclusive. More accurate

techniques would be needed in future to determine if MalG is a substrate of MtGBE.

4.4 Generation of MtGBE mutants using site directed mutagenesis

One technique used to identify key residues involved in the catalytic mechanism of an
enzyme is to replace amino acids thought to play an important role with an ‘inert’

residue such as glycine or alanine.”*>%*’

To identify key residues in MtGBE, site
directed mutagenesis (SDM) was employed to replace amino acid residues identified

as being important in sequence alignment studies.

4.4.1 Mutant selection and primer design

Two GH57 branching enzymes, isolated from T. thermophilius (TtGBE) and T.
kodakarensis (TkKGBE), show sequence homology with MtGBE and have been
structurally characterised.'®® 8% %%® Alignment of these sequences with MtGBE (see
figure 4.1) highlighted conserved areas and sites that aligned with key amino acid
residues in the structurally characterised proteins. A summary of potentially key amino

acid residues identified via sequence alignment is given in Table 4.3:
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Table 4.3 Summary of potential key residues in MtGBE based on sequence alighment.

Residue in

MtGBE

Corresponding

residue in

TtGBE

Corresponding

residue in TkGBE

Function of residue according to

known structures

W29

E205

H232

W260

F275

D344

W351

W352

W396

FA65

w21

E184

Y236

W274

F289

D353

W360

W361

W404

F463

W22

E183

Y233

W270

F285

D354

w361

W362

W407

FA70

Forms part of hydrophobic channel,
possibly part of substrate
recognition, conserved in GH57
family.?*

Catalytic site residue, conserved in
GH57 family'®" 26

TtGBE: Part of the flexible loop
essential for branching activity.™®"
TkGBE: involved in substrate
binding.?*®

Lines the catalytic site, involved in
aromatic stacking interactions.™!
Forms part of hydrophobic channel,
possibly part of substrate
recognition.”®®

Catalytic acid/base residue,
conserved in GH57 family.™!

Lines active site cleft.'®

TtGBE: Forms part of lid which flanks
active site cleft, (highly conserved in
GH57)."®! TkGBE: buried in structure
as part of hydrophobic core.”®®

Lines the active site cleft, involved in
hydrogen bonding interactions,
conserved in GH57 family.™®!

Lines the active site cleft, conserved

in GH57 family™" 2®®
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To investigate the residues identified in Table 4.2, mutant proteins were designed in
which these residues were replaced with Ala or Tyr. Primers were designed to be 21
base pairs long, with 9 base pairs either side of the codon of interest, and were codon
optimised for E. coli. Melting temperatures (Tm) and GC % of each set of primers were
calculated using the ThermoFisher Tm calculator (for URL see appendix C, C.6). Tm was
kept around or below 70 °C except for that of W29A which had a Tm of 75 °C. GC
content was generally around 60-70 % though W29A contained 80.95 % GC. Primers

were purchased from IDT®.

4.4.2 Site Directed Mutagenesis (SDM)

In collaboration with this project, the group of Prof. Kyeong Kyu Kim at SKKU aided in
the development of the protein co-expression as well as pursuing crystallographic
studies on MtGBE. In a visit to the Kim group at SKKU, initial SDM attempts were made

to generate the mutant plasmids.

The PCR was carried out as per chapter 8, section 8.2.3.11. PCR products were
transformed into chemically competent cells which were then used in plasmid
amplification. Samples were then sent for sequencing, the results of which showed
that 8 reactions were successful first time (W29A, E205A, H232A, W260A, D344A,
W351A, W352A, W396A).

Selected reactions that were not initially successful were then attempted back at The
University of Southampton. Analysis using the IDT® OligoAnalyzer 3.1
(https://www.idtdna.com/calc/analyzer) suggested that the H232Y mutant primers
were able to dimerise with each other. Two attempts were then made to resolve this
issue. First, the concentration of the primers were reduced. A lower concentration of
primers reduces the probability of dimerization and increases the chance of binding to
the template. Therefore, mutant H232Y was repeated using different concentrations of
primers in addition to the conditions used previously. The primers were diluted by a
factor of 2 or 4. Following Dpnl digestion, the remaining DNA in each experiment was
analysed via agarose gel electrophoresis. The gel revealed no bands, revealing that the

experiments had failed once again.
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It has been reported that the addition of DMSO can prevent base pairing and therefore

may prevent dimerization between primers and improve PCR results.’®®

Therefore, the
experiments were repeated once more with the addition of 0.25% DMSO. In this
experiment, the primers for the H232Y were not diluted. As DMSO effects base pairing,
the annealing temperature of the primers may also be affected. To optimise the
reaction conditions, reactions were carried out with varying annealing temperatures.

The F465A mutant (primers may also dimerise, analysed with OligoAnalyzer 3.1) was

also attempted in this way. The agarose gel analysis is shown in figure 4.31.
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Figure 4. 31 Agarose gel of PCR products after digestion with Dpnl. Lanes 1-5 attempt at
FA65A mutant; Lanes 6-10 attempt at H232Y mutant; Lane 1 and 6: annealing temp = 40 °C;
Lane 2 and 7: annealing temp = 45.4 °C; Lane 3 and 8: annealing temp = 50.7 °C; Lane 4 and 9 :

annealing temp = 56 °C; Lane 5 and 10: annealing temp = 60.6 °C; Lane 11: template plasmid.

As can be seen in figure 4.31, the reactions were unsuccessful. Due to the ongoing
search for substrates for MtGBE, mutant proteins would not be able to be tested and

so these SDM reactions were not pursued further.

4.5 Conclusions

4.5.1 Absorbance assays
The first assays carried out with MtGBE were designed to test for potential hydrolysis

activity that may support the hypothesised mechanisms discussed in chapter 1, section
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1.5. These assays involved the use of pNPGIc as a substrate which, if hydrolysis activity
were present, would be degraded into glucose and pNP, increasing the absorbance
reading when measured at 400 nm. Initially a small increase in absorbance was
regarded as promising, as no natural substrates were present, low activity was
expected. However, attempts to optimise the conditions by changing pH, temperature
and component concentrations were unsuccessful, suggesting that initial conclusions
were incorrect. Additionally, attempts to gather kinetic data by changing the substrate
concentration were unsuccessful. These results suggest that the increase in
absorbance signal over time that was occasionally observed may be due to another
source, perhaps an impurity in the enzyme solution. This could be addressed by further
purification of the protein following expression. The protein was purified by Ni-NTA
affinity column but faint bands seen in SDS-PAGE analysis suggest further purification
would be needed for 100% purity. This could be carried out in future studies using size

exclusion chromatography, for example.

Additionally, the same assays with protein expressed in various ways were undertaken
to investigate any effect the co-expression with chaperone proteins may have had on
MtGBE. As the chaperone GroEL has a similar mass as MtGBE, it was possible that this
may be co-eluted with MtGBE during purification of co-expressed protein and
therefore any effect it could have in the absorbance assays was investigated. Protein
fractions obtained from purification of MtGBE that had been expressed on its own and
from co-expression were compared. In addition, protein obtained from a control
expression in which the chaperone proteins were expressed were also tested. The
results from these assays support the hypothesis that background impurities may be
responsible for signals observed in other assays. For example, the protein fraction
from the chaperone protein expression led to the largest increase in absorbance over
time, suggesting that protein that was isolated after purification when no MtGBE is

present, can give rise to signals that appear to show activity.

Overall, it is concluded that MtGBE does not show hydrolysis activity on small
substrates such as pNPGlc, either in the presence or absence of GG. However, as this

would have been novel behaviour for a GH57 branching enzyme, this is not surprising.
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4.5.2 Branching assays

As no hydrolysis activity was observed, branching activity was next investigated. This
was due to the classification of MtGBE as a GH57 branching enzyme. The first assay
used to detect branching activity was the iodine staining assay. Initial results from
these assays were promising. Though amylose shows no trend and thus appears not to
be a substrate of MtGBE, amylopectin gave a decrease in absorbance with increasing
enzyme, suggesting branching activity was present. Attempts at optimisation however,
did not lead to significant changes in activity, and although the temperature
optimisation was successful, change in pH had no effect on initial reaction rate which is

180,181 |y addition,

in contrast to other GBEs which show clear trends in activity vs pH.
experiments were run in which the change in absorbance over time was measured by
taking time point aliquots of continual reactions. Whilst the data followed a trend in
which absorbance decreases over time, this method did not allow the collection of any
kinetic data when substrate or enzyme concentration was changed. Again, this
suggests that either there is no suitable way of gaining Michaelis-Menten kinetic

parameters with branching enzymes, or the initial branching activity observed with

Amylopectin could be an anomaly due to impurities in the protein solution.

In addition to the iodine staining assays, another assay aimed at detecting the number
of branch points introduced during the branching reaction was performed. Isoamylase
was used in a debranching reaction and the number of reducing ends present before
and after isoamylase digestion were measured. The results of this assay were not
positive. Over the course of the reaction, the number of branch points introduced did
not increase, suggesting no branching activity present. However, a positive control for
these experiments was not carried out, which means that the activity of the
isoamylase used could not be confirmed. A positive control experiment that could be
used in future would involve the use of a known branching enzyme that acts on

amylopectin or amylose.

In the iodine staining assays, both maltodextrin and glycogen were tested as potential
substrates. Though both showed an increase in absorbance with increasing enzyme
concentration, this is unlikely to have arisen from any activity as changes to the

concentration of the substrate did not have an effect on reaction rate.
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Overall, the iodine staining assay suggests that weak activity may be occurring on
amylopectin but not on amylose, glycogen or maltodextrin. The isoamylase branching
assays did not support this result from the iodine staining assays but a repeat of these
experiments with a positive control would confirm this. In addition, other techniques
such as HPLC analysis could further confirm the presence or absence of branching

activity.

4.5.3 Malachite green assays and TLC substrate investigations

Malachite green assays were performed to assess the potential of G1P as a donor in
the formation of DGG. As G1P is involved in the biosynthesis of glycogen and starch®®
81 there is a possibility that it may be involved in the biosynthesis of MGLPs. However,
these assays showed no increase in the amount of P; released in the reaction,
suggesting that G1P is not a substrate of MtGBE. Similarly to the isoamylase branching
assays, no positive control was used due to no suitable enzyme being easily obtainable

at the time. A positive control would confirm the negative results. However, the lack of

any activity at all, strongly suggests G1P is not a substrate of MtGBE.

The TLC experiments confirmed that neither maltoheptaose, pullulan nor MalG are
substrates for MtGBE. Due to no clear product spots forming and no consumption of
starting material, none of these components are believed to be active with this
enzyme. To confirm this, more quantitative analysis could be performed in future,
particularly with MalG. If MalG were a substrate, it is proposed the mechanism
involves isomerisation to GG and it is possible that separation by polarity is not
achieved on the TLC plates used. Further techniques, such as reverse phase TLC, HPLC

or even NMR could be employed to follow any potential reaction progress.

Other TLC results were inconclusive; those in which maltose, maltotriose,
maltotetraose and melibiose were used as substrates. This could be due to a lack of
separation of components and therefore HPLC could be employed to confirm these
results. In the case of melibiose, other substrates could be employed to test for
galactosidase activity, for example, a-galactosyl fluoride. This substrate would be much
easier to visualise on TLC and thus monitoring of substrate consumption could be

easier.
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4.5.4 Site directed mutagenesis generation of mutant proteins

The generation of mutants had varying degrees of success. Of the initial number of
mutants planned, 8 mutant plasmids were successfully obtained. Transformation of
these plasmids into competent cells led to the generation of glycerol stocks which can
be stored for future use should a suitable assay for MtGBE be found. For the
unsuccessful mutants experimentation into the PCR conditions used did not yield any
success. However, time constraints and the changing needs of the project meant SDM

to generate mutant plasmids was not continued.
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5. Expression, purification and initial characterisation of

the glycosyl transferase encoded for by Rv3032

5.1 Rv3032 and the role of MtGIcT in MGLP biosynthesis

The genes thought to be involved in the biosynthesis of MGLPs in Mtb are discussed in
chapter 1, section 1.4. Included in this discussion is the gene Rv3032 which encodes
what has been identified as a glycosyl transferase (GT) belonging to the CAZy family
GT4. °> % studies carried out by Stadthagen et al. suggest that this GT (MtGIcT) is
responsible for the elongation of the MGLP chain, by acting upon DGG (1.37) to form
5.1 (shown in figure 5.1), as well as upon other a-glucans such as egcogen.90
Furthermore, it has been shown that MtGIcT is involved in an alternative pathway to

139, 290

the GIgE biosynthetic route to a-glucan , although this pathway is not essential to

the growth of the bacterium.™*®

OH
OH
"o 2 OH
HO O
HO MiGIcT HO & o}
(Rv3032) HO
HO & _ (Rv0sa)
+ NDP-Glc HO
o
o
HO
HO HO o)
e} HO
HOo coo HO S
1.37 \[ 5.1 Oy _COO
OH

Figure 5. 1 One of the reactions in the MGLP biosynthetic pathway thought to be catalysed by

MtGIcT. Recreated from Mendes et al.’®’

It was reported that, due to the fact that MGLP resides in the cytosol, the sugar donor
used in elongation reactions is likely to be a sugar nucleotide (NDP-GIc). Preliminary
experiments involving partially purified MtGIcT showed that the elongation of short

. . . 171, 2
chain a-glucans was possible with UDP-Glc as a donor.?® 7% 2%

Due to the apparent involvement of MtGIcT in elongating a-glucan chains®, it was

proposed that this GT may be involved in the initial stages of MGLP synthesis as well as
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in the chain elongation. For example, if MalG (1.38) was the donor for MtGBE (see
chapter 1, section 1.5.1.2), it would need to be synthesised beforehand. This could be
carried out by a GT enzyme that can transfer glucose to GG (1.36) and form an a(1—4)
glycosidic bond as depicted in figure 5.2. Due to the nature of the involvement of
MtGIcT in the synthesis of MGLPs”, it was proposed that MtGIcT could be a likely
candidate for the synthesis of MalG if this was the substrate utilised by MtGBE.

OH
o M{GICT H%O/éé‘ oH
H%&% + upp-glc —(Rv3032) HO %ﬁ
HO O\[COO@ HO o COO@
1.36 OH 1.38 \[

OH

Figure 5. 2 Proposed biosynthesis of maltosyl glycerate, one hypothetical substrate for MtGBE.

To investigate this hypothesis, recombinant MtGIcT was required to test for GT activity
as well as to investigate if GG could be used as a substrate with UDP-Glc to make MalG.
Therefore, the expression and purification of MtGIcT was completed and initial

coupled assays designed to test for GT activity.

5.2 Expression and purification of MtGIcT

5.2.1 Plasmid transformation and amplification

The Rv3032 gene was synthesised and cloned into a pET-28a(+) vector with a
kanamycin resistance marker by Genescript. The protein contained a His6-tag at the N-
terminus for Ni-NTA purification. For plasmid amplification and purification, the
pET28a(+)::Rv3032 plasmid was transformed into chemically competent E. coli IM109
cells using the heat shock method (See chapter 8, procedure 8.2.1.4). The
transformation was successful and one colony of transformants was used to amplify
the plasmid DNA in a mini-prep as described in Chapter 8, section 8.2.1.1. The purified
plasmid DNA was then used in future transformations for the protein expression

experiments.
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5.2.2 Initial attempts at MtGIcT expression

To determine the best conditions for protein expression, a series of small expression
studies were carried out. MtGIcT was expressed in E. coli BL21 (DE3) cells. These
experiments varied the amount of IPTG used to induce expression, the temperature at
which the cultures were incubated during expression as well as the length of

expression. The conditions trialled are summarised in Table 5.1.

Table 5.1 Conditions used in expression studies of MtGIcT

Experiment [IPTG] used toinduce Temperature of expression Time of expression

expression / mM /°C /h
1 1.0 18 18
2 0.5 18 18
3 0.1 18 18
4 1.0 37 18
5 1.0 37 4

Initially, IPTG concentration was changed to investigate the effect of varying the
amount used to induce protein expression on the amount of soluble protein produced.
The ITPG concentrations tested were 1.0, 0.5 and 0.1 mM. Multiple small scale (100
mL) protein expressions were completed as per the procedure described in chapter 8,
section 8.2.4.1. The soluble lysate fraction and the insoluble fraction from each

experiment were analysed using SDS-PAGE.
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Figure 5. 3 SDS-PAGE analysis of expression studies on MtGIcT with changing IPTG
concentration. Lanes 1-2: 1.0 mM IPTG, lysate, insoluble; Lanes 3-4: 0.5 mM IPTG, lysate,
insoluble; Lanes 5-6: 0.1 mM IPTG, lysate, insoluble; M: marker. MtGIcT = approx. 45 kDa.

SDS-PAGE analysis, seen in figure 5.3, shows no major bands at the correct molecular
weight for MtGIcT (45 kDa). There are thick bands at the 55 kDa mark as well as around
the 40 kDa range. If the latter of these is the target protein (MtGIcT has a mass of
approximately 45.6 kDa), then it would appear that there are extremely low levels of

soluble protein for each IPTG concentration tested.

Levels of expression at 18 °C overnight were insufficient, so the next set of expression
experiments investigated the effect of expression temperature and time. Therefore,
MtGIcT was expressed on small scale (100 mL) at 37 °C, over time periods of either 4
hours or 18 hours. The results of this expression were then compared with that of the
18 °C overnight expression experiment via SDS-PAGE analysis, the results of which are

shown in figure 5.4.
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Figure 5. 4 SDS-PAGE results of further expression studies of MtGIcT. Lanes 1-2: 37 °C
expression, 4 hours, lysate, insoluble; Lanes 3-4: 37 °C expression, 18 hours, lysate, insoluble;

Lanes 5-6: 18 °C expression, 18 hours, lysate, insoluble; M: marker. MtGIcT = approx. 45 kDa.

When incubated at 37 °C, a large band could be seen at the 45 — 50 kDa range,
suggesting the presence of over-expressed protein. However, the protein remains in
the insoluble fraction, suggesting that the protein has been expressed but is contained

within inclusion bodies.

Due to the successful use of the chaperone proteins GroEL and GroES in the
solubilisation of MtGBE (see chapter 3, section 3.2.2), the same technique was applied
in this case. Therefore, MtGIcT was co-expressed with the GroEL-GroES chaperone

system.

5.2.3 Co-transformation and co-expression of MtGIcT with the GroEL-GroES
chaperone system

The co-transformation of pET28a(+)::Rv3032 and pGro7 was achieved using co-
expression method 2 described in chapter 8, section 8.2.2.5. This method involved
initial transformation of the pGro7 plasmid into cells which were then grown and once
more made chemically competent. A subsequent transformation of pET28a(+)::Rv3032

led to cells containing both plasmids.

The temperature and length of expression were varied to optimise conditions. Protein

was expressed at either 18 °C or 37 °C over a period of either 4 or 18 hours. For each

139



Chapter 5

experiment, the soluble lysate and the insoluble cell debris were analysed using SDS-

PAGE (figure 5.5).

koa
200
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Figure 5. 5 SDS-PAGE results of co-expression studies of MtGIcT with GroEL-GroES system.
Lanes 1-2: 37 °C expression, 4 hours, lysate, insoluble; Lanes 3-4: 37 °C expression, 18 hours,
lysate, insoluble; Lanes 5-6: 18 °C expression, 4 hours, lysate, insoluble; Lanes 7-8: 18 °C

expression, 18 hours, lysate, insoluble; M: marker. MtGIcT = approx. 45 kDa.

SDS-PAGE analysis shows a thick band with a mass of approximately 60 kDa which
corresponds to the mass of GroEL (57 kDa), suggesting the chaperones were
successfully expressed. The experiments at 18 °C show very low expression levels of
target protein in both the lysate (lanes 5 and 7) and the insoluble fractions (lanes 6 and
8), suggesting this temperature is not compatible with the expression of MtGIcT. The
experiments at 37 °C both show overexpression of MtGIcT, though the protein still

resides mainly in insoluble inclusion bodies (lanes 2 and 4).

In a further attempt to achieve soluble MtGIcT, another chaperone system was
investigated. This was also procured from Takara Bio Inc. and sent from collaborators
(Prof. Kim group, SKKU). The pTf16 plasmid contains the tig gene which encodes the
trigger factor (TF) chaperone protein. This protein was co-expressed with MtGIcT to

see if this was more successful than the GroEL-GroES system.
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5.2.4 Co-transformation and co-expression of MtGIcT with the trigger factor

chaperone protein

5.2.4.1 The trigger factor chaperone protein
The TF protein is a 48 kDa chaperone protein that is found bound to the ribosome; the

291

only chaperone protein found in bacteria to do so.””" TF binds to the ribosome and

thus interacts with the nascent protein chain as it is being transcribed, helping to fold

the chain correctly as it forms. 22> %%

Although the exact mechanism has not been fully characterised, the crystal structure
of TF has been solved and, from studies of the protein structure with peptide chains

bound, hypotheses have been proposed regarding its mechanism of action.?*> ?*° f

or
example, Ferbitz et al. found that TF forms a folding space in which the peptide chain is
shielded, potentially from proteases and aggregation.’® Additionally, Baram et al.
suggest that TF provides an alternative hydrophobic environment which prevents

protein aggregation.?®

More recently, molecular dynamics studies have potentially elucidated more detail in
the potential mechanism, suggesting the TF protein ‘pinches’ the nascent protein chain
and encapsulates it in a manner which is novel in comparison to other known

chaperone proteins such as GroEL.>’

Additionally, Liu et al. used optical tweezers to
observe protein folding and found that TF protects the emerging protein chain from

unfavourable interactions with other, unfolded, parts of the same chain.?*®

As well as binding emerging peptide chains, it has also been proposed that TF can bind

full length proteins in order to stabilise them and rescue them from misfolding.***

The mechanism and location of TF in the cell is different to that of the GroEL-GroES
chaperone system and therefore provides an alternative solubilisation option in the

goal of expressing soluble MtGIcT protein.

5.2.4.2 Co-expression with TF and purification of MtGIcT

Studies by collaborators from the Kim group in SKKU, South Korea, involved small scale
co-expression studies on MtGIcT with various chaperone systems. Of these, the most
successful co-expression was that with the TF chaperone when expression was carried

out overnight at 18 °C, as seen in the SDS-PAGE in figure 5.6. The purification of co-
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expressed MtGIcT was also investigated and these conditions that were repeated in

this work in order to reproduce their results.

=
20

Figure 5. 6 SDS-PAGE of co-expression study of MtGIcT and TF chaperone protein. Lanes 1-3:
37 °C, whole cell, lysate, insoluble; Lanes 4-6: 18 °C, whole cell, lysate, insoluble; M: marker.
Experiment and SDS-PAGE carried out by Kim group members at SKKU, South Korea. MtGIcT =

approx. 45 kDa.

The plasmid pTf16 contains the same resistance marker (Chlor) and promotor system
(araB) as the pGro7 plasmid. The plasmid was transformed into E. coli BL21 (DE3)
chemically competent cells then amplified and isolated using a plasmid mini-prep. The

purified plasmid was then used in the co-transformation with pET28a(+)::Rv3032.

The co-transformation was carried out by transforming both plasmids into E. coli BL21
(DE3) chemically competent cells at the same time (method 1, chapter 8, section
8.2.2.5). Colonies were successfully grown, suggesting the co-transformation was
successful. The transformants were used in a 1.0 L growth and protein was expressed
at 18 °C overnight. Soluble cell lysate and insoluble cell debris were analysed using
SDS-PAGE analysis with the results shown in figure 5.7. A control experiment in which
the pET28a(+)::Rv3032 plasmid was not present, but the pTf16 plasmid was present,
was carried out under the same conditions on a smaller scale (100 mL). The lysate and

insoluble fractions were also analysed and the results are shown in figure 5.7
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Figure 5. 7 SDS-PAGE of co-expression study of MtGIcT and TF chaperone (Lanes 1-3) as well as
expression of TF protein only (Lanes 4-6). Lane 1 + 4: whole cell; Lane 2 + 5: insoluble; Lane 4 +

6: lysate; M: marker. MtGIcT = approx. 45 kDa.

SDS-PAGE analysis suggested that the expression of MtGIcT had occurred with a
modest level of overexpression, due to the thick band in the whole cell sample just
below the 50 kDa mark. However, the majority of expressed protein was still located in
the insoluble fraction. The control experiment shows that the thick band above the 50
kDa mark is due to the chaperone proteins, as this appears both in the control without

MtGIcT and in the co-expression.

Despite the low levels of soluble target protein in the lysate, purification was still
attempted to test if this would be a viable method of obtaining MtGIcT. For
purification, the lysate was loaded onto a Ni-NTA column following procedure 8.2.1.10
(chapter 8). Ni bound protein was then eluted over a gradient of 0-100% elution
buffer. No absorbance peak was detected in any of the fractions collected during
elution and later Bradford analysis of the peaks confirmed that no protein was present.
Therefore, the co-expression with the TF chaperone protein was also deemed

unsuccessful and was not further pursued.

5.2.5 Large scale expression of MtGIcT in an attempt to obtain soluble protein
To obtain soluble MtGIcT protein, of which there were low levels, a large scale protein

expression (8.0 L) was carried out. MtGIcT was expressed in E. coli BL21 DE3 cells at 18
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°C overnight following induction with 0.5 mM IPTG. MtGIcT was purified by Ni-NTA
affinity chromatography with the chromatograph and SDS-PAGE analysis of fractions

shown in figure 5.8.

A) 3000 - 100
)
< R
E 2000- m
by S
e 50 S
£ g
o 1000 h
[ (]
2 -
<

0- -0
150 200 250
time / min
B)

Figure 5. 8 A) Absorbance trace (blue), % elution buffer (red) and fractions (black) from Ni-NTA
purification of MtGIcT from 8 L expression. B) SDS-PAGE analysis of fractions: Lane 1: lysate,
Lane 2: insoluble; Lane 3: fraction 5 (flow through); Lane 4: Fraction 23; Lane 5: Fraction 26;
Lane 6: Fraction 28; Lane 7: Fraction 30; Lane 8 Fraction 32; Lane 9: Fraction 34; M: Marker.

MtGIcT = approx. 45 kDa.

The later fractions collected appeared to contain MtGIcT protein (bands just below 50
kDa). Following dialysis into 50 mM HEPES pH 7.4, a large amount of precipitate
formed, suggesting the protein had been unstable and had crashed out of solution.
Bradford assay determined a protein concentration in the supernatant of 0.1 mg/mL
and therefore, the supernatant was concentrated further. However, further protein
precipitation meant that the sample could not be concentrated. As the final volume

was small and of low concentration, this method was not deemed viable due to the
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lack of stability of the protein. The expression could have been attempted again using
further precautions to attempt to prevent protein precipitation, however, another
method involving solubilisation from IBs was being developed by Dr. Gu Yoo of the
same lab which showed promise in obtaining recombinant MtGIcT. This potentially

more successful route to MtGIcT was therefore pursued.

5.2.6 Isolation and purification of MtGIcT from inclusion bodies

Work carried out by Dr. Gu Yoo involved solubilisation of MtGIcT from inclusion bodies.
This was achieved by re-suspending the insoluble cell debris into a solution of 0.2%
sarkosyl at 4 °C for 18 hours. The sarkosyl was removed via dialysis into phosphate
buffered saline (PBS). The solubilisation was analysed with SDS-PAGE, the results of
which are shown in figure 5.9. This solution of re-solubilised protein was then used in

this project. The solution obtained was cloudy, suggesting protein precipitation.

To confirm the presence of MtGIcT, whether it had precipitated and if any had
remained in solution, the solid was removed via centrifugation (8000 rpm, 4 °C, 30
minutes) and kept separately to the supernatant. Once resuspended, the solid was
analysed and compared to the supernatant using SDS-PAGE. The results can be seen in

figure 5.10.
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Figure 5. 9 SDS-PAGE of solubilisation of MtGIcT from IBs. Lane 1: whole Cell; Lane 2: After
sonication; Lane 3: lysate; Lane 4: Solubilisation of insoluble pellet with 0.2% sarkosyl; Lane 5:
Supernatant after dialysis into PBS buffer; M: marker. Solubilisation and SDS-PAGE carried out

by Dr. Gu Yoo. MtGIcT = approx. 45 kDa.

Figure 5. 10 SDS-PAGE of MtGIcT solutions. Lane 1: Solution of MtGIcT after dialysis (see Figure
5.9, Lane 5); Lane 2: Supernatant after removal of precipitate; Lane 3: supernatant after
removal of precipitate, 2x dilution; Lane 4: Re-suspension of precipitate; M: marker. MtGIcT =

approx. 45 kDa.

The SDS-PAGE shows that a lot of MtGIcT may have precipitated, however Bradford

assay determined that 2.0 mg/mL protein remained in solution. Therefore, the
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supernatant was concentrated to give a final concentration of 40 mg/mL. Partially

purified MtGIcT was then used for initial activity assays.

5.3 Glycosyl transferase coupled assay with MtGIcT

5.3.1 Pyruvate kinase — lactate dehydrogenase coupled assay

300

Many GT enzymes exist in nature.”™ Common donors include sugar nucleotides (e.g.

300

UDP-Glucose) or lipid linked sugars (e.g. dolicholphosphate mannose).” " In the case of

MtGIcT, it was reported that this GT showed activity when UDP-Glc was used as a

donor in the elongation of a-glucan chains.'”

Detection of GT activity on sugar nucleotide donors can be continuously monitored by

coupling the transferase reaction with the activities of pyruvate kinase (PK) and lactate

301, 302

dehydrogenase (LDH). The biological role of the PK enzyme is to catalyse the

formation of ATP and pyruvate from ADP and phosphoenolpyruvate (PEP) in the final

step of glycolysis.303 This enzyme can also utilise UDP in the same reaction to produce

304

UTP.*! LDH catalyses the reversible conversion of pyruvate to lactate.>** This reaction

also involves the oxidation of NADH to NAD" and is the final component of the PK/LDH
coupled GT assay. The consumption of NADH can be followed by monitoring the

301

decrease in absorbance at 340 nm.” " A summary of the coupled reaction can be seen

in Figure 5.11.

MtGBE
UDP-Glc + acceptor ————» Glc-acceptor + UDP [R1]
PK
UDP + PEP » pyruvate + UTP [R2]
LDH
pyruvate + NADH ———» Lactate + NAD" [R3]

Figure 5.11 Reactions involved in the PK/LD coupled GT assay. Reconstructed from Palcic

and Sujino.*

As MtGIcT confers a glucose unit to the acceptor molecule, 1 molecule of UDP is
released, which is then utilised as a substrate by PK to produce pyruvate. This pyruvate
is then converted to lactate by LDH which also oxidises one molecule of NADH, thus

reducing the absorbance at 340 nm. Therefore, the formation of products from the GT
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reaction [R1] is proportional to the amount of NADH that is oxidised in the LDH
reaction [R3]. Thus, the GT activity of MtGIcT was investigated using this coupled assay

technique.

5.3.2 MtGIcT assay
Preliminary studies mentioned by Jackson et al. suggest MtGIcT acts upon the

substrates UDP-Glc and short chain OL—qucans.171

To confirm this, the PK-LDH coupled
assay was employed in which MtGIcT activity was monitored in the presence of
maltose and maltotriose as the putative acceptor molecules. To investigate if a single
sugar could act as an acceptor, glucose and GG were also tested. The reaction mixture
contained UDP-Glc and the acceptor being tested as well as PEP, NADH, PK and LDH.
MtGIcT was used at 1 mg/mL and the reaction was performed at 37 °C. To measure the

decrease in NADH, the absorbance was measured at 340 nm. Assay composition and

protocol is described in chapter 8, section 8.2.4.6. The results are shown in figure 5.12.
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Figure 5. 12 PH/LDH coupled GT assay with MtGIcT and: A) Maltose; B) Maltotriose; C) Glucose; D)
GG. Reaction with glucan acceptor (@) and control reaction with no MtGIcT present (0). Reactions

performed in triplicate. Linear regression performed with GraphPad Prism 7.0.
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Table 5. 2 Summary of gradients from figure 5.12: PH/LDH coupled GT assay with MtGIcT

and various a-glucans.

Gradient
Acceptor substrate  Reaction Negative control
Maltose (A) 0.001935 + 0.000123 -0.001328 + 0.000070
Maltotriose (B) 0.001889 + 0.000112 -0.001240 + 0.000085
Glucose (C) 0.001791 + 0.000137 -0.001662 + 0.000073
GG (D) 0.001799 + 0.000152 -0.001535 + 0.000073

The results show that no GT activity is exhibited by MtGIcT with any of the substrates
tested. Whilst the control experiments show a slight decrease in absorbance at 340 nm
(the gradients of the control reactions are all between -0.0012 and -0.0017, see table
5.2), the reactions in which MtGIcT is present show a slight increase in absorbance
(gradients of each reaction are between 0.0017 and 0.002). The decrease observed in
the control may be due to chemical degradation of the UDP-GIlc at 37 °C over time,
reflected by the very low level of decrease in absorbance observed. It is unclear what
caused an increase in absorbance at 340 nm in the enzymatic reactions, however the
gradients for each experiment (see table 5.2) are all similar, suggesting the increase
may not be due to enzymatic activity. Interestingly, the gradients for the trend line in
each experiment are almost of the same magnitude as the control but are positive

rather than negative.

In addition to the single sugar and short chain glucans, longer chain glucans were also
tested. Maltoheptaose, amylose, amylopectin and glycogen were all tested in the
PK/LDH coupled assay with MtGIcT and UDP-Glc. All components were present in the
same concentration as before, though in the case of polysaccharide chains, the
amounts used are as follows: amylose 0.03%; amylopectin 0.25 %; glycogen 0.0625%.
An additional control experiment was also run, in which MtGIcT was present but no
acceptor sugar was added to the reaction mixture. The results are shown in figure

5.13.
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Figure 5. 13 PH/LDH coupled GT assay with MtGIcT and: A) Maltoheptaose; B) Amylose; C)
Amylopectin; D) Glycogen. Reaction with glucan acceptor (®), control reaction with no MtGIcT
present (0) and control reaction without acceptor present ( X). Linear regression performed with

GraphPad Prism 7.0.

Table 5. 3 Summary of gradients from figure 5.13: PH/LDH coupled GT assay with MtGIcT and

various polysaccharides.

Gradient
“Acceptor  Reaction | Negative control— Negative control—no
substrate no MtGIcT acceptor
Maltoheptaose 0.002548 + 0.0002699  -0.001984 + 0.000074 0.001831 + 0.0002956
(A)
Amylose (B) 0.002274 + 0.0001983  -0.002393 + 0.000093 0.001646 + 0.0001645

Amylopectin (C)
Glycogen (D)

0.002415 +0.000342
0.002493 + 0.0001885

-0.001442 + 0.000083
-0.001571 + 0.000079

0.001979 + 0.0001391
0.001813 + 0.0001426

The results show that MtGIcT does not exhibit GT activity when longer glucan chains

are used as acceptors. The reaction without MtGIcT present shows a slight decrease in

absorbance over time. Similarly to the experiments depicted in figure 5.12, gradients
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of trend lines range between -0.0014-0.0024 (see table 5.3). The control reactions in
which MtGIcT is present show no decrease but instead a slight increase. This suggests
that the increase in absorbance could be due to the enzyme itself. In addition, the
gradients of the control experiments in which MtGIcT was present (between 0.0017
and 0.0020) are close to those of the reaction containing all components (between
0.0023 and 0.0026) suggesting no significant difference between the experiments. Due
to these results it was concluded that maltoheptaose, amylose, amylopectin and

glycogen are not be substrates of MtGIcT.

5.3.3 MtGIcT assay in the presence of metal ions
Known GT enzymes that also belong to the GT4 family have been assayed in the
presence of metal ions and MtGIcT may also require the presence of metal ions to

305307 Therefore, reactions were repeated with either MgCl, (0.2 M) or

display activity.
KCI (0.2 M) present in the reaction mixture. Maltotriose and maltoheptaose were
tested as well as maltotetraose which was used to test a chain length midway between
the other substrates. All other assay components remained as before. The results are

shown in figure 5.14.
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Figure 5. 14 PH/LDH coupled GT assay with MtGIcT and: A) Maltotriose; B) Maltotetraose; C)
Maltoheptaose. Reactions carried out either in the presence of KCI (i) or MgCl, (ii). Reaction with
glucan acceptor (®) and control reaction with no acceptor present (0). Linear regression performed

with GraphPad Prism 7.0.
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Table 5. 4 Summary of gradients from figure 5.14: PH/LDH coupled GT assay in the presence

of either K" or Mg*".

Acceptor substrate

Reaction

Negative control

Maltotriose with K* (A, i)

Maltotriose with Mg>* (A, ii)
Maltotetraose with K* (B, i)
Maltotriose with Mg>* (B, ii)
Maltoheptaose with K* (C, i)

Maltoheptaose with Mg** (C,

-0.001633 £ 0.000102
-0.003273 £ 0.000203
-0.001742 + 0.000078
-0.004247 + 0.000186
-0.000669 + 0.000073

-0.003981 + 0.000227

-0.001413 £ 0.000162
-0.000731 £ 0.000212
-0.001208 + 0.000147
-0.002796 £ 0.000261
-0.001377 + 0.000069

-0.002599 + 0.000389

i)

The results in figure 5.14 show a change in trend from the reactions in which no metal
ions were present at all (figures 5.12 and 5.13). This time, there is a decrease in
absorbance in every experiment as opposed to the upwards trends seen before. This
may indicate that the presence of metal ions is influencing enzyme stability. When
comparing the gradients of the slope of each experiment (listed in table 5.4), when
potassium is present, there is no significant difference between the reaction and the
control reactions. When magnesium ions are present, there is a larger difference
between reaction and control reactions, though again, this difference is not significant.
For example, the reaction carried out with maltotriose (figure 5.14, A) has a steeper
gradient (-0.0033) than that of the corresponding control reaction (-0.0007), however
the difference is only 0.0026. If this is activity being observed, then the enzymatic
activity for MtGIcT appears very weak. The trends observed in the maltoheptaose
experiment (figure 5.14, C) appeared similar and so this experiment was therefore
repeated with an increase in enzyme concentration to determine the effect this has on

the rate of reaction.
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Figure 5. 15 PK/LDH coupled GT assay with MtGIcT and maltoheptaose (®). Reaction carried
out in triplicate. Control reactions with no maltoheptaose present (0) or with no MtGIcT (A)

carried out in duplicate.

The results of the assay, shown in figure 5.15, show that the decrease in absorbance in
the earlier assay was not due to GT activity. An increase in protein concentration did
not lead to a steeper decrease in absorbance, but gave a more level trend (gradient of
reaction = 0.000030 + 0.000318). In addition, the slope of the reaction results is close
to that of the control reaction in which no acceptor is present (0.000116 + 0.000328).
This result led to the conclusion that the glucans tested so far are not active substrates

for MtGIcT.

In the above reactions, no positive control was used to validate the assay. For this
reason, a known GT enzyme, OtsA, was expressed, purified and analysed in the PK/LDH

assay as a positive control experiment.

5.4 Expression and purification of OtsA as a positive control for coupled
glycosyl transferase assay

5.4.1 OtsA function and role
OtsA is a trehalose-6-phosphate synthase found throughout nature, from animals and
insects (in which it is known as trehalose-phosphate synthase (TPS)) to plants and

. -31
bacteria. %310

It works alongside OtsB (a trehalose-6-phosphate phosphatase) in one
of the biosynthetic pathways in which trehalose is produced, forming trehalose-6-

phosphate (5.3) from UDP-Glc (1.33) and Glucose-6-phosphate (G6P) (5.2) as depicted
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311 Trehalose is a non-reducing disaccharide widespread throughout

in figure 5.16.
nature and is prevalent in organisms that have evolved to survive environmental

stresses.**? OtsA is a retaining GT that has been categorised into the CAZy family GT20

(www.cazy.org) and has been mechanistically and structurally characterised.*®® 33
oPO;
2-
OPO; OH ® HO
HO O o
HO— 0 + HOZ Q OtsA HO
—_—
HO HO Hoo of "
OH O
UDP HO
5.2 1.33 5.3

Figure 5. 16 Formation of trehalose-6-phosphate from UDP-Glc and G6P, the reaction

catalysed by OtsA. Recreated from De Smet et al.**!

OtsA uses a sugar nucleotide donor and therefore releases UDP during the GT reaction
making it suitable for use in the PK/LDH coupled assay. Indeed, literature reports have
used this assay to monitor GT activity of OtsA.>'*. For this reason, OtsA was expressed

and purified for use in the coupled GT assay as a positive control.

5.4.2 Expression and purification of OtsA
The expression conditions for the OtsA protein were based on Gibson et al. who report

its full expression, purification and characterisation.>®

The OtsA gene was contained in a plasmid which also contained an ampicillin (Amp)
resistance marker and a lac operon for induction of protein expression. The plasmid
was transformed into E. coli BL21(DE3) chemically competent cells as per the heat
shock method described in chapter 8, section 8.2.1.4. Expression was performed on a
1.0 L scale with 0.1 mM IPTG added for induction. Protein was expressed at 30 °C
overnight. The lysate was purified using a Ni-NTA affinity column, the results of which

were analysed using SDS-PAGE which is shown in figure 5.17.
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Figure 5. 17 SDS-PAGE analysis of Ni-NTA purification of OtsA. Lane 1: Flow through; Lane 2-5:
eluted peak (fractions 27-30); M: marker. OtsA = 54.7 kDa.

The OtsA protein is 54.7 kDa in length®®, corresponding to the prominent band
observed between the 43 and 55 kDa markers from the protein ladder. Upon dialysis
into 5.0 mM HEPES buffer (pH 7) containing 60 mM MgCl, some precipitation was
observed. However, sufficient soluble protein was retained and concentrated for use

in future experiments.

The concentrated protein was then used in the PK/LDH coupled assay as a positive

control experiment.

5.5 OtsA as a positive control in the PK/LDH coupled assay

As OtsA acts upon sugar nucleotides (in this case UDP-GIc), the PK/LDH coupled assay
is suitable for monitoring its GT activity. As UDP-Glc is hydrolysed by the enzyme, the
UDP that is released can act as a substrate for PK which produces the pyruvate
substrate for LDH. This last reaction involves the oxidation of NADH to NAD", a process

which is monitored by measuring the decrease in absorbance at 340 nm.

The assay solution used contained UDP-Glc, G6P, PEP, NADH, PK, LDH, MgCl,, KCl and
BSA. The final concentration of OtsA used was 0.1 mg/mL. The assay was initiated by
the addition of OtsA and the reaction incubated at 37 °C for 1 hour. Full experimental
details can be found in chapter 8, section 8.2.4.8. A negative control experiment was

run in which no G6P was present. The results are shown in figure 5.18.
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Figure 5. 18 A) PK-LD coupled transferase assay of OtsA and UDP-Glc and G6P (e).
Control experiment run in which no Glc-6-P was present (0). Reaction carried out in
triplicate. B) zoom region showing the first 15 minutes of the reaction. Linear and non-

linear regression carried out on GraphPad Prism 7.0.

As seen in figure 5.18, the reaction was successful. As expected, the absorbance
decreased rapidly within the first 10 minutes of the reaction (initial gradient = -0.56).
After this, the decrease in absorbance slows down until the absorbance reading is a
flat line and the reaction goes to completion. The control experiment in which no G6P
was present confirms that this decrease was not due to the degradation of UDP-Glc by
any other assay components, nor was OtsA hydrolysing UDP-Glc without an acceptor
present. The small range of errors in the experiment suggests the results are reliable,
thus confirming that the assay technique used is viable for the observation of GT

activity.

5.6 Conclusions

Recombinant MtGIcT was located predominantly in inclusion bodies during over-
expression of the protein. Attempts at co-expression, however, were unsuccessful at
producing soluble protein for both sets of chaperone proteins used (GroEL/GroES
system and TF chaperone protein). Though the TF chaperone protein appeared to yield
soluble protein, Ni-NTA purification was unsuccessful. Future work could be carried

out to investigate if FPLC could be optimised to obtain purified co-expressed protein.

MtGIcT was re-solubilised from IBs using 0.2 % sarkosyl (work carried out by Dr. Gu
Yoo). The refolded protein was analysed and concentrated for use in the PK/LDH

coupled assay.
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The coupled PK/LDH assay was validated as a method for monitoring GT activity using
OtsA as a positive control. OtsA was successfully expressed and purified using the
methods previously published.3°8’ 313 When MtGIcT was tested in the PK/LDH assays,
however, no transferase activity was observed for any of the following a-glucans:
maltose, maltotriose, maltotetraose, maltoheptaose, amylose, amylopectin or
glycogen. GT activity was also not observed when metal ions were present, suggesting

that the lack of activity was not merely due to the requirement of a metal cofactor.

To test the hypothesis that MalG could be a donor for MtGBE and that this could be
synthesised from UDP-Glc and GG, GG was tested as an acceptor as well as the a-
glucans already mentioned. Again, no activity was observed when MtGIcT was
incubated in the presence of UDP-Glc and GG, thus suggesting that this reaction either

does not occur, or is not catalysed by MtGIcT.

The lack of activity may be due to the fact that the natural substrates for MtGIcT were
not tested. It was noted that activity was observed with UDP-Glc and short chain
glucans, but the glucans tested were not reported.*’" ?*® In addition, other sugar
nucleotides, such as ADP-Glc may act as substrates but were not tested in this work. It
could also be that the glycerate moiety is essential for substrate recognition. If this

were the case, activity may be observed if DGG were to be tested with MtGIcT.

Due to the re-solubilisation of MtGIcT from IBs, the MtGIcT protein may have been
incorrectly folded. Though there was no time to test this in this work, techniques such
as circular dichroism (CD) could be employed to check for the folded state of the
protein. Denatured protein would have to be used as a comparison as no known CD
spectra of MtGIcT have been reported as far as the author is aware. In further work,
difficulties in expressing soluble MtGIcT may be overcome through use of chaperones

or other techniques, to obtain soluble recombinant protein.

In conclusion, activity was not observed when re-folded protein was used in the
PK/LDH assay. This may be due to lack of correct folding or just down to the incorrect
substrates being tested. To confirm this, further studies using protein that is confirmed
as correctly folded and other glucan substrates or sugar nucleotides would need to be

carried out.
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6. Expression and purification of Mycobacterium
tuberculosis glucosyl phosphoglycerate synthase
(MtGpgs)

6.1 Role of MtGpgS in MGLP biosynthesis

The first step in MGLP biosynthesis in Mycobacteria is the formation of glucosyl 3-

phosphoglycerate (GPG, 1.35), a reaction catalysed by glucosyl phosphoglycerate

171,172

synthase (GpgS) (figure 6.1). GPG is then converted to glucosyl glycerate (GG) by

171,178

glucosyl-3-phosphoglycerate phosphatase (GpgP). GG, initially thought to be a

rare biomolecule, is now acknowledged as a widespread metabolite found in many

314

microbes.”™ Not only is GG a precursor to a range of biological molecules, but it is also

found in its free form, the levels of which are found to increase during periods of

environmental stress.314' 315

OH
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Figure 6. 1 Reaction catalysed by GpgS: the formation of GPG from a sugar nucleotide donor

(NDP-Glc, 6.1) and 3-PGA (1.34).

316
I.

The biosynthesis of GG was first reported in 2006 by Costa et a They report the use

of recombinant GpgS and GpgP proteins from Methanococcoides burtonii in the

316

synthesis of GG via the formation of GPG.”> The authors found that GpgS from this

archaeon was highly specific in terms of substrate recognition and the only sugar

316

nucleotide that it would process was GDP-Glc.”"> The following year, a homologue of

M. burtonii GpgS was identified in Persephonella marina and the recombinant protein

317 This time, GpgS was found to show more

expressed and studied biochemically.
flexibility in the sugar nucleotides utilised as donors, showing activity with UDP-Glc,
GDP-Glc, ADP-Glc and TDP-Glc, in order of decreasing preference.317 This was also the

first report of the biosynthetic pathway of GG in a thermophilic organism.>!” As well as
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this two-step pathway for GG biosynthesis, in 2007 Fernandes et al. discovered a one-
step biosynthetic pathway to GG in, also in P. marina, in which they identified the
enzyme glucosyl glycerate synthase (GgS), however this pathway to GG is less

COI‘T]I’T]OI’].318

In 2008, the gene encoding the GpgS homologue in Mycobacterium tuberculosis was
identified as Rv1208."% It was shown to be identical to the Mycobacterium bovis
homologue and is believed essential to the survival of the bacterium.*®®*”? Though
initially GpgS was classified as a family 2 glycosyl transferase, the expression,
purification and characterisation of the recombinant forms of GpgS from M. bovis and

M. smegmatis identified GpgS as a retaining GT belonging to CAZy family 81.17% 17

Crystallographic studies of GpgS began in 2008 when Gest et al. identified that
although a monomer under the denaturing conditions of SDS-PAGE, GpgS appeared to

173

form a dimer in solution.””” The full 3D structure was reported the same year and

residues involved in the binding of both donor and acceptor were identified.*”*
Additional structural studies in 2012 were carried out, leading to a hypothesis
regarding the enzymatic mechanism and highlighting the importance of a flexible loop

in catalytic activity.175

The participation of GpgS in the biosynthesis of MGLPs was confirmed when Kaur et al.
investigated the effects of disrupting the relevant gene (MSMEG_5084) in M.

177

smegmatis.””" When the group analysed extracts from mutant bacteria lacking

MSMEG_5084 they found an 80% reduction in the amount of MGLP when compared

to the wild type cell extracts.'”’

The authors concluded that their results proved that
GpgS in both M. smegmatis and M. tuberculosis is involved in the biosynthesis of
MGLPs. Furthermore, the authors postulated that other proteins with weak Gpg$S

activity may have accounted for low levels of MGLPs detected in the mutant strain.'’’

More recently, detailed kinetic studies have been performed on MtGpgS which led to
further insights as to its mechanism.'’® The study involved the use of dead end kinetic
studies to determine that 3PGA is the first substrate to bind during catalysis, followed

176

by the sugar nucleotide donor.”*” In addition, the group used site directed mutagenesis

to identify key residues involved in catalysis and found a lack of acid/base residues in
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the active site. This led to the conclusion that MtGpgS may undergo an Syi type

mechanism possibly accompanied by a retaining mechanism.’®

6.1.1 GPG as a potential donor substrate for MtGBE
Much work has been undertaken to characterise MtGpgS and its role in MGLP
biosynthesis. In this project, the aim is not to study GpgS itself but to use it to

synthesise GPG.

Substrate investigations discussed in chapter 4 gave no conclusive results as to
potential substrates for the MtGBE protein. Therefore, other carbohydrate monomers
thought to be involved in the MGLP biosynthetic pathway were investigated as
potential substrates. It was hypothesised that GPG may act as a substrate of MtGBE to
produce diglucosyl glycerate (DGG). To investigate this, a plasmid containing the
Rv1208 gene was received from the laboratory of Prof. Marcelo E. Guerin at
Ikerbasque, Blibao in order to carry out the enzymatic synthesis of GPG. This was
performed with the intention of subsequently reacting GPG with MtGBE to see if any

products were produced.

6.2 Expression studies of GpgS

6.2.1 Transformation of pET29a(+)::Rv1208 plasmid into E. coli BL21 cells

Rv1208 was contained in a pET29a(+) vector containing a kanamycin resistance
marker, T7 promotor region and the /ac operon. The Rv1208 gene was designed to also
include a Hisg-tag in the recombinant protein to allow for purification using Ni-NTA

affinity column.

pPET29a(+)::Rv1208 was transformed into E. coli BL21(DE3) chemically competent cells
which were taken through to a plasmid mini prep kit. The results of the mini-prep for
each colony were analysed via agarose gel electrophoresis (see chapter 8, procedure

8.2.1.2).
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Figure 6. 2 Agarose gel analysis of the products from mini-prep experiments on
pET28a(+)::Rv1208. Lane 1: Stock sample received from Guerin lab; Lane 2: Mini-prep product

from colony 1; Lane 3: Mini-prep product from colony 2; M: Marker.

The samples of purified plasmid were compared to the sample of pET29a(+)::Rv1208
obtained from the Guerin lab. Agarose gel analysis (figure 6.2) showed that the
purified plasmids were of the same size as the control sample and it was concluded

that the original sample of pET29a(+)::Rv1208 had been successfully amplified.

6.2.2 Expression of MtGpgS
Literature reports on the expression of MtGpgS describe the use of E. coli BL21(DE3)
pLysS cells.”® However, this particular strain of competent cells were unavailable in

this project and so E. coli BL21(DE3) cells were used.

Overnight growths and protein expression were carried out in 2x YT media as per the

literature.*”

0.5 mM IPTG was used in induction and the protein was expressed at 37
°C for 4 hours. Cells were then pelleted and a small sample lysed and analysed via SDS-

PAGE. Results are shown in figure 6.3.
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Figure 6. 3 SDS-PAGE analysis of expression of MtGpgS from E. coli BL21(DE3) cells. Lane 1:

whole cell; Lane 2: lysate; Lane 3: insoluble; M: marker. MtGpgS = approx. 37 kDa.

MtGpgS is 37 kDa which corresponds to the thick band between 34-43 kDa in lanes 1
and 3 of the SDS-PAGE. This shows that MtGpgS has been overexpressed, though the
majority of protein appears in inclusion bodies (IBs). As with MtGBE and MtGIcT,
MtGpgS was then co-expressed using a system which promotes correct protein folding
and the prevention of aggregation of the target protein. To determine the optimal
chaperone system, both GroEL-GroES and the TF chaperone were tested in co-

expression experiments in an attempt to express soluble MtGpgS.

6.3 Co-expression of MtGpgS with various chaperone proteins

6.3.1 Co-transformation of the pET29a(+)::Rv1208 plasmid with pGro7 and pTf16
plasmids

Both the GroEL-GroES chaperone system and TF chaperone protein were tested for the
ability to promote expression of soluble MtGpgS. In each case, co-transformation
method 1 described in chapter 8, section 8.2.2.5 was employed to insert both plasmids
into competent E. coli BL21(DE3) cells. Incubation overnight at 37 °C led to good colony

growth on each plate, and thus the co-transformations were deemed successful.

To determine the best chaperone system for expression of soluble MtGpgs, the

colonies grown in the co-transformations were used in small scale (15 mL) expression
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experiments. For induction, 1.0 mM IPTG was added and protein was expressed at
either 37 °C for 4 hours or 18 °C for 18 hours. Cells were lysed via sonication before

being analysed by SDS-PAGE. The results are shown in figure 6.4.

Figure 6. 4 SDS-PAGE analysis of various expression conditions for MtGpgS. Lanes 1-4: Co-
expression with GroEL-GroES chaperone system; Lanes 1 + 2: 37 °C, 4 h expression, lysate,
insoluble; Lanes 3 + 4: 18 °C, 18 h expression, lysate, insoluble. Lanes 5-8: Co-expression with
TF chaperone protein; Lanes 5 + 6: 37 °C, 4 h expression, lysate, insoluble; Lanes 7 + 8: 18 °C,

18 h expression, lysate, insoluble; M: marker. MtGpgS = approx. 37 kDa.

SDS-PAGE analysis in figure 6.4 shows that the GroEL-GroES chaperone system was the
most successful at producing soluble MtGpgS. This is indicated by the thick band
produced between 34 and 43 kDa in the lane showing the soluble fraction for GroEL-
GroES co-expression performed at 18 °C overnight (lane 3). In both cases, the
chaperone proteins are different enough in mass so as not to be confused with the
target protein, therefore the thick band of over-expressed protein is not due to the
presence of either GroEL or TF which are 57 kDa and 48 kDa respectively. The
respective chaperone bands can be seen separately in the gel, above the band for

MtGpgS (lanes 1-4 for GroEL and lanes 5-8 for TF).

The expression studies led to the conclusion that co-expression with the GroEL-GroES

chaperones at 18 °C for 18 hours was the most effective route to soluble MtGpg$S

164



Chapter 6

protein, therefore, a larger scale co-expression (1.0 L) was carried out in order to then

purify enough protein for use in enzymatic reactions.

6.3.2 Co-expression and purification of MtGpgS with GroEL-GroES chaperone system
The optimised conditions from the experiments described in section 6.3.1 were
applied to a 1.0 L scale growth and protein expression. The resulting lysate was then
purified using Ni-NTA affinity column on an AKTA-prime purification system. MtGpgS
protein was then eluted using a gradient of 0 — 0.25 M imidazole elution buffer over 18
column volumes and the eluate analysed by SDS-PAGE (see figure 6.5). During elution,
two peaks were observed in the UV trace, suggesting non-specific binding of impurities
to the resin. Fractions 10 and 11 were attributed to the first, smaller peak and fractions

13 and 14 to the second, much larger peak, suspected of containing the target protein.
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Figure 6. 5 A) UV trace (blue), % elution buffer (red) and fractions (black) from the Ni-NTA
purification of co-expressed MtGpgS. B) SDS-PAGE analysis of the two peaks eluted from the
resin. Lane 1: Fraction 10; Lane 2: Fraction 11; Lane 3: Fraction 13; Lane 4: Fraction 14; M:

marker. MtGpgS = approx. 37 kDa.

SDS-PAGE analysis (figure 6.5, A) shows that MtGpgS was present in both eluted
peaks, though in the initial, smaller peak, there were more impurities present,
particularly a protein between 55 and 72 kDa in mass. This may correspond to the
GroEL chaperone which is 57 kDa in mass, though its elution from the resin would be
unusual given it does not contain a His-tag and experiments designed to test if GroEL
was being eluted during FPLC (see chapter 3, section 3.2.2.4) suggested that GroEL was
not co-eluted with target proteins. The larger peak contained higher purity MtGpgS
protein and the relevant fractions were pooled and dialysed against 10 mM Tris-HCl

containing 0.5 M NacCl.

166



Chapter 6

Protein precipitation occurred during dialysis, though Bradford analysis suggested 0.2
mg/mL protein remained in solution. The supernatant was therefore concentrated to a

final volume of 600 pL with a concentration of 5.0 mg/mL.

The concentrated protein solution was stored at -80 °C for future use in assays and

enzymatically catalysed reactions.

6.4 Enzymatic synthesis of glucosyl-3-phosphoglycerate with MtGpg$
In the currently accepted order of reactions in MGLP biosynthesis (depicted in figure
6.6), UDP-GIc (1.33) and 3-PGA (1.34) are converted to glucosyl-3-phosphoglycerate
(1.35) by GpgS. The phosphate group of GPG is then removed by glucosyl-3-
phosphoglycerate phosphatase (GpgP) to produce glucosyl glycerate (1.36), which is

believed to be subsequently converted to di-glucosyl glycerate (1.37) by MtGBE.*®"- "

177
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Figure 6. 6 Currently accepted order of reactions in the initial stage of MGLP biosynthesis.

Figure adapted from Mendes et al.”®’

To investigate the possibility that 1.35 could act as a substrate for MtGBE and that
dephosphorylation to yield 1.37 may occur later on, 1.35 was tested as a substrate for
MtGBE. To produce 1.35, the recombinant MtGpgS that had been expressed previously
(see section 6.2.2) was used in a reaction with 3-PGA (1.34) and UDP-GIc (1.33).
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6.4.1 PK/LDH coupled assay to track MtGpgs activity

To confirm that the recombinant MtGpgS was obtained in an active form and that the
reaction was proceeding as expected, the PK/LDH coupled assay described in chapter 5
(section 5.3.1) was employed to monitor reaction progress. Reaction conditions were
chosen based on reported data concerning the optimal reaction conditions for the

172

GpgS proteins from M. smegmatis and M. bovis.”’* These data showed that the

enzyme required the presence of MgCl, for any activity to be observed and that

optimal concentrations were around 20 mM.*"2

Therefore, the assay was carried out
with the following components: UDP-Glc (1.0 mM), 3-PGA (1.0 mM) , PEP, NADH, PK,
LDH and MgCl,.The final concentration of MtGpgS used was 0.1 mg/mL. A more
detailed assay composition can be found in chapter 8, section 8.2.5.4. The assay was
carried out at 37 °C and the absorbance at 340 nm measured over time. The results are

shown in figure 6.7.

Absorbance at 340 nm AU

0 T T 1

0 20 40 60
Time / min

Figure 6. 7 PK/LDH coupled assay following the reaction between 3-PGA and UDP-Glc catalysed
by MtGpgS (e). Control experiment contained no 3-PGA (0). Reaction carried out in triplicate.

Lines of best fit generated using linear and non-linear regression tools in GraphPad Prism 7.0.

The results shown in figure 6.7 display a decrease in absorbance at 340 nm, suggesting
the hydrolysis of UDP-Glc over time. The control experiment was performed in the
absence of 3-PGA, and, due to the flat line showing very little decrease in absorbance
(gradient =-0.001198 + 0.000037), it appears that MtGpgS is not hydrolysing UDP-Glc
in the absence of the acceptor. This also shows that degradation of UDP-Glc is not

occurring spontaneously. The results show that the formation of GPG has not
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completed before 1 hour. This is in agreement with the literature reports which say
that optimal activity is seen at a pH level nearer pH 8 and at a temperature of 45 °c.1”?
In this case, however, the results confirm that the MtGpgS protein expressed earlier in

the project was active and able to produce GPG.

6.4.2 Scale up of MtGpgS catalysed reaction to produce GPG

The coupled assay confirmed that the reaction was successfully occurring and
therefore the synthesis was performed on a larger scale with the aim to isolate GPG.
The reaction was repeated with minor modifications to the earlier method. The
concentrations of UDP-Glc and 3-PGA were increased to 10 mM and the components
required for the coupled assay (PK, LDH, NADH and PEP) were not present. MgCl, and
MtGpgS were used in the same concentrations as the PK/LDH assay described
previously. HEPES pH 8 (20 mM) was used as the reaction buffer and total reaction
volume was increased to 500 pL. The reaction components were mixed and incubated
at 37 °C for 18 hours. The reaction products were then visualised using TLC. The
reaction mixture was compared to the two substrates as well as to a control reaction
in which no 3-PGA was present. The results of the TLC experiments are shown in figure

6.8.

1 2 345 12 345

Figure 6. 8 TLC analysis of reaction between 3-PGA and UDP-GIc in the presence of MtGpgS.
Lane 1: UDP-Glc standard; Lane 2: 3-PGA standard; Lane 3: mixed spot; Lane 4: reaction
products: Lane 5: control (no 3-PGA present) reaction products. Eluent used: ACN/EtOAc/ PA:
H,0 in a ratio of 85:20:50:50. Plates visualised with UV irradiation (spots circled in pencil) and
either KMnO, stain (left) or 10 % H,SO, in MeOH stain (right).
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The TLC results show that there are still small amounts of both substrates present in
the reaction mixture as there are spots that correspond to both 3-PGA and UDP-Glc in
lane 4 of each plate. However, the use of both stains shows that 3-PGA is not detected
by either UV irradiation or by the acid stain. Therefore, the lower spot that occurs in
lane 4 of the acid stained TLC plate is likely to be a new reaction product, different
from the substrates. This is also evidenced by the fact that this spot does not appear in
the control reaction in lane 5. This spot may either be due to the GPG that is produced
in the reaction, or could also be due to the UDP which is released. Without a standard
of UDP with which to compare to, it is unclear. However, as the coupled assay showed
the reaction was progressing and the fact that this new spot is visualised by the acid
stain which is typically used to identify sugars, it was concluded that this spot

corresponded to GPG.

The next step in obtaining GPG would be to isolate it from the reaction mixture and
subsequent analysis to confirm the structure of the desired compound. GPG has been
separated and characterised from reaction mixtures as reported in the literature via

ion exchange chromatography and NMR spectroscopy.>'®

Due to time constraints, this
was not possible as part of this work. However, the production and purification of GPG
was attempted as part of an undergraduate project carried out by James Pearce,

though ion exchange chromatography proved unsuccessful.

6.5 Conclusions

The aim of the work described in this chapter was to obtain GPG to test as a potential
substrate of MtGBE. To achieve this, recombinant MtGpgS was to be expressed and

purified for use in the enzymatic conversion of 3-PGA and UDP-Glc to GPG.

The aim was partly achieved as MtGpgS protein was successfully expressed and
purified, despite initial difficulties in producing soluble MtGpgS. Following experiments
involving co-expression with either the GroEL-GroES system or the TF chaperone
protein, it was determined that co-expression with the GroEL-GroES chaperone
proteins was the most efficient way of obtaining soluble protein. Purification using Ni-
NTA FPLC led to protein of acceptable purity, sufficient for use in the planned

enzymatic reaction.
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The recombinant MtGpgS displayed activity in the PK/LDH coupled assay with UDP-Glc
as a donor and 3-PGA as an acceptor. This activity was observed as a decrease in
absorbance at 340 nm. Though the reaction progress was slow compared to literature
reports, this was expected as not all conditions of the assay met the optimal conditions

reported in the literature.'’2

TLC analysis of the scaled up enzymatic reaction showed
the formation of a new product, GPG, as new spots were identified using the acid

based TLC stain.

The aim was not fully met as a lack of time meant that GPG could not be tested as a
substrate for MtGBE. It was intended that the supernatant from the reaction
producing GPG could be used directly in an experiment with MtGBE after the removal
of MtGpgS. It was also planned that GPG be characterised to confirm that is was
indeed successfully synthesised enzymatically. Purification would have been carried
out by ion exchange chromatography and characterisation by NMR spectroscopy and

or mass spectrometry.
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7. Conclusions and future work

7.1 Conclusions on the chemical synthesis of various carbohydrate derivatives
for use in probing MtGBE activity

The target compound deemed highest priority was glucosyl glycerate (1.36). This
compound is the precursor to diglucosyl glycerate (1.37), the formation of which is
believed to be catalysed by MtGBE. As part of this project the full chemical synthesis of
GG was achieved over 8 steps, as determined by NMR and MS characterisation.
Though the synthetic route to GG was not novel, adjustments were made compared to
the procedure reported in the literature. The synthetic steps to the thioglucoside
donor were successfully carried out as per the literature reports.186 The glycosylation
step during which the thioglucoside donor is coupled to the glycerate acceptor was
carried out under the same conditions as the literature, however the purification did
not separate anomers in this case. The synthesis was continued and it was found that
after removal of TBDPS protecting group, the a anomer could be separated from the B.
The deprotection steps involving the removal of the 6-O-acetyl group and the TBDPS
groups were successfully completed. The removal of the benzyl ether protecting
groups proved more difficult. The reported conditions of palladium on carbon under
35 psi in a solvent system of ethyl acetate and ethanol were attempted in this project,
however with no success.'®® Once an adjustment was made to the setup of the
reaction, the benzyl groups were sucessfully removed. The final step to produce GG
was to remove the methyl ester which was achieved using LiOH. Neutralisation of the
reaction with acidic resin avoided the need for removal of salt impurities via ion

exchange chromatography.

The glycerate acceptor was successfully synthesised from p-mannitol over a five step
synthesis. The only issue was the formation of the methyl ester from the protected
glyceraldehyde. Initially, oxidation of the aldehyde to an acid was attempted, though
this proved unsuccessful. A one-pot synthesis of the methyl ester using bromine and
methanol reported by Ladame et al. was repeated successfully, yielding the desired

methyl ester.'?’ Following the deprotection of the acetal with acidic resin, selective
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protection of the primary hydroxyl group with a TBDPS ether was straightforward and

produced the acceptor compound.

The next compound of focus was maltosyl glycerate (MalG). The synthesis of this
compound had not been reported and so a novel synthesis was developed. Initial
experiments involved global protection of the hydroxyl groups with benzyl ethers,
however once the selective removal of the anomeric benzyl ether proved inefficient,
the strategy was changed to start with global acetylation instead. The per-O-acetylated
maltose was then easily coupled with p-thiocresol to form a thiomaltoside donor.
Before the glycosylation reaction was attempted, the acetyl groups were removed and
replaced with benzyl ether groups in order to produce a ‘ring-activated’ donor and to
remove the possibility of any NGP from the acetyl group protecting the 2-hydroxy
group. The benzyl protected donor was then successfully coupled with the glycerate
acceptor using the same conditions as those used in the GG synthesis. Following
glycosylation, separation of the anomers proved difficult. Though some anomerically
(a) pure product was obtained after column chromatography, the majority of the
sample remained mixed. Given the time constraints of the project, the mix of anomers
was taken through the rest of the synthesis, as well as the smaller amount of
anomerically pure material. The remaining steps to MalG were then deprotection of
the TBDPS and benzyl ether groups. Whilst the former was readily achieved, though
with lower yield than expected, the removal of the benzyl ethers required
optimisation. It was found that increasing the amount of catalyst to 1.5 molar
equivalents facilitated the removal of all 7 benzyl ethers, allowing for the final step of
methyl ester deprotection to give the target compound. Full characterisation of MalG

was achieved using NMR spectroscopy as well as HRMS.

In addition to the syntheses of GG and MalG, two fluorinated compounds were also
prepared. The first, 6FpNPaGlc was successfully prepared in one step by Laura Jowett
as part of an undergraduate degree project. pNPaGlc was reacted with DAST which led
to the successful, selective fluorination of the 6 position to give 6FpNPaGlc with a yield
of 57 %. The product was stable enough for characterisation by 'H, B¢ and F NMR

and MS.
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Another fluorinated compound successfully synthesised was 5FBldoF. The original plan
was to produce 5FaGlcF, however, due to low yields and low amounts of material
being produced, the synthesis was stopped at the 5F idosyl fluoride stage. This was
considered useful as the Ido compound might act as an inhibitor for crystallisation of
MtGBE, work which was being carried out by collaborators in the Kim group at SKKU,
South Korea. The synthesis of 5FIdoF was successfully achieved over four steps,
starting with the treatment of per-O-acetyl glucose with HF-pyridine. This reaction led
to the production of the a-glucosyl fluoride in a 56 % yield. The bromination of
position 5 was attempted using light irradiation to heat a solution of the starting
material in CCly in the presence of NBS to reflux. Despite literature precedence

showing the success of this reaction®* 2*>

, the highest yield obtained in this project
was 31%. The following step was also low yielding at 45%. This involved the
replacement of the newly installed bromine with fluorine through the employment of
AgF. It was also at this point at which the sugar took the idosyl conformation, as
confirmed by the coupling constants in the *H NMR matching those of the reported

idosyl structure.”®

The final step was the removal of the acetate protecting groups
using a methanolic solution of ammonia which led to the final compound with a yield
of 57%. Overall the target compound was successfully synthesised and characterised

using NMR spectroscopy.

7.1.1 Future work proposed for the chemical synthesis of various carbohydrate
derivatives for use in probing MtGBE activity

In the synthesis of GG, the 6-OAc protecting group was suspected of being involved in
promoting formation of the a anomer by electronically shielding the top face of the
sugar donor.” Future work could be carried out to probe the extent of this effect, and
the potential influence on the stereochemical outcome of the reaction. To investigate
this, future work could include the synthesis of various donors with different
protecting groups at the 6 position, including one with an acetyl group. The use of
these in glycosylation reactions with the glycerate acceptor and the subsequent
determination of the a:p ratio of the reaction products may provide some insight as to
the effect of the protecting group at the 6 position. Additionally, reactions with

different acceptors may also prove interesting.

175



Chapter 7

In the synthesis of MalG, further work would be required in order to fully separate the
anomers in the mix of reaction products. Column chromatography did not prove
successful enough in isolating the a anomer and so other separation techniques may

prove more helpful. For example, HPLC.

If the synthesis of fluorinated compounds as part of this project were further
investigated, the conversion of the 5-fluoro-B-L-idopyranosyl fluoride (2.38) to 5-
fluoro-a-p-glucopyranosyl fluoride (2.31) as per the original aims would be carried out.
This has been described in the literature by using HF-pyridine in an overnight reaction

or through the use of BFs, though reported yields were low.”** **

In addition to the already synthesised compounds, other compounds may act as
potential inhibitors. For example, it is generally believed that MtGBE acts upon GG and
therefore, an inactive form of this compound may act as an inhibitor. 6-fluoro GG may
behave as one such inhibitor due to the lack of a 6-OH and could possibly be produced
using DAST to yield the 6F glucoside. This could then be converted to a suitable donor
for glycosylation with the glycerate acceptor. Similarly, 2-deoxy-2,2-difluoro-p-
nitrophenyl-a-b-glucopyranoside (2dF-pNPGlc) is proposed as another general

inhibitor that could possibly be used in crystallographic studies.

7.2 Conclusions on the expression, purification and characterisation of MtGBE
Whilst the pET28a::Rv3031 plasmid was successfully transformed and amplified into
chemically competent cells, the over-expression of MtGBE led to the insoluble form of
the protein. Therefore, two strategies were used to try and obtain soluble MtGBE. The
first was solubilisation from IBs using sarkosyl, followed by re-folding of the protein
facilitated by removal of the surfactant during dialysis. A subsequent purification
attempt proved unsuccessful, suggesting that the protein had not refolded in a correct
manner. This may have resulted in the Hisg-tag not being available for binding to the
nickel resin and thus not eluting in a pure fraction. Co-expression with the GroEL-GroES
chaperone system was more successful and led to the production of soluble MtGBE.
Although there was always still protein present in the insoluble fractions, increasing

the amount of L-Ara in the culture media led to increased amounts of soluble protein.
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This led to the purification of MtGBE by Ni-NTA FPLC. Subsequent dialysis and

concentration led to protein solution pure enough for use in enzymatic assays.

Due to the lack of a Hisg-tag, the chaperone proteins used in the co-expression of
MtGBE would be removed from solution following FPLC, however concern was raised
at the potential of chaperone proteins being present in solutions of MtGBE as GroEL
was the same mass (57 kDa) and could not be separated on SDS-PAGE. However,
experiments carried out in which MtGBE was expressed alone, co-expressed with
chaperone proteins and the chaperone proteins expressed alone, confirmed that the
chaperones were not being co-eluted off the nickel resin. MS further confirmed that
the protein purified in MtGBE expression was not the same as any protein obtained
after chaperones were expressed alone. The MS results were interesting as the mass of
MtGBE expected (59,979 Da, calculated using ExPASy peptide mass tool) was not the
same as that found (57,195 Da). Though the observed mass differs from the calculated

mass, this is only a 3.3% discrepancy.

Initial assays carried out with MtGBE were designed to test for potential hydrolysis
activity on small substrates; behaviour that would be novel for a GH57 branching
enzyme. The assays were based on using p-nitrophenyl glucose (pNPGIc) as a substrate
and measuring the absorbance at 400 nm to observe any p-nitrophenolate that may be
produced. Despite many changes in conditions and attempts at optimisation of the
assay no quantifiable hydrolysis activity was observed. This result is not surprising as
GH57 branching enzymes do not usually display this kind of activity on such substrates

and this behaviour would have been novel to this class of enzymes.

As no hydrolysis activity was observed, the next set of assays investigated the presence
of branching activity from MtGBE. A BLAST search showed that MtGBE had the highest
homology with GH57 branching enzymes, therefore this behaviour was investigated.
Literature reports of iodine staining assays and branching assays involving subsequent

. . . 1 181
debranching with isoamylase were found*®® *®

and attempts were made to repeat
them with MtGBE. Substrates tested included amylose, amylopectin, glycogen and
maltodextrin though no significant levels of activity were observed. It did appear that
MtGBE showed very low activity with amylopectin, however, it was not possible to
gain kinetic data with this substrate. The main difference between amylopectin and
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amylose is that amylopectin is heavily branched whereas amylose is not. If amylopectin

is a substrate of MtGBE, the presence of existing branch points may be significant.

In addition to the branching assays discussed, TLC of reaction products with various
glycans and MtGBE was also carried out. Polysaccharides tested were those already
used in the branching assays as well as pullulan. None of these compounds acted as
substrates of MtGBE. Shorter di- or oligo- saccharides were also tested; maltose,
maltotriose, maltotetraose, maltoheptaose and melibiose. Of these, only
maltoheptaose could conclusively be ruled out as a potential donor. The other
potential donors tested led to inconclusive results as the TLC spots were not clear.

Reaction of MtGBE with MalG was also analysed by TLC but no activity was apparent.

Finally, with no conclusive evidence of any of the substances tested showing activity
with MtGBE, attention was turned to the possibility of other donors. Glucose-1-
phosphate was proposed as a possible substrate and so malachite green assays were
employed to test this theory. No activity in the release of inorganic phosphate was

observed, leading to the conclusion that G1P was not a substrate for MtGBE.

7.2.1 Future work proposed for the expression, purification and characterisation of
MtGBE

With regards to the expression of MtGBE, co-expression with the GroEL-GroES
chaperone system was successful. However, the purity of the enzyme, though deemed
acceptable for assays could have been improved upon. Further purification by
techniques such as size exclusion chromatography, would perhaps achieve this.
Additionally, due to the MS results appearing to show the protein as lighter than
expected, amino acid sequencing could be used to investigate whether or not the
protein had been degraded during expression. Sequencing results suggest this is not
due to an error at DNA level and so there may be a problem with the protein sequence
itself. If that were to still suggest the protein were in-tact, alternative MS methods
could be investigated, such as MALDI should there be any issues caused by the

electrospray ionisation technique.

Future work with enzymatic assays could involve more quantitative analysis of

substrates tested by TLC in this project. For example, HPLC could provide more
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conclusive results by monitoring more accurately the consumption of substrates or
production of products. Additionally, it may be possible that a sugar nucleotide is used
as a donor to transfer a glucose unit to GG. This would be unusual activity for a
branching enzyme, but given the widespread use of these donors throughout nature, it
may be a possibility, especially as this is the substrate for the glucosyl glycerate

synthase protein found in P.marina.>'®

7.3 Conclusions on the expression and purification of MtGIcT and MtGpg$

7.3.1 MtGIcT
In an attempt to investigate the hypothesis that MtGIcT could work in conjunction with
MtGBE in the biosynthesis of MGLPs, the protein was expressed, purified and tested in

a PK/LDH coupled assay.

The expression of MtGIcT led to the formation of IBs, making the protein inaccessible.
Attempts at co-expression with the GroEL-GroES chaperone system and the TF
chaperone initially indicated that the TF chaperone led to the production of soluble
MtGIcT. Upon purification, however, no protein was eluted from the Ni-NTA column.
This may have been due to a number of reasons. The protein may not have been stable
or may not have folded correctly leading to insufficient binding to the Ni resin. Further
attempts at isolating soluble protein from a large scale (8.0 L) protein expression were
also unsuccessful. After FPLC purification, precipitation of the protein meant

concentration was not possible.

As co-expression did not lead to soluble protein, re-solubilisation of MtGIcT from IBs
was investigated. Solubilisation and refolding of MtGIcT was performed by Dr Gu Yoo
using 0.2% sarkosyl. In this project, the refolded MtGIcT was concentrated and used in

the PK/LDH assay.

The coupled PK/LDH assays relied on the degradation of NADH, the decrease of which
was monitored by measuring the absorbance at 340 nm. MtGIcT was tested with a
number of potential acceptors, including short chain a-glucans, glucose, GG and
various polysaccharides; none showed any activity. When tested without metal ions
present, an increase in absorbance was shown which contrasted to the result expected

for GT activity. When metal ions were added to the reaction mixture, however, the
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increase in absorbance no longer appeared and the reaction trends were the same as
those for the negative controls. Though an acceptor was not identified, it would
appear that metal ions are important to the stability of the MtGIcT protein. The
negative results may also have been due to incorrect re-folding of the protein during

the removal of the sarkosyl.

To verify that the PK/LDH coupled assay was set up correctly and was working as
expected, a positive control was carried out with OtsA. Soluble OtsA protein was
successfully expressed and purified for use in the coupled assay as per literature

308

reports.”™ When tested, OtsA led to a decrease in absorbance at 340 nm when reacted

with UDP-Glc and G6P, thus confirming the assay used worked for GT activity.

7.3.2 MtGpgS
Investigations into the possibility of GPG, a carbohydrate present in the initial stages of
MGLP biosynthesis, being a potential substrate of MtGBE required the expression and

purification of MtGpgS.

Initial attempts to express MtGpgS led to the formation of IBs, thus rendering the
protein insoluble and not useful for enzymatic reactions. Expression studies were
carried out to explore the effects of co-expression with chaperone proteins. Both the
GroEL-GroES system and the TF chaperone protein were trialled. Co-expression with
GroEL and GroES at 18 °C overnight led to the production of soluble protein. This
method of expression followed by Ni-NTA purification led to soluble MtGpgsS, suitable

for use in the enzymatic synthesis of GPG.

Before GPG was synthesised, MtGpgS was used in the PK/LDH assay to confirm the
protein was obtained in an active form. The assay results illustrated a decrease in
absorbance at 340 nm with the control experiment showing no significant decrease in
comparison. These results confirmed that MtGpgS was active upon its substrates, UDP-

Glc and 3-PGA.

Once activity was confirmed, MtGpgS was used in the enzymatic synthesis of GPG.
Analysis by TLC suggested that a new product was being formed, believed to be GPG.

Isolation and subsequent characterisation of the reaction product was not possible due
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to time constraints, nor was the reaction between the crude reaction mix and MtGBE

able to be performed.

7.3.3 Future work proposed for the expression and purification of MtGIcT and
MtGpgS

7.3.3.1 MtGIcT

The MtGIcT protein used in the experiments investigating potential acceptor
substrates was obtained after re-folding following solubilisation from IBs. The re-
folding of MtGIcT may not have been successful, which could account for lack of
activity seen in the PK/LDH assay. To test this, experiments investigating the tertiary
structure of the MtGIcT protein obtained in this work could be performed. For
example, CD spectrometry (discussed in chapter 3) could provide insights into the

folding state of the protein.

Prior to re-solubilisation, an 8.0 L protein expression and purification was performed,
the results of which were hampered by protein precipitation following dialysis. On
reflection, the dialysis buffer used was simple (50 mM HEPES pH 7.4) and future
attempts could involve more complex buffers, more suited to stabilising the protein.
For example, a buffer containing MgCl, could be used as the presence of this salt

appeared to stabilise the protein in the coupled assays.

If MtGIcT were isolated in its native state, assays involving short chain a-glucans could
be repeated. To investigate any involvement in the synthesis of DGG, the reaction

between MtGIcT and GG could be repeated.

7.3.3.2 MtGpgS

Enzymatic synthesis of GPG was performed in this project but the isolation and analysis
of the product was not. Future work, therefore, would include the purification of GPG
from the reaction mixture and literature reports describe achieving this via ion

316

exchange chromatography.” Isolated GPG could then be analysed using NMR

spectroscopy and mass spectrometry.

If purification of GPG did not prove possible, the crude reaction mixture could be
added to MtGBE and monitored by techniques such as TLC or HPLC so as to investigate

the potential of GPG as a donor for MtGBE, as originally planned.
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7.4 Overall concluding remarks

The main aim of this project was to identify the activity and donor substrate of MtGBE,
however, despite the successful expression and purification of the protein, this was
not achieved. This raises the question of why this main objective was not met and

what could be done in future to further investigations into MtGBE activity.

Expression and purification of MtGBE was hindered by the formation of IBs rendering
the protein inaccessible. To counter this issue, MtGBE was co-expressed with the
GroEL-GoES chaperone system to promote correct protein folding of MtGBE. 2> 2°% 319
This chaperone system was also used in the co-expression of MtGpgS and the purified
protein displayed activity in the PK/LDH coupled assay, suggesting the chaperones had
the desired effect and promoted correct protein folding. It therefore seems unlikely
that the co-expression of MtGBE with GroEL and GroES produced an inactive form of
the protein, though it could still be a possibility. CD experiments of MtGBE suggested
that the protein did fold correctly though a denatured sample of MtGBE for CD analysis
would confirm this. Additionally, protein NMR experiments may also be able to

provide insights into the 3-D conformation of the protein and help assess if it is folded

correctly or not.

Sequencing of the plasmid isolated from the bacterial cells used in expression
confirmed no alterations to the DNA sequence of the original plasmid, suggesting no
alterations to the protein were introduced at the DNA level. Mass spectrometry of the
protein, however, led to a mass for MtGBE different to the predicted mass. Though
this discrepancy was small, amino acid sequencing experiments could be performed to
confirm no major alterations to the primary structure have occurred and are affecting

protein activity.

The crystal structure of the enzyme, if successfully obtained, could provide important
insights into the function of MtGBE. Comparison to the known structures of GH57

proteinslgl’ 182, 264, 266, 274

may confirm whether or not MtGBE acts on similar substrates
—i.e. long chain polysaccharides or on shorter glucan chains. In addition, any metal

ions that crystallise with the proteins could identify essential co-factors. In this work,
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only potassium ions were investigated as a potential co-factor. It could be that divalent

cations such as Mg2+ or Mn?" are essential for activity or structural stability.

As well as essential co-factors, it may be that the donor for MtGBE was not tested in
this project and therefore not identified. UDP-Glc is utilised as a substrate in the

174-176

synthesis of GPG, the precursor to GG and it may also be a substrate of GG,

though this possibility is yet to be explored.

It should also be highlighted that the involvement of MtGBE in MGLP biosynthesis is so
far speculative and no conclusive evidence has been reported to confirm this

hypothesis.167’ 171,184,314

The Rv3031 gene belongs to the same gene cluster as Rv3032,
the product of which has been shown to directly affect MGLP production.” It is purely
the location of Rv3031 on this gene cluster that has led to the proposal of its
involvement in MGLP synthesis. If Rv3031 deficient mutant strains of M. tb could be
grown, or if Rv3031 were overexpressed in M. tb (as Rv3032 has been), the effect, or
lack of effect, on MGLP production could be observed. If MtGBE is involved in the

MGLP pathway, the accumulation of precursor compounds could help confirm the

substrates of this protein.

Overall, though this project did not identify the substrates and mechanism of MtGBE,
investigations have shown the need for other hypotheses to be explored regarding this

enzyme.
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8. Materials and Methods

8.1 Chemical synthesis of potential MtGBE substrates and inhibitors

All reagents were commercially sourced and used as received from the suppliers

(Sigma-Aldrich®, Fisher Scientific, Acros Organics, VWR® and Carbosynth).
Anhydrous solvents were obtained commercially from Sigma-Aldrich.

Reactions were monitored by thin layer chromatography using aluminium foil
supported silica plates (MERCK 60 F254) and run in the solvents stated. Plates were
developed using either a 5% H,SO4 in MeOH solution, 5% H2S04 in MeOH solution with

0.3% N-(1-naphthyl)ethylenediamine KMnQ4 solution or under UV light.

Chromatography columns were prepared using Merck Millipore Geduran® Si 60 (40-63

um) silica gel.

Nuclear magnetic resonance spectra were recorded using a Bruker AVIIIHD400 FT-NMR
Spectrometer with COSY, HSQC, HMBC, PSYCHE, DEPT 45 and DEPT 135 used to assign

spectra.

Mass spectra were recorded using a WATERS ZMD single quadrapole system and

Bruker Apex Il FT-ICR-MS spectrometers.

8.1.1 Methyl-2,3,4,6-tetra-0-benzyl-a-b-glucopyranoside (2.2)

OH OBn

o NaH, BnBr o
H BnO
© ~ DMF, 0 °C - RT, Bro N
99%
O b O
2.1 22

Methyl-a-p-glucopyranoside (488 mg, 2.5 mmol) was dissolved in DMF (25 mL) and the
resulting solution cooled to 0 °C. Sodium hydride (60% in paraffin, 520 mg, 13.0 mmol)
was then added and the reaction mixture stirred for 30 minutes. Benzyl bromide (1.5

mL, 13.0 mmol) was then added and the reaction mixture stirred at room temperature
overnight. Methanol (20 mL) was added to quench the reaction and the volume of the

reaction mixture was reduced in vacuo. The solution was then washed with water (10 x
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200 mL) and the organic layers combined and dried over MgSQO4 before being
concentrated under reduced pressure to give the product in the form of a pale yellow
oil (1.37 g, 99%). NMR and mass spectrometry determined that the product did not

require further purification.

=2 OBn 1H NMR (400 MHz, CDCls): & 7.4-7.3 (18H, m, Has), 7.2-7.1 (2H,m,

6
Bﬁ&%1 Har), 5.0 (1H, dd, J = 11.0 Hz, ArCH,),4.9-4.7 (1H, m, ArCH.), 4.7-4.6
3 2
BnO

o (IH,m, ArCHz), 4.6 (1H, d, /= 3.6 Hz, H1), 4.6 (1H, m, ArCH,), 4.5 (2H,
m, ArCH2), 4.0 (1H, t, J = 9.2 Hz, H3), 3.8-3.6 (4H, m, H4, H5, H6a, H6b), 3.6 (1H, dd, J =
3.5,9.6 Hz, H2), 3.4 (3H, s, CH3) ppm;

13C NMR (101 MHz, CDCl3): 6 138.8 (Car), 138.3 (Car), 138.2 (Car), 138.0 (Car), 128.4-
127.6 (Car), 98.2 (C1), 82.2 (C3), 79.9 (C2) 77.7 (C4), 75.8 (ArCH>), 75.0 (ArCH,), 73.5
(ArCH,), 73.4 (ArCH>), 70.1 (C5), 68.5 (C6), 55.2 (CHs) ppm;

LC-MS (ESI+) m/z: 577.4 [M + Na]*, 593.6 [M + K]*.
Data matches that of literature.32°

8.1.2 1,6-di-O-acetyl-2,3,4-tri-O-benzyl-a/B-p-glucopyranoside (2.3a/B)

(Work carried out by Laura Jowett).

OBn Ac,0, AcOH, OAc
H,S0,
0°C, 72% OAc
BnO BnO
O\ o 1:0.2
2.2 2.3a
2.3p

Methyl-2,3,4,6-tetra-O-benzyl-a-p-glucopyranoside (500 mg, 0.90 mmol) was dissolved
in a mix of acetic acid (5.0 mL) and acetic anhydride (5.0 mL) and the resulting solution
cooled to 0 °C. Sulphuric acid (conc. 0.1 mL) was then added in a dropwise manner and
the reaction stirred for 6 hours before the addition of saturated sodium bicarbonate

solution (18 mL). The resulting solution was then washed with ethyl acetate (3 x 30 mL)

and the organic layers were combined and dried over MgSQa,. After removal of the
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solvent under reduced pressure, the product was purified via column chromatography

(20% hexane in ethyl acetate) and a colourless oil was obtained (346 mg, 72%).

1H NMR (400 MHz, CDCls): (a: 1:0.2) 6 7.4-7.3 (17H, m, Hara+B),

Bno& 6.3 (1M, d, J = 3.6 Hz, H1 a), 5.6 (0.2H, d, J = 8.1 Hz, H1 B), 5.0 (1H,

PO Mmone d,J = 10.8 Hz, ArCH,01), 4.9 (0.2H, d, 10.8 Hz, ArCH2B), 4.9 (0.2H, d,
10.9 Hz, ArCH2B), 4.9 (1H, d, J = 10.8 Hz, ArCH,a), 4.9 (1H, d, J = 10.8 Hz, ArCH,a), 4.8
(0.2H, d, J = 11.4 Hz, ArCH2p), 4.8 (0.2H, d, J = 11.4 Hz, ArCH2B), 4.7 (1H, d, J = 11.5 Hz,
ArCH,0), 4.7 (1H, d, J = 11.4 Hz, ArCH.a), 4.6 (1H, d, J = 10.6 Hz, ArCH2q), 4.3 (1H, dd, J
=3.9, 12.1 Hz, H6a/6ba), 4.3, (1H, dd, J = 2.3, 12.2 Hz, H6a/6ba), 4.3, (0.4H, m,
Hea+6bp), 4.0 (2H, m, H3a, H5a), 3.8 (0.2H, t, J = 8.8 Hz, H3P), 3.7 (1H, dd, J = 3.6, 9.7
Hz, H2a), 3.7 (0.2H, m, H5B), 3.6 (0.2H, m, H2B), 2.2 (3H, s, CHsa), 2.1 (0.6H, s, CH3B),
2.0 (3H, s, CHza), 2.0 (0.6H, s, CH3B) ppm;

13¢ NMR (101 MHz, CDCl3): § 170.7 (Cq), 169.3 (Cq), 138.4 (Car), 137.6 (Car), 137.6 (Car),
137.5 (Car) 128.6 — 127.9 (Car), 89.7 (C1), 81.6 (C3), 78.9 (C2), 76.6 (C4), 75.8 (ArCH>),
75.3 (ArCH2), 73.2 (ArCH,), 71.1 (C5), 62.7 (C6), 21.1 (CHs), 20.8 (CHs) ppm;

LC-MS (ESI+) m/z: 552.3 [M + NH4]*, 557.3 [M + Na]*, 573.3 [M + K]*.
Data matches that of literature.18®

8.1.3 Ethyl 6-0-acetyl-2,3,4-tri-O-benzyl-1-thio-o/B-p-glucopyranoside (2.4a/B)

OAc OAc
EtSH, BF5.0(Et),
Bnoﬁ S BnO 0
BnO BnO

Bnp | OAc DCM, 0°C, 69% B SEt
n op 1:0.5 n
2.3a 240
2.3p 2.4p

1,6-di-O-acetyl-2,3,4-tri-O-benzyl-a/B-p-glucopyranoside (867 mg, 1.6 mmol) was

dissolved in DCM (10 mL) and the solution cooled to 0 °C. Ethanethiol (0.36 mL, 4.9
mmol) and boron trifluoride diethyl etherate (0.30 mL, 2.5 mmol) were then added
and the solution stirred for 2 hours over an ice bath. Saturated sodium bicarbonate

solution (20 mL) was added and the resulting aqueous layer was extracted with DCM (3
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x 20 mL). The combined organic layers were dried over sodium sulphate before being
concentrated under reduced pressure. Following purification with column
chromatography (100 % DCM) the product was isolated as a pale yellow oil (599 mg,
69%).

ga OAc 14 NMR (400 MHz, CDCls): (a::p 1:0.5) & 7.4-7.3 (20H, m, Hara+B),
Bngg&‘jﬁsa 5.4 (1H, d, J = 5.4 Hz, H1a), 5.0 (1H, d, J = 10.7 Hz, ArCH,a), 4.9

Bno (1H, d, J = 9.6 Hz, ArCH,0), 4.9-4.8 (2H, m, ArCH20), 4.8-4.7 (2.5H,

m, ArCH,a+B), 4.7 (1H, d, J = 11.8 Hz, ArCH,0)), 4.6 (1.5H, m, ArCH,0+B), 4.5 (0.5H, d, J
=9.8 Hz, H1B), 4.4-4.2(4H, m, H5 a, H6aa, H6ba, H5B), 3.9 (1H, m, H3a), 3.8 (1H, dd, J
=3.4,9.5 Hz, H2a), 3.7 (0.5H, m, H3B), 3.5 (2.5H, m, H4a, H2pB, H4B), 2.8-2.7 (1H, m,
CH2CH3pB), 2.6-2.5 (2H, m, CH2CHsal), 2.1 (1.5H, s, O-CHsB), 2.0 (3H, s, O-CHsa), 1.3
(1.5H, t, J = 7.5 Hz, CH,CH3B), 1.3 (3H, t, J = 7.4 Hz, CH,CHza) ppm;

13C NMR (101 MHz, CDCls): & 170.7 (CqB), 170.7 (Cqa), 138.6-137.8 (Arp), 128.5-127.7
(Ara), 86.6 (C3B), 85.3 (C1B), 83.0 (Cla), 82.5 (C3a), 81.7 (C2/C4/C5B), 79.5 (C2a), 77.7
(C2/C4/C5B), 77.2 (C4a), 76.9 (C2/C4/C5B), 75.8 (ArCH»B), 75.8 (ArCH»a), 75.1
(ArCH2B), 75.0 (ArCH2a), 72.4 (ArCH»a), 69.0 (C5a), 63.4 (C6B), 63.2 (C6a), 25.3
(CH2CH3B), 23.8 (CH2CH3a), 20.9 (O-CH3p), 20.8 (O-CHsa), 15.1 (CH,CH3B), 14.8
(CH2CHsa) ppm;

LC-MS (ESI+) m/z 554.3 [M + NH4]*, 559.4 [M + Na]*, 575.4 [M + K]*.
Data matches that of literature.18®

8.1.4 Methyl 3-O-tert-butyldiphenylsilyl-(2R)-2-0-(6-O-acetyl-2,3,4-tri-O-benzyl-a,/B-

p-glucopyranosyl)-2,3-dihydroxypropanoate (2.5a/B)

2.9 0
\OJ\(\OTBDPS
OH

OAc OAc
NIS, TfOH
BIO— 0 ———— B 0
n SEt  DCM, 63% n
BnO @p 1:0.5 BnO
COzMe

240 2.50
2.4 258 OTBDPS
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Ethyl 6-O-acetyl-2,3,4-tri-O-benzyl-1-thio-a/B-b-glucopyranoside (1.00 g, 1.86 mmol)
and methyl (2R)-3-O-tert-butyldiphenylsilyl-2,3-dihydroxypropanoate (685 mg, 1.91
mmol) were dissolved in DCM (10 mL) and 4 A molecular sieves were added. The
solution was stirred at room temperature for 30 minutes. N-iodosuccinimide (556 mg,
2.47 mmol) was added before the reaction was cooled over ice. Triflic anhydride (24
pL, 0.13 mmol) was carefully added. The reaction was then stirred for 0.5 hours before
saturated sodium thiosulphate solution (20 mL) and saturated sodium bicarbonate
solution (10 mL) were added. The reaction mixture was then extracted with DCM (3 x
10 mL) and the organic layers combined, washed with brine (20 mL) and dried over
MgSQa4. The solvent was then removed under reduced pressure and the crude product
purified two successive times by column chromatography (10% ethyl acetate in

hexane) to give the product as a pale yellow oil (979 mg, 63%).

ga_OAc 14 NMR (400 MHz, CDCl3): (a:p 1:0.5) 6 7.7-7.6 (7H, m,
4
B 52 ° . Hara+B), 7.5-7.2 (30H, m, Ha0+B), 5.2 (1H, d, J = 3.6 Hz,
3 1
BnO

./ T=COMe Hla), 5.0 (1H, d, J=10.7 Hz, ArCH,a), 4.9 (1H, d, J = 11.7 Hz,

Lreops  ArCH2a), 4.9 (1H, d, J = 11.1 Hz, ArCHaa), 4.8 (1H, d, J = 10.7
Hz, ArCH2q), 4.7 (1H, d, J = 11.7 Hz, ArCHa), 4.6 (1H, d, J = 11.1 Hz, ArCH,a), 4.5 (1H,
dd, J = 4.0, 6.5 Hz, H7a), 4.3 (0.5H, dt, J = 3.0, 8.1 Hz, H2B), 4.2 (2H, d, J = 3.2 Hz,
H6a,6ba), 4.1 (1H, t, J = 9.3 Hz, H3a), 4.0 (4.5H, m, H50, H8a,8ba, H3B, H4P), 3.8 (1.6H,
s, CH3p), 3.8 (3H, s, -OCHsa), 3.6 (1H, dd, J = 3.6, 9.6 Hz, H2a), 3.5 (1H, m, H4a), 3.2
(0.5H, d, J = 8.0 Hz, H1B) 2.4 (1.5H, s, CH3B), 2.0 (3H, s, 0-CHsa), 1.1 (4.5H, s, 3 x CH3p),

1.1 (9H, s, 3 x CH3a) ppm;

13C NMR (101 MHz, CDCls): §173.3 (CqB), 170.7 (Cqa), 170.2 (Cqa), 138.7 (Car), 138.2
(Car), 138.1 (Car), 135.6-135.5 (Car), 133.0-132.9 (Car), 129.9 (Car), 129.8 (Car), 128.4-
127.7 (Car), 125.3 (Car), 94.8 (Cla), 81.7 (C30), 79.2 (C2a), 77.1 (C4a), 75.8 (ArCH2q)
74.9 (C70), 74.9 (ArCH,a), 72.1 (ArCH,a), 72.0 (C2B), 69.0 (C5), 65.8 (CH2B), 64.7 (C8),
62.9 (C6), 52.4 (CH3P), 52.0 (-OCHsa), 26.8 (CHs x 3a1), 26.7 (CHsx 3PB), 21.5 (CH3p), 20.8
(O-CHsa), 19.3 (*Bup), 19.2 (*Bua) ppm;

LC-MS (ESI+) m/z: 850.7 [M + NHa]*, 855.7 [M + Na]*, 871.6 [M + K]*.

189



Chapter 8

Data matched that of literature.18®

8.1.5 Methyl 3-O-tert-butyldiphenylsilyl-(2R)-2-0-(2,3,4-tri-O-benzyl-a/B-D-
glucopyranosyl)-2,3-dihydroxypropanoate (2.6a/B)

OAc OH

NaOMe, MeOH
BRO— O —————— ByoC Q
n o 0°C, 67% n o
BnO a:p1:05 BnO
CO;Me CO;Me
2.5  OTBDPS 26a  OTBDPS
2.58 2.6p

Methyl 3-O-tert-butyldiphenylsilyl-(2R)-2-0-(6-O-acetyl-2,3,4-tri-O-benzyl-a/B-D-
glucopyranosyl)-2,3-dihydroxypropanoate (508 mg, 0.60 mmol) was dissolved in
methanol (5.0 mL) and the resulting solution cooled to 0 °C. Sodium methoxide
solution in methanol (25%, 0.11 mL, 0.48 mmol) was added dropwise and the pH of the
solution reached 10-11. The reaction was then stirred for 5.5 hours after which the
solution was neutralised with saturated ammonium chloride solution (added until pH
reached 7). The aqueous layer was then extracted with ethyl acetate (3 x 20 mL) after
which the organic layers were combined and dried over Na;SOa. The solvent was then
removed under reduced pressure to give the product as a yellow oil that was

subsequently deemed clean enough to not warrant further purification, (318 mg, 67%).

6 OH 1H NMR (400 MHz, CDCl3): (o:f 1:0.5) 6 7.7-7.6 (7H, m,
4
B@%&"w Har+B), 7.4-7.2 (21H, m, Hara+B), 5.1 (1H, d, J = 3.6 Hz,
Bno H1a), 5.0 (1H, d, J = 10.8 Hz, ArCH-q), 4.9 (2H, m, ArCH20al X
7 ~CO,Me
Lreops  2), 4.8 (1H, d, J = 10.8 Hz, ArCHzq), 4.7 (1H, d, J = 11.7 Hz,

ArCH2a), 4.6 (1H, d, J = 11.3 Hz, ArCH,a), 4.5 (1H, dd, J = 4.2, 6.2 Hz, H7a), 4.2 (0.5H, m,
HB), 4.0 (4.5H, m, H3a, H8a, 8ba, HP), 3.8 (1H, m, H5a), 3.8 (1.5H, s, CH3pB), 3.7 (3H, s,
CHsa), 3.7 (2H, m, H6a, 6ba), 3.5 (2H, m, H2a, H4a), 3.1 (0.5H, d, /= 8.0 Hz, HB), 1.0
(4H, s, 'Bup), 1.0 (9H, s, ‘Bua) ppm;

13¢ NMR (101 MHz, CDCls): 6 170.4 (Cq), 138.8 (Cart), 138.4 (Car0t), 138.2 (Carat), 135.7-
135.6 (Car), 133.1-132.9 (CaB), 129.9 (Carat/B), 129.8 (Cara/B), 128.4-127.6 (Carct/B),
95.0 (Cla), 81.6 (C3a), 79.4 (C2a), 77.0 (C4a), 75.7 (ArCH,a), 74.9 (C7a), 74.9 (ArCH,a),
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72.2 (ArCHa), 72.0 (CB), 71.2 (C5a), 65.8 (CH2B), 64.7 (C8a), 61.7 (C601), 52.4 (CH3p),
26.8 (CHsa x 3), 26.7 (CH3B x 3), 19.3 (*BuB), 19.2 (‘Bua) ppm;

LC-MS (ESI+) m/z: 808.7 [M + NH4]*, 813.6 [M + Na]*, 829.6 [M + K]*.

Data matches that of literature.18®

8.1.6 Methyl (2R)-2-0-(2,3,4-tri-O-benzyl-a-p-glucopyranosyl)-2,3-
dihydroxypropanoate (2.7)

OH OH
TBAF
BnO 0 7" . BnO 0
BnO BnO
© o "Q  THF,RT, 53% N
"“0u _COMe
COzMe

2.6 2.7
268 oTBDPS OH

Methyl 3-O-tert-butyldiphenylsilyl-(2R)-2-0-(2,3,4-tri-O-benzyl-a/B-b-glucopyranosyl)-
2,3-dihydroxypropanoate (242 mg, 0.31 mmol) was dissolved in THF (5.0 mL) and then
TBAF solution in THF (1M, 0.37 mL, 0.37 mmol) was added. The reaction mixture was
left to stir at room temperature for 3.5 hours after which water (5 mL) was added. The
product was extracted from the reaction mixture using ethyl acetate (3 x 20 mL) and
the combined organic layers were combined and dried over sodium sulphate. The
solvent was then removed under reduced pressure and the resulting yellow oil purified
by column chromatography (10% methanol in DCM) to give the product as a waxy solid

(90 mg, 53%).

6a OH 'H NMR (400 MHz, CDCl3): 6 7.4-7.3 (15H, m, Har), 5.2 (1H, d,
4
BoS \ 52 2 1 J=3.7Hz, H1), 5.0 (1H, d, J = 10.9 Hz, ArCH>), 4.9 (2H, m,
BnO

O_-CO:Me  ArCH, x2), 4.8 (1H, d, J = 10.9 Hz, ArCH,), 4.7 (1H, d, J=11.5
7
IOH Hz, ArCHa), 4.6 (1H, d, J =11.0 Hz, ArCH,), 4.4 (1H, t, J = 4.5 Hz,
H7) 4.1 (1H, t,J = 9.3 Hz, H3), 4.0 (2H, d, J = 4.3 Hz, H8a, 8b), 3.8 (3H, s, CH3), 3.8-3.7

(3H, m, H5, H64, 6b), 3.6 (1H, dd, J = 3.7, 9.6 Hz, H2), 3.5 (1H, t, J = 9.3 Hz, H4) ppm;
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13C NMR (101 MHz, CDCls): 6 170.1 (Cq), 138.7 (Car), 137.9 (Car), 137.8 (Car), 128.5-128
(Car), 95.1 (C1), 81.4 (C3), 79.4 (C2), 77.1 (C4), 75.7 (ArCH,), 75.2 (ArCH>), 74.6 (C7),
72.5 (ArCH,), 71.7 (C5), 63.4 (C8), 61.7 (C6), 52.2 (CH3) ppm;

LC-MS (ESI+) m/z: 570.4 [M + NH4]*, 575.5 [M + Na]*, 591.4 [M + K]*.
Data matches that of literature.18®

8.1.7 Methyl (2R)-2-0-(a-b-glucopyranosyl)-2,3-dihydroxypropanoate (2.8)

OH OH
Hy, Pd(OH),
BnO— 0 ——————— HOo 0
N AcOEt / EtOH, 5
oL _coMe RT 95% O _CO,Me
2.7 \[ 2.8 \[
OH OH

Methyl (2R)-2-0-(2,3,4-tri-O-benzyl-a-b-glucopyranosyl)-2,3-dihydroxypropanoate (123
mg, 0.22 mmol) was dissolved in a mix of ethyl acetate (4.0 mL) and ethanol (2.0 mL)
and to the resulting solution was added palladium hydroxide on carbon (20%, 25 mg).
The system was intermittently exposed to a vacuum, replacing the atmosphere in the
vessel with hydrogen gas. A hydrogen filled balloon was used to maintain a hydrogen
saturated atmosphere within the reaction vessel. The reaction was left to stir at room
temperature overnight after which the reaction mixture was filtered over Celite® and
washed with methanol. The filtrate was then washed with DCM (3 x 20 mL) after
which the aqueous layer was concentrated and the solvent removed under reduced
pressure. This led to the product being obtained as a colourless oil which did not

require further purification (59 mg, 95%).

¢a, OH 'H NMR (400 MHz, CD30D): 6 5.0 (1H, d, J = 3.8 Hz, H1), 4.4
4
HOS 52 2 ) (1H,t,J=3.6 Hz, H7), 3.9 (2H, dd, J = 2.4, 3.4 Hz, H8a, H8b),
° Ho

0\[002“/'9 3.8 (2H, m, H64a,6b), 3.8 (3H, s, CHs), 3.7 (1H, m, H3), 3.6 (1H,
7
8

OH m, H5), 3.4 (1H, dd, J = 3.8, 9.7 Hz, H2), 3.3 (1H, m, H4) ppm;

13¢ NMR (101 MHz, CDsOD): & 170.9 (Cq), 97.5 (C1), 75.1 (C7), 73.6 (C3), 73.0 (C5), 72.2
(C2), 70.2 (C4), 62.8 (C8), 61.2 (C6), 51.1 (CH3) ppm;
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Data matches that of literature.18®

8.1.8 (2R)-2-0-(a-p-glucopyranosyl)-2,3-dihydroxypropanoate (1.36)

OH OH

HO 0 _HoH o 0

HO HO
0,
HO H,0, RT, 96 % o

O _CO,Me O. _CO,H
2.8 \[ 1.36 \[

OH OH

Methyl (2R)-2-0O-(a-p-glucopyranosyl)-2,3-dihydroxypropanoate (62 mg, 0.22 mmol)

was dissolved in H20 (10.0 mL) and a solution of LiOH (1 M in H20, 180 pL) was added.
The reaction was left to stir overnight at room temperature. Reaction was neutralised
with Dowex®-H* resin which was subsequently removed via filtration. The solvent was

removed under reduced pressure to yield a colourless oil (56 mg, 96%).

ga ~OH 'H NMR (400 MHz, D,0): § 5.00 (1H, d, J = 3.8 Hz, H1), 4.2 (1H,
4
HOS 52 A, dd, J = 3.2, 6.1 Hz, H7), 3.9-3.7 (6H, m, H3, H5, H6a, H6b, H8a,
* HoO

O_-COH H8b), 3.5 (1H, dd, J = 3.8, 9.8 Hz, H2), 3.4 (1H, m, H4) ppm;
7
° YoM 13¢ NMR (101 MHz, D;0): § 177.1 (Cq), 97.5 (C1), 79.1 (C7),
73.2 (C3/C5), 72.2 (C3/C5), 71.6 (C2), 69.4 (C4), 63.1 (C6/C8), 60.5 (C6/C8) ppm;
LC-MS (ESI-) m/z: 267.7 [M — HJ-.

Data matches that of literature.18®

8.1.9 1,2:5,6-Di-O-isopropylidene-p-mannitol (2.13)

OH OH Zncl yo OH
HO\/K/'\‘/OH i B O\)\/\(\O
: acetone, RT, H

OH OH 369 OH o\%

212 213

Zinc chloride (47.0 g, 0.34 mol) was stirred in acetone (300 mL) and the reaction

mixture cooled to 0 °C. b-mannitol (30.0 g, 0.16 mol) was then added and the reaction
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left to stir overnight at room temperature. The reaction was then once again cooled to
0 °C and a solution of potassium carbonate (47.8 g) in water (60 mL) was added. The
reaction was stirred at room temperature for 1 hour before being filtered under
vacuum. The remaining solid was washed with ethyl acetate (3 x 50 mL) and to the
filtrate was added concentrated NH4OH (1.0 mL). The solvent was then removed under
reduced pressure and the resulting white residue dissolved in water (50 mL). This was
then extracted with ethyl acetate (2 x 200 mL), the organic layers combined and dried
over sodium sulphate then the solvent removed under reduced pressure. The resulting
white solid was then recrystallized from the minimum amount of boiling ethyl acetate

to give the product in the form of white cotton like crystals (15.0 g, 36%).

;40 o 'H NMR (400 MHz, CDCl3): 6 4.2 (2H, dd, J = 6.3, 12.4, H5, H2), 4.1
0%, (2H, m, H6a, H1a), 4.0 (2H, m, H6b, H1b), 3.8 (2H, m, H4, H3), 2.7 (2H,
(0]
d,J=6.7Hz,-OH x 2), 1.4 (6H, s, CHs), 1.4 (6H, s, CH3) ppm;

13¢ NMR (101 MHz, CDCl3): 6 109.3 (Cq x 2), 76.3 (C5, C2), 71.2 (C4, C3), 66.7 (C6, C1),
26.7 (CHs), 25.2 (CHs) ppm;

LC-MS (ESI+) m/z: 263.4 [M + H]*, 285.3 [M + Na]*, 547.4 [2M + Na]*.
Data matches that of literature.1%®

8.1.10 (R)-(+)-2,2-dimethyl-1,3-dioxolane-4-carboxaldehyde (2.14)

yo OH

o)
3 : NaHCO,, Nalo, |l
i (6] @]
E DCM, RT,
OH o~<— 56% o%
213 2.14

1,2:5,6-Di-O-isopropylidene-b-mannitol (12.25 g, 46.7 mmol) was dissolved in DCM
(120 mL) and saturated sodium bicarbonate solution (5.4 mL) was added followed by
sodium periodate (19.98 g, 93.4 mmol). The reaction was stirred at room temperature
for 4 hours before the sodium periodate was removed via vacuum filtration. The DCM
was removed under reduced pressure and the remaining aqueous solution was

extracted with DCM (3 x 50 mL). The organic layers were then washed with water (50
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mL) followed by brine (50 mL) before being combined and dried over MgSQOa. The
solvent was removed under reduced pressure to give the product as a colourless oil
(3.42 g, 56%). The crude product was purified via vacuum distillation, fractions

collected at 60-65 °C.

>, ™M NMR (400 MHz, CDCls): § 9.7 (1H, d, J = 1.7 Hz, CHO), 4.4 (1H, ddd, J =
4

s O" 1.9,4.9,7.2 Hz, H4), 4.1 (2H, m, H5a, H5b), 1.5 (3H, s, CHs), 1.4 (3H, s, CHs)
3 2<

ppm;
Data matches that of literature.1%®

8.1.11 Methyl (R)-(+)-2,2-dimethyl-1,3-dioxolane-4-carboxylate (2.15)

o o
k(\ Br,, NaHCO,
——————> MeO
&_ L MeOH/H,0,RT 8P
84% {

214 215

(R)-(+)-2,2-dimethyl-1,3-dioxolane-4-carboxaldehyde (116 mg, 0.80 mmol) was
dissolved in a mix of methanol (9.0 mL) and water (1.0 mL) and to the resulting
solution was slowly added sodium bicarbonate (491 mg, 5.8 mmol). Bromine (5 drops)
was then added and the reaction stirred overnight at room temperature. Saturated
sodium thiosulphate solution was then added until the yellow colour of the reaction
mixture had disappeared. The product was extracted with DCM (3 x 20 mL) and the
organic layers combined and dried over magnesium sulphate. The solvent was
removed under reduced pressure and the residue filtered to give the product as a

colourless oil (108 mg, 84%).

o 'H NMR (400 MHz, CDCl3): 4.6 (1H, dd, J = 5.3, 7.2 Hz, H4), 4.2 (1H, dd, J
~ 4
OJY\O1 =7.3,8.6 Hz, H5a), 4.1 (1H, dd, J= 5.2, 8.6 Hz, H5b), 3.8 (3H, s, OCH3s),

oK
3 2

13C NMR (101 MHz, CDCl3): § 171.6 (Cq), 111.4 (Cq), 74.1 (C4), 67.2 (C5), 52.4 (OCH3),

1.5(3H, s, CHs), 1.4 (3H, s, CH3) ppm;

25.8 (CHs), 25.5 (CH3) ppm;
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[alo +19.0 (¢ 1.0, CHCls, 22 °C).
Data matches that in literature. 197,321

8.1.12 (R)-methyl-2,3-dihydroxyl-propionate (2.16)

o 0
DOWEX-H*
MeO o MeO OH
S MeOH, RT,
‘% 98% OH

2.15 2.16

(R)-(+)-2,2-dimethyl-1,3-dioxolane-4-carboxylate (547 mg, 3.43 mmol) was dissolved in
methanol (20 mL) and to the resulting solution DOWEX®-H* resin (6.36 g) was added.
The reaction was left to stir at room temperature overnight before the DOWEX®-H*
resin was removed via vacuum filtration. The solvent was removed under reduced

pressure to give the product as a yellow oil (403 mg, 98%).
.. HNMR (400 MHz, CDCl3): 6 4.3 (1H, t, J = 3.6 Hz, H2), 3.9 (1H, m, H3a),

0" 1 OH
OH 3.8 (1H, m, H3b), 3.8 (3H, s, CHs) ppm;

N

13C NMR (101 MHz, CDCs): § 173.5 (Cq), 71.8 (C2), 64.1 (C3), 52.7 (CHs) ppm;
[alo +11.0 (c 0.5, CHCIs, 23 °C).
Data matches that of literature.322

8.1.13 Methyl (2R)-3-O-tert-butyldiphenylsilyl-2,3-dihydroxypropanoate (2.9)

0 TBDPS-CI, 0
imidazole
MeO OH m’ MeO OTBDPS
OH ég% ! OH
2.16 2.9

(R)-methyl-2,3-dihydroxyl-propionate (403 mg, 3.4 mmol) was dissolved in DCM (5 mL)
and to the resulting solution was added imidazole (464 mg, 6.8 mmol). The reaction
mixture was then cooled to -40 °C and TBDPS-CI (1.05 mL, 4.02 mmol) was added. The
reaction was left to stir for 1.5 hours before quenching with a saturated solution of

NH4Cl (20 mL). The organic and aqueous layers were separated and the aqueous layer
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was extracted with DCM (3 x 20 mL). The combined organic layers were combined and
dried over MgS0. before the solvent was removed under reduced pressure to give the

product in the form of a yellow oil (1.09g, 91%).
14 NMR (400 MHz, CDCl3): 6 7.8-7.6 (5H, m, Ar), 7.5-7.4 (5H, m, Ar),
"
3

4.3 (1H,t,J = 2.9 Hz, H2), 4.0 (1H, dd, J = 2.9, 10.5 Hz, H3a), 3.9 (1H,

~ 2 _Si

o1 (¢]
5 @ dd, J = 2.9, 10.4 Hz, H3b), 3.8 (3H, s, -OCH), 1.1 (9H, s, CHs X 3) ppm;

13C NMR (101 MHz, CDCl3): 6 173.1 (Cq), 135.8-127.3 (Car), 71.8 (C2), 65.6 (C3), 52.2
(CH3), 26.5 (CH3 x 3), 19.1 (*Bu) ppm;

[alo -22.0 (c 1.0, CHCls, 21 °C);
LC-MS (ESI+) m/z: 376.2 [M + NH4]*, 381.2 [M + Na]*, 397.3 [M + K]*.
Data matches that of literature.186323

8.1.14 Octa-0O-benzyl- a/B-b-maltopyranoside (2.19a/B)

OBn

fé : BnB B o/goz
NaH nBr anO OBn
“DMFO°C-RT Bnooﬁ\
81%
op 1:3.3 BnO
OBn OBn
2.19¢
2.198

D-maltopyranose monohydrate (1.04 g, 2.9 mmol) was dissolved in dimethyl
formamide (20 mL) and the resulting solution cooled over ice. Sodium hydride (60% in
paraffin, 1.79 g, 44.75 mmol) was slowly added and the reaction stirred for 30 minutes
before benzyl bromide (3.4 mL, 29 mmol) was added dropwise. The reaction was then
slowly allowed to return to room temperature and stirred for a further 3 hours at
which point it was cooled and water added slowly until gas evolution ceased. Product
was then extracted with DCM (20 mL) and washed with water (5 x 10 mL) before being
dried over MgSQa. Solvent was removed under reduced pressure and the resultant oil
was purified by column chromatography (30% ethyl acetate in hexane) to yield a

viscous oil (2.48 g, 81%).
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OBn 'H NMR (400 MHz, CDCl3): 6 (a:B 1:3.3) 7.5-7.1 (50H, m,

& ) ,
4 )
B %&é« g OBn Ar),5.7 (0.3H,d, = 3.6 Hz, H'a), 5.7 (1H,d, J = 3.7 Hz,

BnO 1 H1’B), 5.1(0.3H, d, J = 11.6 Hz, ArCH,a), 5.0-4.3 (24H, m,
3 2

BiO 9" ArCH,, H1B, H1a), 4.2-4.1 (3H, m), 3.9-3.8 (6.6H, m,

H3'B, H5'B, H6a’/H6aPB, HEb'/HEbB), 3.7-3.4 (8.3H, m, H2'B, H4'B, H6a'/H6aB,

H6b’/H6bB, H2B, H2a) ppm;

13C NMR (101 MHz, CDCls): 6 138.8-137.5 (Cgar), 128.5-125.3 (Cas), 102.4 (C1p), 96.8
(C1’B), 84.8, 82.3, 82.0,79.4, 77.8, 75.5 (Bn-CH,), 75.0 (Bn-CH,), 74.7 (Bn-CH,), 74.6,
73.9 (Bn-CH3), 73.5 (Bn-CH3), 73.4 (Bn-CHy), 73.2 (CH,a), 72.8, 72.1 (Bn-CHy), 71.1, 71.0
(Bn-CH,), 69.2 (C6/C6’B), 68.3 (C6/C6’B) ppm;

LR-MS (ESI+) m/z: 1085.8 [M + Na]*, 1101.9 [M + K]".
Data matches that of literature.324

8.1.15 2,3,6,2’,3’,4’,6’-hepta-O-benzyl-o/B-D-maltopyranose (2.20a/B)

HCO,NH,, Pd-
AI203
(@] MeOH 35%
a:p 1:0.2
OBn OBn OBn OH
2.190 2.200.
2.198 2.20B

Octa-O-benzyl- a/B-b-maltopyranoside (115 mg, 0.11 mmol) was dissolved in methanol
(5 mL) and palladium on alumina (10%, 144 mg) was added, followed by ammonium
formate (132 mg, 2.09 mmol). The reaction was left to stir at room temperature and
monitored by TLC (2:1 diethyl ether: ethyl acetate). Upon complete consumption of
the starting material the catalyst was removed via filtration over Celite® which was
washed with ethyl acetate. The solvent was then removed in vacuo and the crude
product purified by column chromatography (0-20% diethyl ether in toluene) to give a

viscous oil (37mg, 35%).
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g OBn 1H NMR (400 MHz, CDCls): & (a:p 1:0.2) 7.4-7.1 (34H, m,
Br;g@v g OBn Har), 5.6 (1H, d, J = 3.6 Hz, H1'a), 5.6 (0.2H, d, J = 3.6 Hz,
' B”OB%&& H1'B), 5.2 (1H, d, J = 3.6 Hz, H1a), 5.0-4.8 (8.0H, m, H1B),
B0 "OH 4944 (11.4H, m), 4.3 (LAH, m), 4.2-4.0 (5.2H, m), 3.9-
3.6 (9.2H, m, H3’a, H4’a, H5’a, H2a, H6aa, H6ba), 3.6-3.5 (3.6H, m, H2’a, H6a’'a), 3.4

(1.4H, m, H6b’a, H2B) ppm;

13C NMR (101 MHz, CDCl3): & 138.9-137.7 (Cqar), 129.1-125.3 (Car), 97.4 (C1B), 97.0
(C1’a), 96.9 (C1’B), 90.8 (Cla), 84.4, 83.1, 82.0, 81.3, 80.0, 79.5, 79.3, 77.7, 75.5 (Bn-
CHaa), 75.0 (Bn-CH3B), 75.0 (Bn-CH2a), 74.5 (Bn-CH2B), 74.4, 74.2 (Bn-CH,a), 73.9 (Bn-
CH3B), 73.5 (Bn-CH3B), 73.5 (Bn-CH:a), 73.3 (Bn-CH.B), 73.3 (Bn-CH,a), 73.1 (Bn-CH,a),
72.9,72.9,71.2,71.1,69.9, 69.4 (CH»B), 69.1 (C6/C6’a), 68.2 (C6/C6’a) ppm;

LR-MS (ESI+) m/z: 995.7 [M + Na]*, 1011.7 [M + K]*.
Data matches that of literature.32®

8.1.16 1-O-acetyl-2,3,6,2’,3’,4’,6’-hepta-0-benzyl-a/B-p-maltopyranoside (2.21a/B)

OBn OBn
BnO O OBn Ac20 BnO O OBn
BnO —_— BnO
pyridine, 0°C -
BnO | o} RT, 66% BnO 4 0
BnO af 1:1.4 BnO
OBn OH OBn OAc
2.20c 221a
2.208 2.21B

2,3,6,2’,3',4’,6’-hepta-0O-benzyl-a/B-b-maltopyranose (315 mg, 0.32 mmol) was
dissolved in pyridine (5.0 mL) and acetic anhydride (0.05 mL) was added. Reaction was
then stirred at room temperature overnight. Methanol (5.0 mL) was added to the
reaction mixture and the solvents removed under reduced pressure. Remaining
pyridine was co-evaporated with toluene then chloroform. Crude material was purified
via column chromatography (0-10% diethyl ether in toluene) to yield a viscous oil (212

mg, 66%).
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g OBn 1H NMR (400 MHz, CDCls): 6 (c:f 1:1.4) 7.4-7.1 (45H, m,
B%%&éf % OBn Has), 6.4 (0.7H, d, J = 3.6 Hz, H1’a), 5.7 (0.7H, d, J = 3.7
’ B"O&&@vh Hz, H1la), 5.7 (1H, d, J = 8.0 Hz, H1B), 5.6 (1H, d, J = 3.7
TEn0 0% L H1%B), 5.0 (0.7H, d, J = 11.9 Hz, ArCH.a), 4.9-4.8 (H,
m), 4.7-4.4 (15H, m), 4.3 (1.7H, m), 4.2 (1.7H, m), 4.1 (0.7H, m, H3'a), 4.0 (0.7H, m),
4.0-3.6 (13.7H, m, H2'a, H2P), 3.5 (3.7H, m, H2a, H2'B, HE'/H6B), 3.4 (2H, m, HE'/HEP),
2.2 (2.1H, s, CHsa), 2.1 (3H, s, CH3B) ppm;

13C NMR (101 MHz, CDCl3): & 169.6 (Cq), 169.3 (Cq), 138.7-137.4 (Cqar), 128.5-126.7
(Car), 97.0 (C1’B), 96.9 (C1’at), 93.9 (C1P), 89.6 (H1a), 84.8, 82.0, 82.0, 81.6, 81.0, 80.5,
79.4,79.4,79.1,77.7, 75.6 (Bn-CH,), 75.5 (Bn-CH,), 75.4, 75.0 (Bn-CH,), 75.0 (Bn-CH,),
74.8 (Bn-CH,), 74.3 (Bn-CH,), 73.5 (Bn-CHs), 73.5 (Bn-CH,), 73.3 (Bn-CHa), 73.3 (Bn-
CH.), 73.3 (Bn-CHy), 73.2 (Bn-CH,), 72.8, 72.5, 71.6, 71.1, 68.7 (C6/6'B), 68.5 (C6/6'a),
68.2 (C6/6'B), 68.2 (C6/6’a), 21.23 (CHsa), 21.1 (CH3B) ppm;

LR-MS (ESI+) m/z: 1037.9 [M + Na]*, 1053.7 [M + K]*.
Data matches that of literature.326

8.1.17 Octa-O-acetyl-a/B-b-maltopyranoside (2.23a/B)

OH OAc

o) o)
HO | AcO
Ho/éﬁ OH 2 %co/éﬁ OAc
HO § o Ac0 AcO 4 o
HO 0°C - RT, 100 % AcO
op1:1.6
HO {4, B AcO OAc
2.18 2.23a

2.23p

D-maltose monohydrate (2.00 g, 5.55 mmol) was dissolved in acetic anhydride (10 mL)
and cooled over an ice bath. lodine (0.1 g, 0.39 mmol) was then slowly added to the
resultant solution. The reaction was warmed to room temperature and stirred for 2
hours. A saturated solution of sodium thiosulphate was added until the dark brown
colour had gone leaving a yellow coloured solution. A saturated solution of sodium
bicarbonate was then added until fizzing had subdued. Ethyl acetate (3 x 10 mL) was

used to extract the product and resulting organic layers were washed with saturated
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sodium bicarbonate (2 x 10 mL). Organic layers were dried over MgS04 and solvent

removed under vacuum to give a white foam (2.85 g, 4.20 mmol, 76%).

g OAC 14 NMR (400 MHz, CDCls): & (a:B 0.6:1) 6.3 (0.6H, d, J =
4' |
A%O& 6 _OAC 3.8 Hz, H1a), 5.8 (1H, d, J = 8.2 Hz, H1B), 5.5 (0.6H, dd, J
3 2
AcO

C ! 1 6b
&&\ =8.7,10.2 Hz, H3a), 5.4 (0.6H, d, J=3.9 Hz, H1'a), 5.4

* A "onc (1H, d, J= 4.2 Hz, H1’B), 5.4 (1.6H, m, H3’B, Ha), 5.3 (1H,
t,J=9.0 Hz, H3B), 5.1 (1.6H, q, J = 9.8 Hz, H4’B, Ha), 5.00 (1.6H, m, H2B, H2a), 4.9
(1.6H, m, H2'B, Ha), 4.5 (1.6H, dd, J = 2.5, 12.2 Hz, H6aP, H6/6’a), 4.2 (3.2H, m, HEbB,
H6a’B, H6/6’ax 2 ), 4.1 (1H, m, Ha), 4.1 (3.2H, m, H4B, H6b’B, H4a, H6/6’a), 4.0 (1.6H,
m, H5’B, Ha), 3.8 (1H, ddd, J = 2.6, 4.3, 9.5 Hz, H5B), 2.2 (1.8H, s, CH3 a), 2.2 (1.8H, s,
CHsa), 2.1 (3H, s, CH3B), 2.1 (4.2H, s, CHsa+B), 2.1 (3H, s, CH3p) 2.1 (1.8H, s, CHza), 2.1
(3H, s, CHsB), 2.0 (1.6H, s, CH3a), 2.0 (3H, s, CH3B), 2.0 (1.6H, s, CHza), 2.0 (3H, s, CH3p),
2.0 (4.2H, s, CHso+B), 2.0 (3H, s, CHsp), 2.0 (1.8H, s, CHza) ppm;

13C NMR (101 MHz, CDCl3): § 170.6 (Cg), 170.6 (Cq), 170.5 (Cq), 170.5 (Cq), 170.1 (Cq),
170.0 (Cq), 170.0 (Cq), 169.9 (Cq), 169.8 (Cq), 169.6 (Cq), 169.5 (Cq), 169.4 (Cq), 168.9
(Cq), 168.8 (Cq), 95.8 (C1'a), 95.7 (C1’B), 91.3 (C1P), 88.9 (Cla), 75.3 (C3P), 73.0 (C5P),
72.4 (C4B), 72.3 (Ca), 72.3 (Cay), 70.9 (C2PB), 70.1 (Ca), 70.1 (Car), 70.0 (C2’), 69.7 (C2a),
69.3 (C3'B), 69.3 (Cal), 68.6 (Cay), 68.6 (C5’B), 68.0 (C4’B), 67.9 (Cay), 62.5 (C6B), 62.4
(C6/6’a), 61.5 (C6' B), 61.4 (C6/6'at), 21.0 - 20.4 (CH30+ B) ppm;

LR-MS (ESI+) m/z: 696.5 [M + NH4]*, 701.5 [M + Na]*, 717.5 [M + K]*.
Data matches that of literature.3?”

8.1.18 p-tolyl-2,3,6,2’,3’,4’,6’-hepta-0-acetyl-1-thio-B-bD-maltopyranoside (2.24)

OAc OAc

o) BF3.OEt,, p- o
Ase:o OAc thiocresol - A(ig: 5 OAc
AcO 4 o) CH,Cl, AcO | o
AcO 64 % AcO S
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Octa-O-acetyl-a/B-b-maltopyranoside (2.85 g, 4.2 mmol) was dissolved in anhydrous
DCM (15 mL) a solution of p-thiocresol (1.07 g, 8.4 mmol) in anhydrous DCM (4 mL)
was then added, followed by BF3.0OEt; (1.0 mL, 8.4 mmol). The reaction was left to stir
at room temperature overnight. Reaction was cooled over ice and triethylamine was
added until deep red colour changed to yellow. Reaction mixture was washed with
saturated sodium bicarbonate (20 mL) followed by water (20 mL). Organic layers were
dried over MgS04 and solvent removed under reduced pressure. The crude product
was purified via column chromatography (40% ethyl acetate in hexane) to give a white

foamy solid (1.98 g, 2.7 mmol, 64 %).

g OAC IH NMR (400 MHz, CDCI3): § 7.4 (2H, d, J = 8.1 Hz,
A%&%T & Ohc H7),7.1(2H, d, J = 8.0 Hz, H8), 5.4 (1H, d, /= 4.0
oA s, HzHY),53(1H,dd,1=9.7,104 Hz, HY), 5.3
" AcD ] ® (1H,t,J=9.0 Hz, H3),5.0 (1H,t, /= 9.9 Hz, H4'),
° 4.8 (1H, dd, J = 4.0, 10.5 Hz, H2'), 4.8 (1H, 1, J= 9.7

Hz, H2), 4.7 (1H, d, J = 10.0 Hz, H1), 4.5 (1H, dd, J = 2.5, 12.0 Hz, H6a), 4.2 (2H, td, J =
4.4,12.1 Hz, H6b, H6b’), 4.1 (1H, dd, J = 2.2, 12.4 Hz, H62’), 3.9 (2H, m, H5’, H4), 3.7
(1H, m, H5), 2.4 (3H, s, Ar-CHs), 2.1 (3H, s, CHs), 2.1 (3H, s, CHs), 2.1 (3H, s, CH3), 2.0
(3H, s, CHs), 2.0 (3H, s, CHs), 2.0 (3H, s, CHs), 2.0 (3H, s, CHs) ppm;

13C NMR (101 MHz, CDCls): § 170.5 (Cq), 170.3 (Cq), 170.2 (Cq), 169.9 (Cq), 169.5 (Cq),
169.4 (Cq), 134.1 (C7), 129.7 (C8), 95.5 (C1’), 85.1 (C1), 76.5 (C3), 76.1 (C5), 72.4

(C5’/C4), 70.7 (C2), 70.0 (C2’), 69.3 (C3'), 68.5 (C5'/C4), 68.0 (C4’), 62.8 (C6), 61.5 (C6'),
21.2 (Ar-CHs), 20.9 (CHs), 20.8 (CHs), 20.8 (CHs), 20.7 (CHs), 20.6 (CHs), 20.6 (CHs), 20.6

(CHs) ppm;
LR-MS (ESI+) m/z: 760.5 [M + NH4]*, 765.4 [M + Na]*, 781.5 [M + K]*.
Data matches that of literature.?6

8.1.19 p-tolyl-1-thio-B-b-maltopyranoside (2.25)
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OAc OH
O O
AcO HO
%& one Naowe H&ﬁ on
AcO 0 HO 0
MeOH:CH,Cl, 1:1
}\%&&s BOH:CH,Cly %&&s

0,
AcO % OH
2.24 2.25

p-tolyl-2,3,6,2’,3’,4’,6’-hepta-0O-acetyl-1-thio-B-bD-maltopyranoside (17.93 g, 24.1 mol)
was dissolved in anhydrous DCM (80 mL) and methanol (80 mL). Sodium methoxide
(25% w/v in methanol) (10.5 mL, 48.3 mmol) was added and the reaction stirred at
room temperature for 3 hours. Dowex®-H* resin was used to neutralise the solution
and was then filtered off and washed with methanol. Solvent was removed under
reduced pressure and crude product was purified via column chromatography (5-30%

methanol in DCM) to give a white foamy solid (9.85 g, 21.96 mmol, 91 %).

g OH 'H NMR (400 MHz, CD30D): § 7.5 (2H, d, J = 8.1 Hz,
H%&é« & OH H7),7.1(2H, d,J = 8.0 Hz, H8), 5.2 (1H,d, J = 3.8
© oo Qs 5 M HY),45(1H,d,J=9.8 Hz, H1), 3.8 (3H, m,
" on 7 °  Héa’, H6a, H6b), 3.6 (4H, m, H3', HS', H3, Heb'),
y 3.5 (1H,,J = 9.3 Hz, H4), 3.4 (1H, dd, = 3.7,9.7

Hz, H2’), 3.4 (1H, m, H5), 3.2 (2H, m, H4’, H2), 2.3 (3H, s, Ar-CH3z) ppm;

13C NMR (101 MHz, CDs0D): 6 137. 5 (Cqar), 132.2 (C7), 129.7 (Cqar), 129.2 (C8), 101.4
(C1’), 88.2 (C1), 79.4 (C4), 79.2 (C5), 78.0, 73.7, 73.4 (C3’, C5, C3), 72.8 (C2’), 72.0, 70.1
(C4’, C2), 61.3 (C6’), 61.0 (C6), 19.7 (Ar-CHs) ppm;

LR-MS (ESI+) m/z: 466.4 [M + NH4]*, 471.4 [M + Nal*, 487.2 [M + K]*, 897.5 [2M + H]*,
919.4 [2M + Na]*.

Data matches that of literature.?®

8.1.20 p-tolyl-2,3,6,2’,3’,4’,6’-hepta-0O-benzyl-1-thio-B-D-maltopyranoside (2.26)
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OH OBn
(0] NaH, BnBr (0]
HO : BnO
HO/&‘ OH an& OBn
HO o DMF BnO | o
%o s 0°C - RT, 70% 50 s

OH OBn
2.25 2.26

p-tolyl-1-thio-B-p-maltopyranoside (0.95 g, 2.12 mmol) was dissolved in anhydrous
dimethylformamide (20 mL) and cooled over ice. NaH (60% in paraffin, 682 mg, 17.04
mmol), was added and the reaction stirred for 1 hour over ice. Benzyl bromide (2.00
mL, 16.82 mmol) was then added and the reaction allowed to warm to room
temperature and stirred overnight. Reaction was quenched with MeOH until fizzing
subdued then H;0 until no further gas evolution. Product was extracted with diethyl
ether (3 x 20 mL) and organic layers washed with H20 (20 mL) followed by brine (20
mL) before being dried over MgS0a. Solvent was removed under vacuum and the
crude oil was purified via column chromatography (5-20% ethyl acetate in hexane) to

give a pale yellow, viscous oil (1.61 g, 1.49 mmol, 70%).

g, ~OBn 'H NMR (400 MHz, CDCl3): § 7.5 (2H, d, J = 8.1 Hz,
Bnﬁ&éf g OBn H7), 7.21-7.3 (7H, m, Har), 7.3-7.1 (27H, m, Ha),
B"O&&&/S . 7.0(2H,d,J=8.1Hz H8),5.6 (1H,d, /= 3.6 Hz,
oen ® HY'),4.9-4.8 (4H, m, ArCH,), 4.8 (2H, m, ArCH),

y 4.6 (1H, d, J = 9.8 Hz, H1), 4.6-4.4 (8H, m, ArCHy),

4.3 (1H, d,J = 12.2 Hz, ArCH,), 4.1 (1H, t, J = 9.1 Hz, H5), 3.9-3.8 (5H, m, H3, H3’, H,
H6a, H6b), 3.6 (1H, m, H4’), 3.6 (3H, m, H2, H4, H6a’), 3.5 (1H, dd, J = 3.6, 10.0 Hz, H2’),
3.4 (1H, dd, J = 0.9, 10.3 Hz, H6b’) 2.3 (3H, s, Ar-CH3) ppm;

13C NMR (101 MHz, CDCl3): 6 138.7-137.7 (Cqar), 132.8 (C7), 129.7 (C8), 129.6 (Cqa),
128.4-126.5 (Ca) 97.1 (C1’), 87.4 (C1), 86.8 (C3/C3’/C5’), 82.0 (C3/C3’/C5’), 80.9
(C2/C4), 79.4 (C2’), 78.8 (C2/C4), 77.7 (C4’), 75.5 (Bn-CHy), 75.2 (Bn-CHy), 75.0 (Bn-
CH), 74.3 (Bn-CHy), 73.5 (Bn-CHy), 73.4 (Bn-CH,), 73.3 (Bn-CH3), 72.7 (C5), 71.1
(C3/C3’/C5’), 69.2 (C6), 68.2 (C6’), 21.2 (Ar-CHs) ppm;

LR-MS (ESI+) m/z: 1096.8 [M+NH4]*, 1101.8 [M+Na]*, 1117.8 [M+K]*.
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Data matches that of literature.?’

8.1.21 Methyl 3-O-tert-butyldiphenylsilyl-(2R)-2-0-(2,3,6,2’,3’,4’,6’-hepta-0O-benzyl-
o/B-p-maltopyranosyl)-2,3-dihydroxypropanoate (2.2 o/B)

0

OBn OBn
\O)H/\OTBDPS
BnBOn o C OBn OH BnE% o C OBn
BnOo/éé/ NIS, BnOo/&\1
540 s TMSOTf 840
OBn DCM Bno
0°C - RT, 68% 27C°2'V'e
2.26 a:p 1:0.6 2.27a
2.278 OTBDPS

p-tolyl-2,3,6,2°,3’,4’,6’-hepta-0O-benzyl-1-thio-B-p-maltopyranoside (9.93 g, 9.2 mmol)
and methyl (2R)-3-O-tert-butyldiphenylsilyl-2,3-dihydroxypropanoate (3.96 g, 11.06
mmol) were dissolved in anhydrous DCM (90 mL) and stirred over 4 A molecular sieves
for 30 minutes. N-iodosuccinimide (2.71 g, 12.05 mmol) was added and the reaction
cooled over ice. TMS-OTf (120 pL, 0.64 mmol) was added and the reaction stirred for
30 minutes. Saturated aqueous solutions of NaHCO3; and Na,S,03 were added until
deep red colour of reaction turned yellow. Aqueous layer was extracted with DCM (2 x
50 mL) and the combined organic layers were washed with saturated NaHCOs3 solution
then dried over MgS0a. Solvent was removed in vacuo to give a yellow oil which was
purified by column chromatography (10-15% ethyl acetate in hexane) to yield a pale
yellow oil (8.27 g, 6.3 mmol, 68%).

% Hz, H1'a), 5.7 (0.6H, d, J = 3.7 Hz, H1’B), 5.2 (1H,

61 ~OBn 1H NMR (400 MHz, CDCl3): & (a:p 1:0.6) 7.7 (7H,
4 )
Bng&%T g OBn m, Har), 7.5-7.1 (64H, m, Hay), 5.7 (1H, d, J = 3.6
¢ Bno 4 \s q
[0] A7 1
(¢)
BnO d,J=3.7 Hz, Hla), 5.1 (1H, d, J = 11.5 Hz,

7 CO,Me
¢ ArCH;a), 5.0-4.8 (7H, m, ArCH2a.x 4), 4.7 (1H, d, J
OTBDPS
=10.8 Hz, ArCH,a), 4.6 (1H, d, J = 11.5 Hz, ArCH,a), 4.6 (0.6H, d, J = 11.1 Hz, ArCH,B),
4.6-4.5 (11H, m, ArCHq, H7a, H1B), 4.4 (1H, d, J = 10.8 Hz, ArCH,q), 4.3 (2.4H, m, Ar-
CH,q), 4.2 (1H, t, J = 9.1 Hz, H3a), 4.1-3.8 (9.5H, m, H4a, H50, H8a+ba, H3'a), 3.8-3.7
(5.5H, m, H6aa, -OCHsa), 3.7 (1H, dd, J = 3.8, 9.4 Hz, H2a), 3.7 (1.8H, s, -OCH3p), 3.7-

3.5 (5.5H, m, 4'a, H5'a, 6ba, H2P), 3.5-3.4 (3.8H, m, H6a’a, H2'a, H2'B), 3.4 (0.6H, dd, J
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= 1.4, 10.7 Hz, H6/H6'B), 3.4 (1H, dd, J = 1.0, 10.7 Hz, 6b’a), 1.1 (9H, s, Bua), 1.0 (5H, s,
‘BuB) ppm;

13C NMR (101 MHz, CDCls): 6 171.0 (Cq), 170.5 (Cq), 139.1 (Cq), 138.8 (Cq), 138.7 (Cq),
138.6 (Cq), 138.5 (Cq), 138.2 (Cq), 138.2 (Cq), 138.1 (Cq), 138.1 (Cq), 138.0 (Cq), 135.7
(Car), 135.6 (Car), 135.6 (Car), 133.1 (Cq), 133.0 (Cq), 132.9 (Cq), 132.9 (Cq), 129.9 (Ca/),
129.9 (Car), 129.8 (Car), 128.3-126.6 (Car), 103.7 (C1B), 97.1 (C1'a), 96.7 (C1'B), 94.7
(Cla), 84.7,82.0 (C3'a), 81.8, 81.7 (C3a), 79.6 (C2’a), 79.4 (C2a), 79.3,79.3,77.7,77.6
(C4’/C5’a), 75.5 (Bn-CHza), 75.0 (C7a), 74.9 (Bn-CH,a), 74.6 (Bn-CH3B), 74.3 (Bn-CHa),
73.5 (Bn-CH3P), 73.5 (Bn-CH»ay), 73.2 (Bn-CH»a), 73.1 (Bn-CH,ay), 72.4 (C4/C5a), 72.1,
72.0 (Bn-CH2a), 71.0 (C4’/C5’a), 71.0, 70.2 (C4/C5a), 68.9 (C6/6°B), 68.9 (Cba), 68.2
(Ce/6'B), 68.2 (C6’a), 64.7 (C8al), 63.8 (C8B), 52.0 (CHsa), 51.9 (CH3P), 26.8 (*Buay), 26.7
(*Bup), 19.2 (Cq-'Bu) ppm;

HR-MS (ESI+) m/z: for Cg1HgsO14SiNa [M+Na]* calcd. 1335.5841; observed: 1335.58;
[a]o (a:B 1:0.7) +52.7 (¢ 0.5, CHCl3, 23 °C);

IR (cm™!) 3030 (Ar C-H), 2857 (C-H), 1752 (C=0), 1497-1428 (C=C), 1360 (C-H), 1027 (C-
0).

8.1.22 Methyl (2R)-2-0-(2,3,6,2’,3’,4’,6’-hepta-0-benzyl-a/B-b-maltopyranosyl)-2,3-
dihydroxypropanoate (2.28a/B)

OBn OBn
(0] (0]
BnO OBn BnO OBn
Bno/éﬁ TBAF BnO
BnOO 0 BnOO 0
BnO THF, 57% BnO
BnO ©, a:p 1:0.3 B0 ©,
297 CO,Me 228 CO,Me
- o . o
2.278 2.288
OTBDPS OH

Methyl 3-O-tert-butyldiphenylsilyl-(2R)-2-0-(2,3,6,2’,3’,4’,6’-hepta-0O-benzyl-a/B-b-
maltopyranosyl)-2,3-dihydroxypropanoate (578 mg, 0.44 mmol) was dissolved in
anhydrous THF (7 mL) and tetrabutylammonium fluoride (TBAF) (1M solution in THF,

530 uL, 0.53 mmol) was added. The reaction was stirred at room temperature for 3
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hours. Water (15 mL) was added to the reaction mixture following which the product
was extracted with ethyl acetate (3 x 15 mL). The combined organic layers were
washed with brine (20 mL) then dried over MgS0a4. Solvent was removed and resulting
crude oil was purified via column chromatography (20-30% ethyl acetate in petroleum
ether) to yield a colourless oil (263 mg, 0.25 mmol, 57%).
sy 14 NMR (400 MHz, CDCl3): & (a:p 1:0.3) 7.4-7.1
B%%O/A%r g OBn (38H, m, Ha), 5.7 (1H, d, J = 3.6 Hz, H1’@), 5.6
B“OBOH&&H (0.3H,d,J = 3.7 Hz, H1’B), 5.2 (1H, d, J = 3.7 Hz,
o 02_00 ve H1a),5.1(1H,d,J=11.6 Hz, ArCHzq), 5.0-4.8 (7H,
—CO,Me
8 o m, ArCH,0+B), 4.7 (0.3H, m, H1B), 4.7-4.4 (9.3H,
m, ArCH2B), 4.4 (1H, dd, J= 3.6, 5.4 Hz, H7a), 4.4 (0.6H, m, HB), 4.3 (1H, d, J=12.2 Hz,
ArCH,a), 4.1 (1H, dd, J = 8.3, 9.4 Hz, H3a), 4.0-3.9 (5H, m, H4a, H5a, H8aa, H8ba), 3.9
(2H, m, H3’a, H8ap, H8bP), 3.9-3.8 (0.3H, m, HPB), 3.80 (3H, s, -OCHza), 3.8-3.7 (2H, m,
H6aa), 3.7 (0.9H, s, -CH3B), 3.7-3.6 (5H, m, H2a, H4’a, H5'a, H6ba), 3.6 (0.6H, m, H2B),
3.5(2.3H, m, H2’a, H6a’a, H2B), 3.4 (1.3H, m, H6b a) ppm;

13C NMR (101 MHz, CDCls): & (B signals too weak) 170.2 (Cq), 138.9 (Cq), 138.7 (Cq),
138.4 (Cq), 137.9 (Cq), 137.8 (Cq), 137.7 (Cq), 128.4-127.4 (Cq), 127.1 (Cq), 126.7 (Cq),
126.6 (Cq), 96.8 (C1’a), 95.1 (C1la), 81.9 (C3’a), 81.4 (C3a), 79.5 (C2a /C40/C5’q), 79.4
(C2’a), 77.7 (C2a /C4’a/C5’a), 75.5 (Bn-CH2a), 75.5 (C7a), 75.0 (Bn-CH2a), 74.2 (Bn-
CH2a), 73.5 (Bn-CHza), 73.4 (Bn-CH:a), 73.3 (Bn-CH2a), 72.4 (Bn-CH2a), 72.3 (C4a/C5a),
71.1 (C20/C4’a/C5’a), 70.3 (C4a/C5a), 69.0 (C6a), 68.2 (C6’a), 63.5 (C8a), 52.2 (CH3a)

ppm;
HR-MS (ESI+) m/z: for CesH70014Na [M + Na]* calcd. 1097.4663; observed: 1097.47;
[alo (a:B 1:0.7) +59.9 (¢ 0.5, CHCl3, 21 °C);

IR (cm™) 3500 (O-H), 3030 (Ar C-H), 2867 (C-H), 1738 (C=0), 1497-1453 (C=C), 1360 (C-
H), 1027 (C-0O).

8.1.23 Methyl (2R)-2-0-(o/B-D-maltopyranosyl)-2,3-dihydroxypropanoate (2.290/B)
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OBn OH
BnO O Ha, HO O
Bno OBn PAOHL/C "o oH
BnO o} EtOAc: MeOH 2:1 HO & o}
0,
BnO .88 _A: HO
Bho O o:f 1:0.3 HO ©
CO,Me CO,Me

2.28a 2.29q
2.28p OH 2.298 OH

Methyl (2R)-2-0-(2,3,6,2’,3’,4’,6’-hepta-0-benzyl-o/B-b-maltopyranosyl)-2,3-

dihydroxypropanoate (273 mg, 0.25 mmol) was dissolved in a mixture of ethyl acetate

and methanol (36 mL, 2:1) and palladium hydroxide on activated charcoal (20% wt,

258 mg, 0.37 mmol) was added. The reaction was purged with hydrogen gas which was

then used to maintain a saturated atmosphere. The reaction was left to stir at room

temperature for 18 hours. The palladium catalyst was removed via filtration over

Celite® which was washed with methanol. The solvent was then removed in vacuo to

yield a white solid foam (99 mg, 0.22 mmol, 88%)

6ar OH
o

6l
4 \
HO 20
HO " 1
3 2
HO

6a OH
b

HO

' 6l
4
o) 50
HON\!
3

1H NMR (400 MHz, CDs0D): & (a:f 1:0.3) 5.2 (1H,
d,J=3.8 Hz, H1’a), 5.2 (0.3H, d, J = 4.0 Hz, H1'B),

5.0 (1H,d,J =3.8 Hz, H1a), 4.5 (0.3H,d, /= 7.7 Hz,
0]

_coge H1P) 44 (1H, /=37 Hz H70), 4.4(0.3H, 1, /=

"\ 4.0, 5.1 Hz, HB), 4.0 (1H, t, J = 9.3 Hz, H3a), 3.9
(2H, d, J = 3.7 Hz, H8a, H8b), 3.9-3.8 (4H, m, H6a’a, H6aa, HE6b/HEb’a), 3.8 (3H, s,
CHsa), 3.8 (0.9H, s, CH3p), 3.8-3.7 (3H, m, H5’a, H5a, H6b/H6b’), 3.6 (2H, m, H3a),
3.5 (1H, t, J = 9.4 Hz, H4q), 3.5-3.4 (2.3H, m, H2’a, H2a, H2’B), 3.4 (0.3H, m, H2B), 3.3

(1H, m, H4’a) ppm;

13C NMR (101 MHz, CDsOD): § 171.6 (Cq), 170.9 (Cq), 102.6 (C1p), 101.5 (C1’B), 101.5
(Cl’a), 97.5 (Cla), 79.9 (C4ay), 79.5 (CB), 79.0 (CB), 76.1 (CB), 75.4 (CB), 75.4 (C7a), 73.7
(C3'a), 73.7 (CB), 73.5 (C30,/C50/C5’a), 73.4 (C3a/C5a/C5'a), 73.1 (CP), 72.8
(C2a/C2’a), 72.7 (CB), 71.8 (C2a/C2’a), 71.6, (C5a/C5’a) 70.1 (C4'a), 62.7 (C8ay), 61.7
(CB), 61.3 (C6a/C6’a), 60.6 (C6a/C6r), 51.3 (CH3P), 51.2 (CH3a) ppm;

HR-MS (ESI+) m/z: for C16H28014Na [M + Na]* calcd. 467.1377; observed: 467.14;

[a]p (a:B 1:0.7) +102.0 (c 0.25, CH30H, 21 °C);
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IR (cm™) 3313 (O-H), 2929 (C-H), 1735 (C=0), 1376 (C-H), 1016 (C-0).

8.1.24 (2R)-2-0-(o/B-p-maltopyranosyl)-2,3-dihydroxypropanoate (1.38a/B)

OH OH

é ;O . é ;O
HO HO
Yo OH LiOH 2Te) OH
HOO o THF: H,0 1:1 HOO o
81%
HO @ 1:0.3 HO
HO  © . HO ©
COZME COQH
2.290 1.38a
2.298 1.38p
OH OH

Methyl (2R)-2-0-(a/B-b-maltopyranosyl)-2,3-dihydroxypropanoate (99 mg, 0.22 mmol)
was dissolved in a mixture of water and THF (5 mL, 1:1) to which a solution of lithium
hydroxide (1 M in H20, 300 uL) was added. The reaction was left to stir at room
temperature overnight and TLC (7:2:1 EtOAc: MeOH: H,0) showed complete
consumption of the starting material. Dowex-H" resin was used to neutralise the
solution before being filtered over cotton wool. Solvent was removed in vacuo to yield

a colourless oil (76 mg, 0.18 mmol, 81%).

& OH IH NMR (400 MHz, D;0): & (a:B 1:0.3) 5.4 (1H, d, J =
4\,
Hﬂ&%f g OH 3.8 Hz, H1'a), 5.4 (0.3H, d, J = 3.9 Hz, H1’B), 5.0 (1H,
4
HO%& d,J = 3.8 Hz, H1a), 4.5 (0.3H, d, J = 7.8 Hz, H1B), 4.2
3 2

HO 02 o (1H,dd,J=3.1,6.2 Hz, H7a), 4.1 (0.3H, dd, /= 3.2,
7 2
8

6.6 Hz, HB), 4.1 (1H, m, H3a/H3’a), 3.9 (1H, ddd, J =
2.1, 4.4, 10.0 Hz, H5a/H5'a), 3.9-3.6 (12H, m, H3a/H3’a, H6aa, H6a’a, H6ba, H6b’q,
H8aa, H8ba, H4a/H4’a), 3.6 (1.3H, dd, J = 0.8, 3.9 Hz, H2a/H2’a, HB), 3.5 (1H, dd, J =
0.7, 3.8 Hz, H2a/H2'a), 3.5 (0.3H, m, HB), 3.4 (1.3H, m, Ha, H2B) ppm;

13C NMR (101 MHz, D,0): 6 177.8 (CqB), 177.1 (Cq), 102.2 (CB), 99.6 (C1’a), 99.6 (CP),
97.3 (Cla), 81.8 (CB), 79.2 (C7a), 76.7 (Ca), 76.5 (CB), 76.0 (CB), 74.5 (CB), 73.7

(C3a/C3’a), 72.9 (CB), 72.9 (Ca), 72.6 (Ca), 72.6 (CB), 71.7 (C2a/C2'a), 71.7 (CB), 71.4
(C20/C2’'a), 70.7 (C50/C5’a), 69.3 (Ca), 63.1 (Ca), 62.6 (CB), 60.5 (Cat), 60.4 (Ca) ppm;

HR-MS (ESI+) m/z: for CisH26014Na [M + Na]* calcd. 453.1220; observed: 453.12;
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[alo (a-anomer only) +98.0 (¢ 0.25, H20, 21 °C);

IR (cm™) 3191 (O-H), 1421 (C-H), 1006 (C-O).

8.1.25 p-Nitrophenyl 6-deoxy-6-fluoro-a-p-glucopyranoside (2.33)

(Work carried out by Laura Jowett).

OH F

DAST
o —_—T O
H H
Flo DCM, RT Fio
HO 0 57% HO 0
232 [ j\ " 233 [ j\ "
2

p-nitrophenyl-a-b-glucopyranoside (200 mg, 0.66 mmol) was dissolved in DCM (8.00

2

mL) and the resulting solution cooled to -40°C. DAST (0.5 mL, 3.78 mmol) was added
and the solution left to warm to room temperature. The reaction was stirred for 3
hours before being cooled to -20 °C at which point methanol (8.00 mL) was added. The
solvent was removed under reduced pressure and the crude product purified via

column chromatography (25% methanol in ethyl acetate) to afford a white solid (115

mg, 57%).
o F 1H NMR (400 MHz, d6-DMSO): 6 8.2 (2H, m, Har), 7.3 (2H,
4
"HO 52 R 1 m, Ha), 5.7 (1H, d, J = 3.6 Hz, H1), 5.4 (1H, d, J= 6.0 Hz, H7),
8 3

¢°0 5.3 (1H, d, J= 6.2 Hz, H9), 5.2 (1, d, J= 5.1 Hz, H8), 4.5 (2H,
\©\NO2 m, H6a, H6b), 3.7-3.6 (1H, m, H3), 3.6-3.5 (1H, m, H5), 3.5
(1H, ddd, J= 3.7, 6.2, 9.7 Hz, H2), 3.3 (1H, ddd, J = 6.0, 8.8, 10.2 Hz, H4) ppm;

13C NMR (101 MHz, d6-DMSO): § 162.4 (Car), 142.2 (Car), 126.2 (Car), 117.3 (Car), 97.9
(C1),82.7 (C6), 73.2 (C3), 72.6 (C5), 71.5 (C2), 69.0 (C4) ppm;

19 NMR (376 MHz, d6-DMSO): 6 -232.2 (1F, td, J = 26.9, 48.1, Hz) ppm;

LC-MS (ESI') m/z: 302.1 [M - H],338.1[M+Cl],348.1 [M+HCOO ], 605.2 [2M—H] ,
651.2 [2M + HCOO ] .

8.1.26 2,3,4,6-tetra-O-acetyl-a-p-glucopyranosyl fluoride (2.35)
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OAc OAc

OAc OAc
A&& e AN
56% AcO A
cO E
2.34

2.35

1,2,3,4,6-penta-0O-acetyl-p-glucopyranose (2.00 g, 5.1 mmol) was dissolved in HF-
pyridine (70 %, 15 mL) and the reaction stirred overnight at room temperature. TLC
(6:4 hexane: acetone) showed complete consumption of starting material. DCM (15
mL) was added to the reaction mixture and the resulting solution neutralised with
saturated aqueous sodium bicarbonate. Product then extracted with DCM (4 x 200 mL)
and the organic layers combined and washed with saturated sodium bicarbonate (200
mL) then HCI (2 M, 200 mL) before being dried over MgSOa. Solvent was removed in
vacuo to give a yellow oil which was purified by column chromatography (30% acetone

in hexane) to give a white waxy solid upon drying (1.00 g, 2.86 mmol, 56%).

g2 _OAc 14 NMR (400 MHz, CDCl3): § 5.8 (1H, dd, J = 2.8, 52.9 Hz, H1), 5.5 (1H,
AONTZQ | t,J=9.9 Hz, H3),5.2 (1H, t, J = 9.8 Hz, H4), 5.0 (1H, ddd, J = 2.8, 10.3,

3 2
AcO

F 24.2 Hz, H2), 4.3 (1H, dd, J = 3.8, 12.1 Hz, H6a), 4.2 (2H, m, H5, H6b),
2.1(3H, s, CHs), 2.1 (3H, s, CH3), 2.1 (3H, s, CHs), 2.0 (3H, s, CHs) ppm;

13C NMR (101 MHz, CDCl3): § 170.5 (Cq), 170.0 (Cq), 170.0 (Cq), 169.4 (Cq), 104.1 (d,
C1),70.2 (d, C2), 69.8 (d, C5), 69.4 (C3), 67.3 (C4), 61.2 (C6), 20.7 (CHs), 20.6 (CH3), 20.6

(CH3 x 2) ppm;
19 NMR (376 MHz, CDCl3): & -149.8 (1F, dd, J = 24.3, 53.8 Hz) ppm;
LR-MS (ESI+) m/z: 368.4 [M + NH4]*, 373.4 [M + Na]*, 389.3 [M + K]*.

Data matches that of literature.?3*

8.1.27 2,3,4,6-tetra-O-acetyl-5-bromo-a-bp-glucopyranosyl fluoride (2.36)

OAc OAc
AcO O __ hvwNBS _ aco 0
AcO cCl, AcO
AcO E 31% |ACO E
Br
2.35 2.36
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2,3,4,6-tetra-0O-acetyl-a-p-glucopyranosyl fluoride (507 mg, 1.45 mmol) was dissolved
in CCls and N-bromosuccinimide (1.33g, 7.47 mmol) was added. The reaction was then
refluxed using a 400 W tungsten bulb. After 9 hours the reaction was allowed to cool
and then quenched with saturated sodium thiosulphate solution. Reaction mixture was
filtered then organic layer washed with water (200 mL) then saturated sodium
bicarbonate (200 mL) before being dried over MgS04. The solvent was removed under
reduced pressure and the crude material purified via column chromatography (1 %

ethyl acetate in DCM) to give yellow foam (196 mg, 0.45 mmol, 31%).

& OAC 14 NMR (400 MHz, CDsOD): & 6.0 (1H, dd, J = 3.3, 52.9 Hz, H1), 5.8 (1H,
4
Aﬁ&%1 t,J=10.27 Hz, H3), 5.3 (1H, d, J = 10.0 Hz, H4), 5.2 (1H, ddd, J = 3.4,
3
El;\“’ F10.5,24.0 Hz, H2), 4.4 (2H, dd, J = 12.4, 29.2 Hz, H6a+H6b), 2.1 (3H, s,

CHs), 2.1 (3H, s, CH3), 2.1 (3H, s, CH3), 2.0 (3H, s, CHs) ppm;

13¢ NMR (101 MHz, CDsOD): & 169.8 (Cq), 169.7 (Cq), 169.2 (Cq), 104.4 (d, C1), 92.9,
69.4, 69.2, 68.0, 66.9, 66.2, 19.0 (CH3), 19.0 (CHs), 18.8 (CH3) ppm;

19F NMR (376 MHz, CD30D): 6 -147.0 (1F, dd, J = 24.3, 53.8 Hz) ppm.

Data matches that of literature.234

8.1.28 2,3,4,6-tetra-0O-acetyl-5-fluoro-B-L-idopyranosyl fluoride (2.37)

OAc

F OAc
AcO o _ A acnfR k
AcO ACN, 4A ‘p.'o
IACO E molecular F OAc
Br sieves,
2.36 45 % 2.37

2,3,4,6-tetra-0O-acetyl-5-bromo-a-b-glucopyranosyl fluoride (85 mg, 0.2 mmol) was
dissolved in anhydrous acetonitrile (3 mL) and AgF (37 mg, 0.28 mmol) was added. The
reaction was stirred in the dark over 4 A molecular sieves overnight at room
temperature. Reaction was filtered over celite which was washed with DCM. The
organic filtrate was then washed with water (10 mL) then brine (10 mL) before being
dried over MgSQa. The solvent was removed under reduced pressure to give a yellow
oil which was then purified by column chromatography (50% diethyl ether in

petroleum ether) to yield a colourless oil (33 mg, 0.09 mmol, 45%).
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- OAc  1H NMR (400 MHz, CDCl3): 6 5.8 (1H, dd, J = 2.1, 58.2 Hz, H1), 5.4
AcO-S% a
° /i *® (1M, dddd, J = 1.3, 1.8, 8.4, 24.8 Hz, H2), 5.3 (1H, m, H3), 5.2 (1H,
1 OAc
dd, J = 1.7,5.2 Hz, H4), 4.5 (1H, dd, J = 12.5, 24.3 Hz, H6a), 4.2 (1H

t,J=12.7 Hz, H6b), 2.1 (3H, s, CH3), 2.1 (6H, s, CH3 x2), 2.1 (3H, s, CH3) ppm;

13C NMR (101 MHz, CDCl3): & 169.9 (Cq), 169.8 (Cq), 169.4 (Cq), 168.6 (Cq), 110.0 (d,
C1),103.8,101.5, 69.4, 69.3, 69.3, 69.0, 68.3 (m), 62.4, 62.2, 20.7 (CH3), 20.6 (CH3),
20.5 (CHs) ppm;

19F NMR (376 MHz, CDCl3): 6 -106.3 (1F, m, F5), -138.6 (1F, ddd, J = 20.8, 24.3, 57.2 Hz,
F1) ppm.

Data matches that of literature.?3*

8.1.29 5-fluoro-B-L-idopyranosyl fluoride (2.38)

20 A0 /h/ He " O‘&/b/
- >

OAc MeOH, 0°C
57%
2.37

2,3,4,6-tetra-0O-acetyl-5-fluoro-p-L-idopyranosyl fluoride (86 mg, 0.23 mmol) was
dissolved in a solution of ammonia in methanol (7 N, 10 mL) at 0°C and the reaction
stirred for 3 hours when TLC (9:1 ethyl acetate: hexane) showed complete
consumption of starting material. The solvent was then removed under reduced
pressure and the resulting yellow oil purified by column chromatography (27:2:1 ethyl

acetate: methanol: water) to give a yellow oil (25 mg, 0.13 mmol, 57%).

OH 14 NMR (400 MHz, CDsOD): & 5.7 (1H, dd, J = 1.7, 56.0 Hz, H1), 3.9
HO
})K (1H, dd, J=12.7, 17.6 Hz), 3.8 (3H, m), 3.7 (1H, ddd, J = 0.6, 12.6,

22.6 Hz) ppm;

19F NMR (376 MHz, CD30D): 6 -116.8 (1F, m, F5), -143.9 (1F, ddd, J = 13.9, 22.5, 57.2
Hz, F1) ppm.

Data matched that of literature.23*

213



Chapter 8

8.2 Materials and methods for biological experiments

Luria Broth (Miller’s) for culture media and the Invitrogen™ ChargeSwitch® -Pro
plasmid mini prep kit were purchased from Invitrogen. IPTG, kanamycin, agarose,
ampicillin and Tris-HCl were all purchased from Melford Laboratories Ltd. Pre-made
SDS-PAGE (4-20%) gels were bought in from Bio-Rad, as was concentrated (5x)
Bradford reagent. The pre-made SDS running buffer used in SDS-PAGE was bought as a
20x solution from Novex and the stain used for visualisation was Instant Blue,
purchased from Expedeon. Pre-packed nickel columns were purchased from GE
Healthcare. Pierce™ BCA assay kit and 6x DNA loading dye were purchased from
Thermo Scientific. All other buffer components and reagents were purchased from

Sigma-Aldrich®, Fisher Scientific or Acros Organics.

The bacterial strains used as chemically competent cells were either E. coli BL21 (DE3)
purchased from Invitrogen Life Technologies or E. coli JM109 which were obtained
from the lab of Prof Peter Roach at the University of Southampton. Both strains of

competent cells were then made in house from these stocks.

Equipment used: AKTAPrime liquid chromatography system, POLARstar® Omega micro
plate reader (BMG Labtech), Tecan infinite M200 Pro, A Bio-Rad Mini-PROTEAN® Tetra
handcast system for SDS-PAGE, BioRad Gel Doc™ EZ imager, A Bio-Rad Mini-Sub® Cell
GT Cell for agarose gels, BioMate™ 3 spectrometer, Agilent Technologies Cary Series

UV-Vis spectrophotometer, MSE Soniprep 150.

A Sorvall Evolution RC was used for large scale or high speed centrifugation with SLA-
1500, SLA-6000 and SS-34 rotors with all runs kept at 4°C, a VWR® microstar 17
centrifuge was used for samples of 1 mL or less and all other sample sizes were

centrifuged in a Heraeus™ Contrifuge™ Stratos™.

8.2.1 General Laboratory Protocols

8.2.1.1 Plasmid purification

A ChargeSwitch®-Pro plasmid mini-prep kit (Invitrogen) was used to isolate and purify
plasmids. When the kit was first used, RNase A was added to the resuspension buffer
which was subsequently stored at 4 °C. Cells from 10 mL overnight culture were

harvested by centrifugation (8000 rpm, 4 °C, 30 min) and resuspended in resuspension
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buffer (250 uL) via pipetting. The centrifugation protocol contained within the kit was

then followed.

8.2.1.2 Agarose Gel Electrophoresis

1% agarose gels were prepared by adding agarose (0.6 g) to 1x TAE buffer (See section
8.2.6.1, 60 mL) and heating via microwave until the agarose fully dissolved. Once the
solution had cooled enough to handle, Nancy-520 (3 uL) was added and gently mixed
without the introduction of bubbles. The gel was poured into the cast and bubbles
were removed using a pipette tip. A comb was then added and the gel left to set at 4

°C.

Samples were prepared by adding 5 uL DNA sample to 5 pL sterile water and 2 pL 6x
DNA loading dye (Thermo Scientific). Samples (5 uL) were then loaded into the gel
which was covered with 1 x TAE buffer before being run at 90 V for 40-60 minutes.

Gels were then imaged using a Bio-Rad Gel Doc™ EZ imager.

8.2.1.3 Chemically competent cells

LB media (10 mL) was inoculated with stock competent cells (Prof Roach group,
University of Southampton or Invitrogen Life Technologies) using a loop and incubated
at 37 °C, 180 rpm overnight. LB media (100 mL) was inoculated with overnight culture
(1.0 mL) and incubated at 37 °C, 180 rpm until the O.Dego reached 0.6. The cells were
then harvested by centrifugation (4000 rpm, 4 °C, 10 min) and the supernatant
discarded. The cell pellet was resuspended by pipetting into 40 mL calcium chloride
buffer (see section 8.2.6.2) and incubated on ice for 30 minutes. Cells were harvested
once more (4000 rpm, 4 °C, 10 min) and re-suspended in cold calcium chloride buffer
(10 mL). Sterile 75% glycerol solution (2.0 mL) was then added and mixed via pipetting

before the cells were divided into 150 L aliquots and stored at -80 °C.

8.2.1.4 Heat shock transformation

The relevant aliquots of competent cells were thawed over ice and re-suspended
gently. Plasmid solution (2-5 pL) was then transferred and gently mixed with the
pipette before being incubated on ice for 30 minutes. The solution was incubated in a
water bath (42 °C, 35 seconds) and immediately placed back on ice for 5 minutes

incubation. SOC media (see section 8.2.6.3, 250uL) was then added and the resulting
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suspension gently mixed before being incubated for 1 hour at 37 °C whilst shaking at
180 rpm. Once the cells had been incubated, 50 uL were plated onto agar plates
containing the appropriate antibiotics (see section 8.2.6.4) and incubated upside down

overnight at 37 °C.

8.2.1.5 Overnight bacterial growths

A loop of either the relevant glycerol stock of bacteria or of bacteria from a colony
grown on an agar plate was used to inoculate LB (see section 8.2.6.6) or 2x YT (see
section 8.2.6.7) media (10 mL for small scale or 50 mL for large scale) containing the
appropriate antibiotics. The cultures were incubated at 37 °C overnight whilst shaking

at 180 rpm.

Table 8.1 concentrations of antibiotics used in overnight cultures

Antibiotic composition Concentrations of antibiotics in

media (unless otherwise stated) /

ug/mL
Kanamycin 50
Ampicillin 100
Chloramphenicol 30
Kanamycin + 30 (Kan), 20 (Chlor)

Chloramphenicol

8.2.1.6 Bacterial glycerol stocks
Relevant cells from an overnight culture (500 pL) were mixed gently and thoroughly
with sterile 75% glycerol solution (500 pL) ensuring no distinct layers were visible.

Stocks were then flash frozen and stored at -80 °C.

8.2.1.7 Protein expression

Fresh overnight culture was used to inoculate a larger volume (1.0 L, 5.0 Lor 8.0 L) of
culture media containing the relevant antibiotics and/or supplements (1% inoculate
used). The cells were then grown at 37 °C, 180 rpm until the desired O.Dgoo Was met.
At this point, the relevant inducing agent was added to the desired concentration and

protein expression allowed to occur at the desired temperature and time period for
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the experiment. Once expression was complete, cells were harvested via

centrifugation (8,000 rpm, 4 °C, 30 min).

8.2.1.8 Cell Lysis via Sonication

Cell pellets were re-suspended in the appropriate volume of lysis buffer (4 x mass of
pellet) (for lysis buffer see section 8.2.6.8). Sonication was then carried out with the
sample cooled in ice for the desired amount of time. Cycles of intermittent sonication
and rest periods were determined depending upon the volume of the sample. Samples
less than or equal to 1.0 mL were sonicated for 10 cycles of 1 s on, 1 s rest. Samples
greater in volume than this were sonicated for 6 cycles of 90 s on, 60 s rest. Once lysis
was complete, the cell debris was pelleted via centrifugation (12,000 rpm, 4 °C, 30

min) leaving behind the soluble cell lysate.

8.2.1.9 SDS-PAGE
Where pre-packed gels were not used, SDS-PAGE gels were prepared as per the

following:

Table 8.2 Composition of 12.5% and 7.5% acrylamide resolving gels and stacking gel

Component 12.5 % Acrylamide Resolving  Stacking Gel
Gel

30 % Acrylamide /Bis-Acrylamide / mL  3.15 0.33

4x Appropriate Gel Buffer / mL 1.88 0.62

Sterile Water / mL 2.4 1.55

10% Ammonium per sulphate (APS) /
75 15

uL

Table 8.3 Components of 4x Resolving and 4x Stacking Gel Buffers

Component (in 100 mL Sterile Water)  4x Resolving Gel Buffer  4x Stacking Gel Buffer

Tris-Base / g 18.17 6.06
Sodium Dodecyl Sulphate (SDS) / g 0.4 0.4
Tetramethylethylenediamine (TEMED)

0.4 0.4
/8
Adjust with HCl to pH: 8.8 6.8
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During hand casting, 10% APS was added to the resolving gel before it was poured first
and allowed to set. During setting, the resolving gel was topped with isopropanol to
prevent drying. This was followed by pouring the stacking gel (following addition of
10% APS), after which the relevant size comb (10 or 15 well) was placed in the mould
before the stacking gel was allowed to set. Once set, either the comb was removed
and the gels rinsed with deionised water before use or wrapped in damp tissue and

stored at 4 °C for no longer than 3 days.

Samples for SDS-PAGE were prepared by adding either a pre-determined (by Bradford
assay) or equal volume of 2x gel loading dye (section 8.2.6.11) and heating to 95 °C for
15 minutes. The samples were then loaded onto the relevant gel and run at 200 V for
30-40 minutes in 1x running buffer (see section 8.2.6.10). Once run, the gels were
removed, rinsed with deionised water and stained with Expedeon Instant Blue stain

which was left to cover the gel for 1 hour before rinsing with deionised water.

8.2.1.10 Ni affinity Fast Protein Liquid Chromatography

Ni affinity FPLC was carried out using either a HisTrap™ HP histidine-tagged protein
purification column (GE Healthcare) (5.0 mL) or a manually pre-packed column
consisting of Ni-NTA resin and an AKTA Prime liquid chromatography system. The
column was initially washed with binding buffer (buffer A, section 8.2.6.9) to remove
any traces of storage solution (20 % ethanol). The cell lysate was then loaded onto the
column and anything that did not bind was collected in fractions as the flow through.
The column was then allowed to equilibrate before the bound proteins were eluted
with elution buffer (buffer B, section 8.2.6.9) over a gradient of 0-100 %. Fractions
were collected during elution and were later analysed using SDS-PAGE. The column
was washed with elution buffer (5 x column volumes) to ensure no protein remained
followed by 20% ethanol (5 x column volumes) before being disconnected and stored

at 4 °C.

8.2.1.11 Bradford Assay

5x Bradford reagent was diluted to 1x with deionised water. A calibration curve was
set using solutions of known concentrations of bovine serum albumin (BSA) in sterile
water (concentrations used were 0 mg/mL, 0.125 mg/mL, 0.25 mg/mL, 0.5 mg/mL and
1.0 mg/mL).
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When cuvettes were used with a UV-spectrophotometer, samples were prepared by
adding 20 pL sample to 1x Bradford reagent (1.00 mL) and mixed via gentle pipetting.
In the case of a 96-well plate in a plate reader, samples were prepared by adding 10 pL
sample to 200 plL 1x Bradford reagent and mixed via gentle pipetting taking care not to
introduce bubbles. In each case, a blank using the relevant buffer was also prepared.

The absorbance was then measured at 595 nm and compared to the calibration curve.

GraphPad Prism 7.0 was used to create calibration curve, line of best fit and to

interpolate unknown concentrations.

8.2.1.12 Concentration of protein solutions

Amicon® spin filtration (used in expressions below 5.0 L in volume):

Amicon® Ultra — 15 (Merk) centrifugal units (10 kDa MWCO) were used at 8,000 rpm at
4 °Cin bursts of 10 minutes. Between each 10-minute cycle, the protein solution was
mixed to prevent protein aggregation at the filter. Once the desired volume had been
reached, protein solution was analysed via Bradford assay and stored in aliquots at -80

°C.

Amicon® stirred pressure cell filtration units (used in expression greater than 5.0 L in

volume):

Amicon® stirred pressure cell filtration units were used at 4 °C with a 10 kDa MWCO
PES filter (Sartorius) and kept under pressure using nitrogen gas. Samples were stirred
throughout the entire process and once the desired volume was met, the solution was

analysed via Bradford assay and stored in aliquots at -80 °C.

8.2.1.13 Dialysis of protein solutions

Dialysis was carried out using dialysis tubing with a 10 kDa MWCO (Sigma Aldrich).
Tubing was first wet in the dialysis buffer before being secured at one end with a clip.
Dialysis buffer was then used to check for leaks. Protein solution was then carefully
added via a syringe and needle or, for smaller volumes, a 1000 pL pipette. Air bubbles
were removed with care taken not to lose protein solution. A clip was used to secure
the other end of the tubing which was then suspended in dialysis buffer by floats. The

volume of buffer used was kept to at least 50 x that of the volume of protein solution.
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Dialysis was generally carried out at 4 °C for 3 hours, with buffer being changed after
the first 1.5 hours. For volumes under 1.0 mL, dialysis cassettes with 10 kDa MWCO

were used instead of tubing (Spectra-Por® Float-A-Lyzer® G2 1.0 mL).

8.2.2 Experimental for Chapter 3

8.2.2.1 Digestion of pET28::Rv3031 by Ndel and Xhol
The plasmid pET28a::Rv3031 was subjected to a double digest with the restriction

enzymes Ndel and Xhol. The reaction composition was as per table 8.4:

Table 8.4 composition of double digest reaction

Reaction: Negative Ndel only Xhol only Double
control digest
Component Volume used /pL
Plasmid solution 5 5 5 5
10 x cut smart buffer
1 1 1 1
(NEB)
Ndel (NEB) 0 1 0 1
Xhol (NEB) 0 0 1 1
Deionised water 4 3 3 2

Digests were carried out at 37 °C for 18 hours after which the crude product mixes

were analysed via agarose gel electrophoresis.

8.2.2.2 Initial expression studies of MtGBE

The plasmid pET28a::Rv3031 was transformed into E. coli BL21(DE3) chemically
competent cells and successfully grown colonies were resuspended in 3 x 50 mL LB
media containing 50 pug/mL Kan (one colony per flask). Once grown overnight at 37 °C,
180 rpm, a portion of each culture (5.0 mL) was used to inoculate 6 x 500 mL LB media
containing Kan (50 pg/mL). The large scale growth was grown at 37 °C, 180 rpm until
an 0.Deoo of 0.6 was reached. At this point, protein expression was induced using IPTG

(for concentrations used, see table 8.5).
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Table 8.5 Concentrations of IPTG used in initial expression studies of

MtGBE

Experiment Final concentration of IPTG used /mM

JG-7399-35 A 0.1
JG-7399-35 B 0.5
JG-7399-35 C 1.0

Protein expression was carried out at 18 °C overnight as well as at 37 °C overnight.
Cells were then harvested (8000 rpm, 4 °C, 30 min), lysed and analysed using SDS-
PAGE.

8.2.2.3 Initial expression and purification of MtGBE

The plasmid pET28a::Rv3031 was transformed into E. coli BL21(DE3) chemically
competent cells and successfully grown colonies were resuspended in 100 mL 2 x YT
media containing 50 pug/mL Kan. Once grown overnight at 37 °C, 180 rpm, a portion of
overnight culture (10 mL) was used to inoculate 1.0 L LB media containing Kan (50
pug/mL). The large scale growth was grown at 37 °C, 180 rpm until an O.Dggo of 0.7 was
reached. At this point, protein expression was induced using IPTG (final concentration

of 0.1 mM) and was carried out at 18 °C overnight.

Cells were then harvested (8000 rpm, 4 °C, 30 min), lysed and the resulting lysate
purified via FPLC using the Tris-HCl binding and elution buffers described in 8.2.6.9.
During purification, resin-bound protein was eluted over a gradient of 0-100% elution

buffer. Collected fractions were then analysed via SDS-PAGE.

8.2.2.4 Solubilisation of MtGBE from inclusion bodies

MtGBE protein was expressed as per procedure 8.2.2.3 using 1.0 mM IPTG. Expression
was carried out at 37 °C overnight. 2.0% sarkosyl solution (final concentration 0.2%,
see section 8.2.6.12) was either used to resuspend pelleted cells before cell lysis and
sonication, or to resuspend the insoluble cell debris obtained after lysis and
centrifugation. During the latter experiment, resuspension was carried out via stirring
at 4 °C overnight. A control experiment in which no sarkosyl was added at all was also

carried out. Samples from each experiment were then analysed using SDS-PAGE.
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8.2.2.5 Co-transformation of pGro7 and pET28a::Rv3031
Method 1:

2.0 pL each of each plasmid were mixed with 150 uL chemically competent E. coli
BL21(DE3) cells. Transformation was then performed as per the heat shock technique
described in section 8.2.1.4. Transformants were then incubated on agar plates

containing a mix of Kan (30 pg/mL) and Chlor (20 pg/mL) at 37 °C overnight.
Method 2:

pGro7 was transformed into BL21(DE3) cells as described in section 8.2.1.4 resulting in
BL21 pGro7 cells. One colony of these cells was used to inoculate 10 mL LB media
containing 30 pg/mL Chlor which was then incubated at 37 °C overnight. The culture

was then used to make chemically competent cells as per procedure 8.2.1.3.

The BL21 pGro7 chemically competent cells were then transformed with the
pPET28a(+)::Rv3031 plasmid via the heat shock method. As above, successful
transformants were selected by incubation at 37 °C overnight on agar plates containing

a mix of the antibiotics Kan (30 ug/mL) and Chlor (20 pg/mL).

8.2.2.6 Small scale co-expression and purification of GroEL-GroES chaperone system
with MtGBE

One colony of BL21 pGro7,pET28a(+)::Rv3031 was used to inoculate 100 mL LB
containing Chlor (25 pg/mL) and Kan (30 pg/mL). The cells were grown overnight at 37
°C, 180 rpm. 10 mL of this overnight culture was used to inoculate 1.0 L of LB
containing Chlor (25 pg/mL), Kan (30 pg/mL) and L-Ara (500 pg/mL). Cells were grown
at 37 °C, 180 rpm to an 0.Deoo of 0.6 at which point IPTG (final concentration 0.5 mM)
was added. Expression was carried out at 18 °C, 180 rpm overnight. Cells were then
harvested by centrifugation (8000 rpm, 4 °C, 30 min) before being lysed and analysed
via SDS-PAGE.

8.2.2.7 Co-expression experiments with varying L-arabinose concentrations
One colony of BL21 pGro7,pET28a(+)::Rv3031 was used to inoculate 5.0 mL LB
containing Chlor (20 pg/mL) and Kan (30 pg/mL). The cells were grown overnight at 37

°C, 180 rpm. 1.0 mL of this overnight culture was used to inoculate 3 x 100 mL of LB
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containing Chlor (25 pg/mL), Kan (30 pg/mL) and L-Ara (see table 8.6). Cells were
grown at 37 °C, 180 rpm to an O.Deoo of 0.5 at which point IPTG (final concentration 0.5
mM) was added. Expression was carried out at 18 °C, 180 rpm overnight. Cells were
then harvested by centrifugation (8000 rpm, 4 °C, 30 min) before being lysed and
analysed via SDS-PAGE.

Table 8.6 Concentrations of L-Ara used in co-expression studies of MtGBE and GroEL-

GroEsS.

Experiment Final concentration of L-Ara used / Mass of cell pellet / g
ug/mL

Ara_600 600 0.47

Ara_700 700 0.52

Ara_800 800 0.47

8.2.2.8 Large scale co-expression and purification of MtGBE with GroEL-GroES
chaperones

One colony of BL21 pGro7, pET28a(+)::Rv3031 was used to inoculate 100 mL LB
containing Chlor (25 pg/mL), Kan (30 pg/mL) and 800 pg/mL L-Ara. The cells were
grown overnight at 37 °C, 180 rpm. 50 mL of this overnight culture was used to
inoculate 5.0 L of LB containing Chlor (25 pg/mL), Kan (30 ug/mL) and L-Ara (800
pg/mL). Cells were grown at 37 °C, 170 rpm to an O.Deno of 0.5 at which point IPTG
(final concentration 0.5 mM) was added. Expression was carried out at 18 °C, 170 rpm
overnight. Cells were then harvested by centrifugation (8000 rpm, 4 °C, 30 min) before
being lysed and purified via FPLC (Tris-HCl binding and elution buffers from 8.2.6.9).
Fractions containing protein were pooled and dialysed against 50 mM HEPES pH 7.4
before being concentrated to 4.0 mg/mL. The solution was then divided into aliquots

to be stored at -80 °C.

8.2.2.9 Experiments to determine whether GroEL is co-eluted with MtGBE during
FPLC
Heat shock transformation / co-transformation was carried out as per procedures

8.2.1.4 and 8.2.2.5 (method 1) respectively with the following:
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Table 8. 7 Conditions used in heat shock transformation of various experiments to test

effect of chaperone proteins

Experiment Plasmid used ABs in agar plates

MtGBE only pET28a(+)::Rv3031 Kan — 50 pg/mL

GroEL-GroES pGro7 Chlor — 30 pg/mL

only

Co-expression pGro7 + pET28a(+)::Rv3031 Kan — 30 pg/mL, Chlor — 25 pg/mL

For each experiment, one colony of the relevant bacteria was used to inoculate 100 mL
LB containing the appropriate antibiotics (see table 8.8). The cells were grown
overnight at 37 °C, 180 rpm. 20 mL of this overnight culture was used to inoculate 2.0 L
of LB containing the appropriate antibiotics and L-Ara (see table 8.8). Cells were grown
at 37 °C, 170 rpm to an 0.Deoo of 0.5 at which point IPTG (final concentration 0.5 mM)
was added. Expression was carried out at 18 °C, 170 rpm overnight. Cells were then
harvested by centrifugation (8000 rpm, 4 °C, 30 min) before being lysed and analysed
using SDS-PAGE. The lysate from each experiment was then purified via Ni-NTA FPLC
(Tris-HCI binding and elution buffers from 8.2.6.9). Fractions containing protein were
pooled and dialysed against either 50 mM HEPES pH 7.4 (for assays), 20 mM
ammonium formate (for MS samples) or 20 mM potassium phosphate pH 7.0 (CD

samples) before being concentrated or diluted to the desired concentration.
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Table 8. 8 Conditions used in overnight cultures and protein expressions in various

experiments carried out to show effects of chaperone proteins

ABs in overnight culture

Experiment large scale culture contained (pug/mL)
(ng/mL)
MtGBE only Kan (30) Kan (50)
L-Ara (600)
GroEL-GroES  Chlor (20) Chlor (25)
only L-Ara (600)
Co-expression Kan (30) Kan (30)
Chlor (20) Chlor (20)
L-Ara (600)
BL21 cells none none
(control)

8.2.2.10 LC-MS of MtGBE and protein fractions from chaperone expression and
purification

Samples were prepared in ammonium formate buffer (20 mM). Samples were diluted
with buffer to give a final concentration of 50 ug/mL. ESI-MS was performed using a

WATERS ZMD single quadrapole system and Bruker Apex Il FT-ICR-MS spectrometers.

8.2.2.11 Circular dichroism experiments of MtGBE and protein fractions from
chaperone expression and purification

Samples were prepared in potassium phosphate buffer at pH 7.0 (see section 8.2.6.16).
Samples were then diluted with buffer and the final concentrations of each sample

(determined using Bradford assay) are given in table 8.9.
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Table 8. 9 Concentration of protein samples submitted for CD

analysis

Concentration of sample /
Experiment

mg/mL
MtGBE only 0.1

GroEL-GroES (fraction 56) 0.5
GroEL-GroES (fraction 57) 0.5

Co-expression 0.5

CD experiments were carried out on a Jasco J720 CD Spectrophotometer covering the

spectral range 180 - 800nm.

8.2.3 Experimental for Chapter 4

8.2.3.1 Absorbance spectrum of p-nitrophenol at varying pH levels

p-nitrophenol (139 mg, 1.0 mmol) was dissolved in 20 mM sodium phosphate buffer
(section 8.2.6.16) of the relevant pH (1.0 mL) to give a final concentration of 1.0 M.
Each solution was further diluted with the relevant buffer to give a 0.1 mM solution.
200 pL of each solution were pipetted into wells on a 96-well plate (Greiner, flat-
bottomed, colourless, full volume) and an absorbance scan measured from 230 — 1000
nm in a Tecan infinite M200 Pro plate reader. pH levels tested were: 6.5, 7.0, 7.5 and

8.5.

8.2.3.2 Absorbance spectrum of p-nitrophenyl-a-p-glucopyranoside
p-nitrophenol-a-b-glucopyranoside (30 mg, 0.1 mmol) was dissolved in 20 mM sodium
phosphate buffer (section 8.2.6.16) of the relevant pH (1.0 mL) to give a final
concentration of 0.1 M. Each solution was further diluted with the relevant buffer to
give a 0.1 mM solution. 200 uL of each solution were pipetted into wells on a 96-well
plate (Greiner, flat-bottomed, colourless, full volume) and an absorbance scan
measured from 230 — 1000 nm in a Tecan infinite M200 Pro plate reader. pH levels

tested were: 6.5, 7.0, 7.5 and 8.5.

8.2.3.3 p-nitrophenol standard curve for absorbance assays
p-nitrophenol (139 mg, 1.0 mmol) was dissolved in deionised water (50.0 mL) to give a

20 mM solution. This was further diluted in water to give a 2.0 mM solution. The 2.0
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mM pNP solution was mixed with an equal volume of 100 mM HEPES pH 7 containing
2.0 M KCl to give a 1 mM sample. This was then used in sequential dilutions to make

the following standards: 1.0, 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.01563, 0.007813 mM.

8.2.3.4 General method for MtGBE absorbance assays with p-nitrophenyl-a-p-
glucopyranoside

Plate reader:

For absorbance assays, all components except for the enzyme were mixed together
beforehand and left to warm to room temperature. Assays were initiated upon the
addition of the enzyme and were mixed in the plate reader using orbital shaking
(unless otherwise stated). Reactions were carried out in a Greiner 96-well plate (flat -
bottom, clear, full volume) at 37 °C. The absorbance reading at 400 nm was taken at
regular intervals for the time specified for each experiment in the main text (Chapter

4).
UV-vis spectrophotometer:

For absorbance assays, all components except for the enzyme were mixed together
beforehand and left to warm to room temperature. Assays were initiated upon the
addition of the enzyme and were gently mixed before readings taken. Reactions were
carried out at 37 °Cin a 10.00 mm quartz cuvette (Hellma®) to which enzyme was
added via syringe. Absorbance was measured continuously at 400 nm over the time
specified in the main text (Chapter 4). The cuvette was rinsed with water and acetone

and dried with air between each experiment.
General composition of experiments:

Table 8.10 shows the general composition of the absorbance experiments, changes to
the concentration, pH or presence of certain components are detailed in the main text

(Chapter 4).
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Table 8.10 General composition of absorbance assay reactions

Component concentration / mM
HEPES buffer (pH 7.0)* 50.0

KCl 200.0

pNPGlc 1.0

MtGBE 1.0 mg/mL

Glucosyl glycerate (not always
1.0
present)

* For assays in which pH was varied, MES buffer was used for pH levels below 6.8.

8.2.3.5 General procedure for iodine staining assays

Initial activity test:

All reaction components except for enzyme were pre-mixed and allowed to warm to
room temperature. Reactions were initiated on addition of enzyme and incubated at
37 °C for 10 mins. Assay reaction mixtures contained 25 pL enzyme solution, 50 pL
sample solution and 25 pL glucosyl glycerate (4.0 mM). Substrate solution was
prepared using 100 pL of substrate stock (amylopectin and maltodextrin — 2.5% in
DMSO, glycogen — 5% in DMSO, amylose - 1.2 % in DMSQ), 200 uL HEPES (0.5 M, pH
7.0) and 700 pL H;0. Enzyme solutions were prepared by diluting stock solution to
appropriate concentrations using sterile water (stocks made: 8.0, 4.0, 2.0, 1.0, 0.5
mg/mL). Reactions were stopped by addition of 400 pL of 0.4 mM HCl and 400 pL
iodine staining solution (see section 8.2.6.13) was added. Absorbance was measured at
530 nm for amylopectin, 395 nm for glycogen and maltodextrin and at 660 nm for

amylose.

Table 8.11 shows the general composition of the iodine staining experiments, changes
to the concentration, pH or presence of certain components are detailed in the main

text (Chapter 4).
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Table 8. 11 General composition of iodine staining assays

Assay component Final concentration

HEPES (pH 7.0) 50.0 mM

DMSO 5.0%

MtGBE 2.0,1.0,0.5,0.25,0.125,0
mg/mL

Glucosyl glycerate (not always
1mM

present)

Polysaccharide:

Amylopectin 0.125%

Glycogen 0.25%

Maltodextrin 0.125%

Amylose 0.06 %

End point assays:

Enzyme reaction mixtures contained 25 pL enzyme solution (1 mg/mL), 25 pL of either
glucosyl glycerate (4.0 mM) or deionised H20 and the relevant volume of substrate
solution. Substrate solution was prepared using 100 pL of substrate stock (amylopectin
and maltodextrin — 2.5% in DMSO, glycogen — 5% in DMSQO), 200 uL HEPES (0.5 M, pH
7.0) and 700 pL H;0. Enzyme solutions were prepared by diluting stock solution to 1.0
mg/mL using sterile water. Reaction mixtures were made up to 100 pL using deionised
water if necessary. All assay components except for the enzyme solution were pre-
mixed and incubated at 37 °C for 5 minutes. Enzyme solution was used to initiate the
reaction which was then incubated for 10 minutes at 37 °C. At relevant time points, 10
uL aliquots were taken and added to 40 pL of 0.4 mM HCI. lodine staining solution (40
uL) was then added and the absorbance measured at the relevant wavelength (as

above).

Table 8.12 shows the general composition of the end point assays, changes to the
concentration, pH or presence of certain components are detailed in the main text

(Chapter 4).
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Table 8. 12 composition of end point iodine staining assays

Assay component Final concentration
HEPES (pH 7.0) 50.0 mM
DMSO 5.0%
MtGBE 0.25 mg/mL
Glucosyl glycerate (not always
1.0 mM
present)
Polysaccharide (excluding 0.0625, 0.125, 0.25, 0.5
amylose): %

8.2.3.6 Maltose standard curve with BCA reagent

Maltotriose standards were made up in deionised water. Stock solutions of 500 uM,
400 uM and 300 uM were initially prepared with the 400 uM solution being used in
further dilutions. The concentrations tested were: 500, 400, 300, 200, 100, 50, 25 and
10 uM. Standards (20 pL) were mixed with BCA reagent (120 pL) and heated to 70 °C
for 30 minutes. After cooling to room temperature, the absorbance of each sample at
560 nm was measured. GraphPad Prism 7.0 was used to generate the standard curve

and interpolate samples of unknown concentration.

8.2.3.7 General procedure for isoamylase branching assays

Assay reaction mixtures contained 25 pL enzyme solution, 50 pL sample solution and
25 plL glucosyl glycerate (4.0 mM). Substrate solution was prepared using 100 pL of
substrate stock (amylopectin and maltodextrin — 2.5% in DMSO, glycogen —5% in
DMSO, amylose - 1.2 % in DMSO), 200 puL HEPES (0.5 M, pH 7.0) and 700 uL H»0.
Enzyme solutions were prepared by diluting stock solution to 1.0 mg/mL using sterile
water. All components except for the enzyme solution were pre-mixed and allowed to
warm to room temperature before the initiation of the reaction with the addition of
the enzyme solution. Reactions were incubated at 37 °C for 25 minutes. Every 5
minutes, an aliquot (40 pL) was taken of the reaction which was heated to 99 °C for 5
minutes to denature the enzyme. 15 plL of the aliquot were used to determine

reducing end concentration before isoamylase treatment. The remaining 25 pL of
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aliquot was mixed with 75 L debranching reaction master mix (table 8.14).
Debranching was carried out at 40 °C for 20 hours after which point the reaction
mixture was used to determine the number of reducing ends after debranching. Values
were multiplied by 4 to account for the dilution of the sample when added to the

debranching mixture.

To determine the number of reducing ends, sample (15 pL) was mixed with BCA
reagent (90 pL, see section 8.2.6.14), heated to 70 °C for 30 minutes and cooled to

room temperature before the absorbance was read at 560 nm.

Table 8.13 shows the general composition of the branching experiments, changes to
the concentration, pH or presence of certain components are detailed in the main text

(Chapter 4).

Table 8. 13 general composition of iodine branching

assays (before debranching reaction)

Assay component Final concentration
HEPES (pH 7.0) 50.0 mM

DMSO 5.0%

MtGBE 0.25 mg/mL
Glucosyl glycerate 1mM

Polysaccharide:
Amylopectin 0.5%
Amylose 0.25%

Table 8. 14 composition of de-branching reaction

master mix
Component Volume / pL
Isoamylase (500 U/mL) 0.35

25 mM Sodium phosphate pH 8 64.65
1.0 M Sodium acetate pH 3.8 10
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8.2.3.8 Phosphate standard curve with malachite green dye

Solutions of potassium phosphate (mono basic) were made up in either deionised
water or HEPES (50 mM, pH 7.0) to the following concentrations: 10, 20, 40, 50, 60, 80,
100 uM. Each phosphate solution (50 pL) was added to malachite green dye (50 L, see
section 8.2.6.18), mixed via pipetting and incubated at room temperature for 5
minutes. Absorbance scans from 600-750 nm were then taken of each solution. For
each sample, scans were performed at 0, 10 and 20 minutes after incubation. The
absorbance maxima were then plotted against concentration to create a standard

curve, analysed in GraphPad Prism 7.0.

8.2.3.9 General procedure for malachite green assay

All assay components (see table 8.15) except for the enzyme were pre-mixed before
initiation of the reaction was carried out upon addition of the enzyme. The reaction
mixture was then incubated at 37 °C over 60 minutes, during which time aliquots (50
uL) were taken at 15, 30 and 60 minutes and added to the malachite green dye (50 pL,
see section 8.2.6.18). The dyed sample solutions were left to incubate for 5 minutes
before absorbance spectra were taken 3 times, each 2 minutes apart. Absorbance data
was collected between 600-750 nm. The absorbance maxima at 630 nm was then

plotted as a function of time using GraphPad Prism 7.0.

Table 8.15 shows the general composition of the malachite green assay, changes to the
concentration, pH or presence of certain components are detailed in the main text

(Chapter 4).

Table 8. 15 general composition of malachite green assays

Assay component Final concentration /
mM

HEPES pH 7.0 50.0

Glucose-1-phosphate 1.0

Glucosyl glycerate 1.0

MtGBE 1.0 mg/mL
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8.2.3.10 TLC screening of potential glucose donors
All reaction components were mixed together and incubated at 37 °C for 6-18 hours.
Substrates tested and the composition of the various reactions are summarised in

tables 8.16 — 8.18:

Table 8. 16 general composition of substrate screening reactions -

maltooligosaccharides

Assay component Final concentration / mM
HEPES (pH 7.0) 25.0

KCl 50.0

MtGBE 0.5 mg/mL

Glucosyl glycerate 1.0

Potential substrate:

Maltose 1.0
Maltotriose 1.0
Maltotetraose 1.0
Maltoheptaose 1.0

Table 8. 17 general composition of substrate screening reactions —

melibiose and pullulan

Assay component Final concentration / mM
HEPES (pH 7.0) 50.0

KCI (not always present) 100.0

MtGBE 0.1 mg/mL

Glucosyl glycerate 1.0

Potential substrate:
Melibiose 1.0 mg/mL

Pullulan 1.0 mg/mL
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Table 8. 18 general composition of substrate screening reactions —

maltosyl glycerate

Assay component Final concentration / mM
HEPES (pH 7.4) 25.0

MtGBE 1.0 mg/mL

Maltosyl glycerate 1.0

Following incubation of the reaction mixtures, crude samples were loaded onto
aluminium foil supported silica plates (MERCK 60 F254). Samples of starting materials
and blank reaction mixtures (no enzyme present) were also loaded onto the plates.

Eluent details and visualisation techniques are described in table 8.19:

Table 8. 19 Eluent and visualisation techniques for each TLC experiment described

Donor being tested Eluent Stain used before heating

ACN: EA: iPA: H,0 20% H,S04 in ethanol
Maltooligosaccharides
(85:20:50:50)

Melibiose and 20% H,S04 in ethanol
iPA: acetone: H,0 (2:2:1)
pullulan
ACN: EA: iPA: H,O 5% H,S04 + N-(1-
Maltosyl glycerate (85:20:50:50) naphthyl)ethylenediamine (0.3% w/Vv) in
methanol

8.2.3.11 Site directed mutagenesis to create MtGBE mutants
The composition of the PCR reaction mixture is shown in table 8.20 (any modifications

to the composition are detailed in chapter 4):
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Table 8.20 general composition of PCR reactions

Component Volume / puL
H20 38.5

10x buffer 5

dNTP mix 4

Forward primer (100 pmol) 0.5
Reverse primer (100 pmol) 0.5
Template 1

Taq polymerase 0.5

Unless otherwise stated, the PCR reaction cycle was as follows:

Table 8.21 PCR cycle used in SDM

Stage Temperature /
Time of stage / min
°C
1 95 5.0
2 (x18 cycles) 95 1.0
55 1.5
68 15.0
3 68 5.0

After completion of stage 3, reaction mixtures were held at 4 °C.

Dpnl digestion reactions had the following composition (enzyme and buffer used were

from the FastDigest Dpnl kit from ThermoFisher):
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Table 8.22 general composition of Dpnl

digestions

Component Volume / pL
PCR product 50

10 x digestion

buffer °

Dpnl enzyme 1

Sterile water 3

Digestion was carried out at 37 °C for 2 hours before products were analysed using

agarose gel electrophoresis.

8.2.4 Experimental for Chapter 5

8.2.4.1 Initial expression studies on MtGIcT

The plasmid pET28a::Rv3032 was transformed into E. coli BL21(DE3) chemically
competent cells and successfully grown colonies were resuspended in 10 mL LB media
containing 50 pug/mL Kan. Once grown overnight at 37 °C, 180 rpm, a portion of
overnight culture (1.0 mL) was used to inoculate 5 x 100 mL LB media containing Kan
(50 pug/mL). The large scale growth was grown at 37 °C, 180 rpm until an O.Dggo 0f 0.5
was reached. At this point, protein expression was induced using the relevant amount
of IPTG (see table 8.23) and was carried out at either 37 or 18 °C for either 4 hours or

overnight.

Table 8.23 Conditions used in expression studies of MtGIcT

Experiment [IPTG] used to induce Temperature of Time of expression / h
expression / mM expression /°C

1 1.0 18 18

2 0.5 18 18

3 0.1 18 18

4 1.0 37 18

5 1.0 37 4
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Cells were then harvested (8000 rpm, 4 °C, 30 min), lysed and the resulting samples

analysed via SDS-PAGE.

8.2.4.2 Studies on co-expression of MtGIcT with the GroEL-GroES chaperone system
The plasmids pET28a::Rv3032 and pGro7 were co-transformed into E. coli BL21(DE3)
chemically competent cells as per co-transformation method 2 described in section
8.2.2.5. Successfully grown colonies were resuspended in 5.0 mL LB media containing
Kan (30 pg/mL) and Chlor (20 pg/mL). Once grown overnight at 37 °C, 180 rpm, a
portion of overnight culture (1.0 mL) was used to inoculate 4 x 100 mL LB media
containing Kan (30 pg/mL), Chlor (20 pg/mL) and L-Ara. The large scale growths were
grown at 37 °C, 180 rpm until an O.Dgoo of 0.5 was reached. At this point, IPTG (1.0
mM) was added, and the cultures grown either at 18 °C or 37 °C for either 4 or 18
hours. Cells were then harvested (8000 rpm, 4 °C, 30 min), lysed and the resulting

samples analysed via SDS-PAGE.

8.2.4.3 Co-expression and purification of MtGIcT with the trigger factor chaperone
protein

Co-expression of TF and MtGIcT:

The plasmids pET28a::Rv3032 and pTf16 were co-transformed into E. coli BL21(DE3)
chemically competent cells as per co-transformation method 1 described in section
8.2.2.5. Successfully grown colonies were resuspended in 100 mL LB media containing
Kan (30 pg/mL), Chlor (20 pg/mL) and L-Ara (600 pg/mL). Once grown overnight at 37
°C, 180 rpm, a portion of overnight culture (10.0 mL) was used to inoculate 1.0 L LB
media containing Kan (30 pg/mL), Chlor (20 pg/mL) and L-Ara (600 pg/mL). The large
scale growth was grown at 37 °C, 180 rpm until an O.Deoo of 0.5 was reached. At this
point, IPTG (0.5 mM) was added, and the culture grown at 18 °C for 18 hours. Cells
were then harvested (8000 rpm, 4 °C, 30 min), lysed (see section 8.2.1.8) and the
resulting samples analysed via SDS-PAGE. The resulting lysate was then purified by Ni-
affinity FPLC using the Tris-HCI FPLC buffers as per section 8.2.6.9.

Expression of TF only:

The pTf16 plasmid was transformed into E. coli BL21(DE3) chemically competent cells

as per the heat shock method described in section 8.2.1.4. Transformants were grown
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on plates containing Chlor (20 pg/mL). One successful colony was used to inoculate 5.0
mL LB media containing Chlor (20 ug/mL) and L-Ara (600 pg/mL). Once grown
overnight at 37 °C, 180 rpm, a portion of overnight culture (1.0 mL) was used to
inoculate 100 mL LB media containing Chlor (20 ug/mL) and L-Ara (600 pug/mL). The
large scale growth was grown at 37 °C, 180 rpm until an O.Dggo of 0.5 was reached. At
this point, IPTG (0.5 mM) was added, and the culture grown at 18 °C for 18 hours. Cells
were then harvested (8000 rpm, 4 °C, 30 min), lysed and the resulting samples
analysed via SDS-PAGE.

8.2.4.4 Large scale expression and attempted purification of MtGIcT

The plasmid pET28a::Rv3032 was transformed into E. coli BL21(DE3) chemically
competent cells and successfully grown colonies were resuspended in 100 mL LB
media containing 50 pug/mL Kan. Once grown overnight at 37 °C, 180 rpm, a portion of
overnight culture (80 mL) was used to inoculate 8.0 L LB media containing Kan (50
pg/mL). The large scale growth was grown at 37 °C, 170 rpm until an O.Deoo of 0.5 was
reached. At this point, protein expression was induced using IPTG (0.5 mM) and was
carried out at 18 °C overnight. Cells were then harvested (8000 rpm, 4 °C, 30 min) and
lysed before purification was carried out as per section 8.2.1.10 using the Tris-HCI FPLC
buffers as per section 8.2.6.9. Fractions containing protein were pooled and dialysed

against 50 mM HEPES pH 7.4.

8.2.4.5 Concentration of solubilised MtGIcT protein

The work carried out by Dr. Gu Yoo included the inoculation of an overnight culture of
LB broth containing Kan (50ug/mL) with a colony of E. coli BL21 pET28a::Rv3032. The
culture was grown overnight at 37 °C and a 1% inoculate was added to a large-scale
growth. Expression was carried out at 37 °C for 4 hours. Once cells were harvested
(8,000 rpm, 4 °C, 30 min), they were lysed and the insoluble cell debris was solubilised
using buffer containing 0.2% sarkosyl (4 °C, 18 hours). Dialysis was then performed to
remove the sarkosyl from the solubilised protein solution. Samples were then analysed

using SDS-PAGE. This concludes the work carried out by Dr. Gu Yoo on this experiment.

The solution containing the re-solubilised MtGIcT was initially centrifuged to remove
precipitate (8,000 rpm, 4 °C, 30 min) then analysed by Bradford assay and deemed to
contain 2.0 mg/mL protein. The supernatant was then concentrated using Amicon®
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Ultra — 15 (Merk) centrifugal units (10 kDa MWCO). The final volume of solution was
1.0 mL and was found to have a concentration of 40 mg/mL, as determined using the

Bradford assay. The concentrated solution was then aliquoted and stored at -80 °C.

8.2.4.6 PK/LDH coupled transferase assay
Prior to assays being performed, a 5x master mix of assay components excluding the
enzyme and potential acceptor was prepared. The composition of this 5x master mix is

detailed in table 8.24.

Table 8.24 composition of LDH/PK 5 x assay master

mix

Component concentration / mM
UDP-Glc 5.0

PEP 5.0

NADH 1.5

PK =85 U/mL

LDH =120 U/mL

HEPES pH 7.0 100

All reaction components except for the enzyme were warmed to room temperature
before initiation of the reaction upon the addition of the enzyme. Reaction mixtures
contained 5 x master mix (40 uL), acceptor solution (50 pL) and enzyme solution (50
pL). Enzyme solution was prepared by diluting the stock volume with deionised water
to give a final concentration of 4.0 mg/mL. Substrate solutions were prepared at the
following concentrations; monosaccharides 4.0 mM, oligosaccharides 4.0 mM, amylose
0.12% amylopectin 1.0 % and glycogen 0.25 %. Polysaccharides were added as
solutions in DMSO. Reactions were carried out at 37 °C over a period of 60 minutes.
Assays were carried out in Greiner 96 well plates (flat-bottom, clear, full volume) and
the absorbance at 340 nm was measured over regular periods of 2 minutes. Negative
controls were carried out as above without the addition of MtGIcT. Data were plotted

and analysed using GraphPad Prism 7.0.
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8.2.4.7 Expression and purification of OtsA

The plasmid containing the OtsA gene was transformed into E. coli BL21(DE3)
chemically competent cells and successfully grown colonies were resuspended in 50
mL LB media containing 100 pg/mL Amp. Once grown overnight at 37 °C, 180 rpm, a
portion of overnight culture (10 mL) was used to inoculate 1.0 L LB media containing
Amp (100 pg/mL). The large scale growth was grown at 37 °C, 180 rpm until an O.Dgoo
of 0.5 was reached. At this point, protein expression was induced using IPTG (0.1 mM)
and was carried out at 30 °C, 170 rpm overnight. Cells were harvested (8,000 rpm, 4 °C,
30 min) and lysed as per section 8.2.1.8. Ni-affinity FPLC purification was then carried
out using the HEPES buffers described in section 8.2.6.9. Fractions containing protein
were pooled and dialysed against 5.0 mM HEPES pH 7.0, 60 mM MgCl, before being

concentrated to 3.5 mg/mL. Aliquots were then stored at -80 °C.

8.2.4.8 PK/LDH assay with OtsA

Prior to assays being performed, a 5x master mix of assay components excluding the
enzyme and potential acceptor was prepared. The composition of this 5x master mix is
detailed in table 8.24, section 8.2.4.6. All reaction components except for the enzyme
were warmed to room temperature before initiation of the reaction upon the addition
of the enzyme. Reaction mixtures contained KCI (1.0 M, 40uL), MgCl; (1.0 M, 2.0 pL),
BSA (10%, 2.0 pL), 5 x master mix (40 L), G6P (50 mM, 4.0 uL) and enzyme solution
(6.0 pL). The final volume of the reaction mixture was made up to 200 pL using
deionised water. Enzyme was used as stored, at a concentration of 3.5 mg/mL.
Reactions were carried out at 37 °C over a period of 60 minutes. Assays were carried
out in Greiner 96 well plates (flat-bottom, clear, full volume) and the absorbance at
340 nm was measured over regular periods of 2 minutes. Negative control reactions
were carried out in which no G6P was present. Data were plotted and analysed using

GraphPad Prism 7.0.

8.2.5 Experimental for Chapter 6

8.2.5.1 Initial expression of MtGpgS
The plasmid pET29a(+)::Rv1208 (Prof. Marcelo E. Guerin, Ikerbasque, Blibao) was
transformed into E. coli BL21(DE3) chemically competent cells and successfully grown

colonies were resuspended in 100 mL 2 x YT media containing 50 pg/mL Kan. Once
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grown overnight at 37 °C, 180 rpm, a portion of overnight culture (10 mL) was used to
inoculate 1.0 L 2 x YT media containing Kan (50 pug/mL). The large scale growth was
grown at 37 °C, 180 rpm until an O.Deoo of 0.5 was reached. At this point, protein
expression was induced using IPTG (0.5 mM) and was carried out at 37 °C, 180 rpm for
4 hours. Cells were pelleted (8,000 rpm, 4 °C, 30 min) and lysed before being analysed
using SDS-PAGE.

8.2.5.2 Studies on the co-expression of MtGpg$S with the GroEL-GroES chaperone
system and the TF chaperone protein

The pET29a(+)::Rv1208 plasmid and either the pGro7 or the pTf16 plasmid were co-
transformed into E. coli BL21(DE3) chemically competent cells as per co-
transformation method 1 in section 8.2.2.5. For each co-transformation experiment, a
successful colony was used to inoculate 5.0 mL 2x YT media containing Kan (30 pug/mL)
and Chlor (20 pg/mL). The cells were grown overnight at 37 °C, 180 rpm before 0.15
mL were used to inoculate 15 mL 2x YT media containing Kan (30 pg/mL), Chlor (20
pug/mL) and L-Ara (100 pg/mL). These larger cultures were grown at 37 °C, 180 rpm
until an O.Dego of 0.5 was reached. At that point, IPTG was added at a final
concentration of 1.0 mM. Protein expression was then carried out either at 37 °C for 4
hours or 18 °C for 18 hours. Cells were harvested (8,000 rpm, 4 °C, 30 min) and lysed

before being analysed via SDS-PAGE.

8.2.5.3 Co-expression of MtGpgS with the GroEL-GroES chaperone system and
subsequent purification of MtGpgS

The pET29a(+)::Rv1208 plasmid and pGro7 plasmid were co-transformed into E. coli
BL21(DE3) chemically competent cells as per co-transformation method 1 in section
8.2.2.5. One resultant colony was used to inoculate 50 mL 2 x YT media containing Kan
(30 pg/mL) and Chlor (20 pg/mL). The cells were grown overnight at 37 °C, 180 rpm
before 10 mL were used to inoculate 1.0 L 2x YT media containing Kan (30 pg/mL),
Chlor (20 pg/mL) and L-Ara (100 pg/mL). The larger culture was grown at 37 °C, 180
rpm until an O.Deoo of 0.5 was reached. At that point, IPTG was added at a final
concentration of 1.0 mM. Protein expression was then carried out at 18 °C for 18
hours. Cells were harvested (8,000 rpm, 4 °C, 30 min) and lysed. Purification was then

carried out as per section 8.2.1.10 using the HEPES buffers described in section 8.2.6.9.
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Fractions containing protein were pooled and dialysed against 10 mM Tris-HCI pH 8.0,
0.5 M NaCl before being concentrated to 5.0 mg/mL. Solution was then aliquoted and

stored at -80 °C.

8.2.5.4 PK/LDH coupled assay with MtGpg$S

Prior to assays being performed, a 5x master mix of assay components excluding the
enzyme and potential acceptor was prepared. The composition of this 5x master mix is
detailed in table 8.24, section 8.2.4.6. All reaction components except for the enzyme
were warmed to room temperature before initiation of the reaction upon the addition
of the enzyme. Reaction mixtures contained MgCl; (1.0 M, 2.0 pL), 5 x master mix (40
uL), 3-PGA (50 mM, 4 uL) and enzyme solution (4 pL). Enzyme was used as stored, at a
concentration of 5.0 mg/mL. Reaction volumes were made up to 200 pL with deionised
water. Reactions were carried out at 37 °C over a period of 60 minutes. Assays were
carried out in Greiner 96 well plates (flat-bottom, clear, full volume) and the
absorbance at 340 nm was measured over regular periods of 2 minutes. Negative
control reactions were carried out in which no 3-PGA was present. Data were plotted

and analysed using GraphPad Prism 7.0.

8.2.5.5 Scaled up enzymatic reaction with MtGpg$

Reactions were carried out in 1.5 mL microcentrifuge tubes and total reaction volume
was 500 pL. Each reaction was incubated at 37 °C for 18 hours and the crude products
were then visualised using TLC. The reaction mixture was compared to the two
substrates as well as to a control reaction in which no 3-PGA was present. TLC
experiments were run in an eluent of ACN: EtOAc: 'PA: H0 in a ratio of 85:20:50:50.
TLC analyses were run in duplicate and visualised with either KMnOj4 stain or 10 %

H2S04 in MeOH. The composition of the reaction mixture is given in table 8.25.
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Table 8.25 composition of scaled up enzymatic synthesis

of GPG

Component concentration / mM
UDP-Glc 10.0

3-PGA 10.0

MgCl, 20.0

HEPES pH 8.0 20.0

MtGpgS 0.1 mg/mL

8.2.6 Composition of buffers and other solutions

8.2.6.1 Tris-acetate-EDTA (TAE) buffer for agarose gel electrophoresis
Before being used to make agarose gels or as tank buffer, 50 x TAE solution was

diluted to 1 x using deionised water.

Table 8.26 Composition of 50 x TAE buffer

Component Amount in 1 L made up with deionised
water

Tris-base 242 g

Glacial acetic acid 57.1mL

0.5 M EDTA (pH8.0) 100 mL

8.2.6.2 Calcium Chloride buffer used in preparation of chemically competent cells

Table 8.27 Composition of calcium chloride buffer used to make chemically

competent cells

Component  Mass added to 100 mL water/  Final concentration /

mg mv
CaCl, 555 50
Tris-HCI pH

158 10
7.4
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8.2.6.3 Super optimal broth with catabolite repression (SOC) media

Table 8.28 Composition of SOC media

Component Volume added to total / mL
LB media 50

1 M MgCl; 0.50

2 M MgS0O,4 0.50

Glucose (20%
0.50
w/v)

Once components were mixed, SOC media was filtered through a sterile syringe filter

and divided into 3.0 mL aliquots before being stored at 4 °C.

8.2.6.4 LB-Agar plates

10 g of LB media and 6 g of agar were suspended in 400 mL deionised water before
being sterilised via heating to 121 °C for 15 minutes in an autoclave. The solution was
then allowed to cool before the appropriate volume of stock antibiotic solution was
added and the plates poured. Once set, plates were wrapped with laboratory film and

stored upside down at 4 °C.

Table 8.29 Amounts of antibiotics used in the preparation of agar plates

Antibiotic (stock Volume added to 400 mL Final Concentration /
concentration / mg/mL) agar solution/ pL ug/mL
Kanamycin (50) 400 50
Ampicillin (100) 400 100
Chloramphenicol (30) 400 30
Kan: 240 Kan: 30

Kan (50) + Chlor (30) mix
Chlor: 267 Chlor: 20
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8.2.6.5 Stock antibiotic solutions

Table 8.30 Composition of stock antibiotic solutions

Antibiotic Amount to add to 10 mL water /  Stock concentration /
mg mg/mL

Kanamycin 500 50

Ampicillin 1000 100

Chloramphenicol* 300* 30

*Chloramphenicol solutions prepared in ethanol

Once antibiotic solutions were prepared, they were then sterilised by being filtered

through a sterile syringe filter. Solutions were stored in 1.0 mL aliquots at -20 °C.

8.2.6.6 Luria Broth (LB) media
LB powder was dissolved in deionised water (25 g/L) before being sterilised via heating
to 121 °C for 15 minutes in an autoclave. Relevant antibiotic / inducer solutions were

added once media had cooled below 55 °C.

Table 8.31 Amount of each componentin 25 g LB
(Miller) media

Component Mass /g
Peptone 140 10.0
NaCl 10.0
Yeast extract 5.0

8.2.6.7 2 x YT media
The components of 2 x YT media were dissolved in water before being sterilised via
heating to 121 °C for 15 minutes in an autoclave. Relevant antibiotic / inducer

solutions were added once media had cooled below 55 °C.
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Table 8.32 composition of 2 x YT mediain 1L

Component Mass /g
Tryptone 16.0
NaCl 5.0
Yeast extract 10.0

8.2.6.8 Lysis buffer
Lysis buffer consisted of Ni affinity FPLC binding buffer (volume equal to 3 x the mass
of cell pellet) to which was added lysozyme (1-5 mg), DNAsel (1-5 mg) and 1

cOmplete™ protease inhibitor cocktail tablet (Roche).

8.2.6.9 Ni-NTA FPLC buffers
Binding buffers:

Table 8.33 Composition of Tris based binding buffer (A buffer)

Component Massin 1L water/g Final concentration /
mM

Tris HCI 3.15 20

NaCl 29.2 500

Imidazole 0.34 5.0

Table 8.34 Composition of HEPES based binding buffer (A buffer)

Component Massin 1L water /g Final concentration /
mM

HEPES 4.77 20

NaCl 29.2 500

Imidazole 0.34 5.0

Once buffer components are dissolved in most of the water, the pH is adjusted to 7.4

using HCl / NaOH. The solution is then made up to volume using deionised water.

Elution buffers:
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Table 8.35 Composition of Tris based elution buffer (B buffer)

Component Final concentration /
Mass in1Lwater /g
mv
Tris HCI 3.15 20
NaCl 29.2 500
Imidazole 34 500

Table 8.36 Composition of HEPES based elution buffer (B

buffer)
Component Final concentration /
Massin 1L water/g
mM
HEPES 4.77 20
NaCl 29.2 500
Imidazole 34 500

Once buffer components are dissolved in most of the water, the pH is adjusted to 7.4

using HCl / NaOH. The solution is then made up to volume using deionised water.

8.2.6.10 SDS-PAGE running buffer

Table 8.37 Composition of 5 x SDS running buffer

Component Final
Amountin1L*
concentration

Tris-base 15.1¢g 0.12 M
Glycine 94g 1.25M
SDS (20% w/v) 25 mL 0.5 % w/v

*Total volume made up to 1.0 L using deionised water.

8.2.6.11 SDS-PAGE 2x loading dye

Upon use, 2x loading dye is diluted to 1x with the sample being analysed.
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Table 8.38 composition of 2x SDS-PAGE loading dye

Component Stock Volume added* / Final
solution mL concentration
Tris HCI 1.0M 2.5 100 mM
SDS 20% w/v 5.0 4%
Bromophenol 1% w/v 1.25 0.05%
Blue
Glycerol 50% v/v 10 20%
DTT 1.0M 1.25 50 mM

*Total volume made up to 25 mL with deionised water.

8.2.6.12 Sarkosyl solubilisation buffer
Solubilisation buffer consisted of 20 mM HEPES, pH 7.4, lysozyme (1-5 mg), DNAsel (1-
5 mg) and 1 cOmplete™ protease inhibitor cocktail tablet (Roche) with the addition of

2.0 % sarkosyl solution in deionised water (final concentration 0.2%).

8.2.6.13 lodine staining solution

Stock iodine/KI solution:

I2 (260 mg, 2.04 mmol) and KI (2.6 g, 15.66 mmol) were dissolved in 10 mL deionised

water. Solution was stored at 4 °C.
Freshly prepared solution used for assays:

I2/KI stock (25 uL) (or 50 uL when used with glycogen or maltodextrin) was added to
HCI (1.0 M, 100 pL) and the solution made up to 13.0 mL with deionised water. This

solution was prepared fresh each day an assay was carried out.

8.2.6.14 BCA solution

BCA solution used was from the Pierce™ BCA protein assay kit (Thermo Scientific™).

BCA reagent A contained: sodium carbonate, sodium bicarbonate, bicinchoninic acid

and sodium tartrate in sodium hydroxide (0.1 M).
BCA solution B contained: copper (lI) sulphate (4%).

Before use in assay, BCA solution was prepared by mixing BCA reagent A and BCA

reagent B in a 50:1 ratio as per kit instructions.
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8.2.6.15 Malachite green dye solution

Malachite green carbinol base (13.5 mg, 0.04 mmol) was dissolved in deionised water
(30 mL) to which HCI (4 M, 1.0 mL) was added. A blue green solution was formed. A
solution of ammonium molybdate tetrahydrate (420 mg, 0.34 mmol) in HCI (4 M, 10
mL) was added slowly to the malachite green solution which then turned yellow once
all molybdate was added. The resulting solution was stirred at room temperature for
30 minutes before any precipitate was removed via filtration. The dye solution was
stored at -80 °Cin 1.0 mL aliquots. Upon defrosting and prior to use, Triton-X100
(1.0%, 20 pL) was added and thoroughly mixed.

8.2.6.16 Preparation of phosphate buffer

Phosphate buffers of a desired pH were made by mixing solutions of monobasic
potassium/sodium phosphate (0.2 M) and dibasic potassium/sodium phosphate (0.2
M) at a certain ratio. Ratios were taken from the buffer reference centre on the Sigma
Aldrich website: (https://www.sigmaaldrich.com/life-science/core-
bioreagents/biological-buffers/learning-center/buffer-reference-
center.html#tphosphate). If necessary, the final solution was diluted to the desired

concentration.
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Appendix A: Additional data for Chapter 2

A.1 (2R)-2-O-(a-D-glucopyranosyl)-2,3-dihydroxypropanoate (1.36)

'H NMR (400 MHz, D,0), as matches the literature:
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'H NMR (400 MHz, D,0), isomer:
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13C NMR (101 MHz, D,0):
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LC-MS (ESI-):
OH
HO 0
HO
HO O\[COZH
OH

1G-5183-GG, BLUE ESINEG C158 5 min, RT 0.2486 rmins, Scan# 70, NL 1.050E6, 14/07/2017 08:47, mz [176-1,417]

277
100+

20 —
20—
70—
&0 —
20—
40—

Relative Intensity

20—
20—

10—
3G

l:l T T T T T T T T T
177.0429  197.0439  217.0432 237.043% 257.0439 2770439 297.043% 32317.043%9  337.0439  357.0439

s

254



Appendix A

[

A.2 Methyl 3-0-tert-butyldiphenylsiIyI-(ZR)-Z-O-(2,3,6,2',3',4’,6’-hepta-O-benzyl-afB-D-maItopyranosyl)-2,3-

dihydroxypropanoate (2.27a/B)
'H NMR (400 MHz, CDCl5):
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13C NMR (101 MHz, CDCl,):
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'H-'H COSY (400 - 400 MHz, CDCls):
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'4-Bc HSQC (101 - 400 MHz, CDCls):
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HR-MS (ESI+) m/z:
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A.3 Methyl (2R)-2-0-(2,3,6,2’,3’,4’,6’-hepta-O-benzyl-a/B-D-maltopyranosyl)-2,3-dihydroxypropanoate (2.28a/B)

'H NMR (400 MHz, CDCl5):
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13C NMR (101 MHz, CDCl,):
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'H-'H COSY (400 - 400 MHz, CDCls):
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'4-13c HSQC (100 - 400 MHz, CDCls):
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HR-MS (ESI+) m/z:
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A.4 Methyl (2R)-2-0-(a/B-D-maltopyranosyl)-2,3-dihydroxypropanoate (2.29a/)

'H NMR (400 MHz, CD;0D):
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13C NMR (101 MHz, CD;0D):
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'H-'H COSY (400 - 400 MHz, CD;0D):
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'4-Bc HSQC (100 - 400 MHz, CD;0D):
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HR-MS (ESI+) m/z:
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A.5 (2R)-2-0-(a/B-D-maltopyranosyl)-2,3-dihydroxypropanoate (1.38a/B)
'H NMR (400 MHz, D,0):
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13C NMR (101 MHz, D,0):
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'4-'H COSY (400 - 400 MHz, D,0):
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'4-3C HSQC (100 - 400 MHz, D,0):
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HR-MS (ESI+) m/z:
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. . o b
A.6 p-nitrophenyl 6-deoxy-6-fluoro-a-b-glucopyranoside (2.33) 4 |
1 - R
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13C NMR (101 MHz, d6-DMSO):
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F NMR (376 MHz, d6-DMSO):
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5 5
| |
A.7 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl fluoride (2.35) o 93
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13C NMR (101 MHz, CDCl,):

OAc

AcO 0
AcO

105 100 a5 a0 a5 &0 75 70 Chemical Shift {ppm)

20.54

- 35

=g D —

eég =

e 2o E
=]

SESORUR IS | N

R B s L B B L Bl ) B IR I i L B R I Rl L B e B B L B IR ol Lk M s Lk B ) By L R R Ry L I LR L IR NN RN Ry LA RS AR RS Ry LARRE Ran s

220 210 200 190 180 170 160 150 140 130 120 110 100 80 &0 70 &0 a0 40 30 20 10 0 Chemical Shift {pp




Appendix A

9F NMR (376 MHz, CDCl5):
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LR-MS (ESI+) m/z:

OAc
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15-8306-GlcF, BLUE ESIPOS C13 Smin , RT 1.5544 mins, Scan# 443, ML 1 .542E7, 9/21/2017 10:58 &M, mz [167-

724]

3734
100

a0
20
70
&0
50
3705
40

20—
21 2684

Relative Intensity

3893

10+ 5694 3754 3933

| 1 . 1.
I:l 1 T 1 1 T T 1
2635829 2E68,5829 273,5829 278,5829 2832,5829 82,5229 93,5829 298,5829

msz

295



Appendix A

A.8 2,3,4,6-tetra-O-acetyl-5-bromo-a-D-glucopyranosyl fluoride (2.36)
1
H NMR (400 MHz, CD;0D):
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13C NMR (101 MHz, CD;0D):
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A.9 2,3,4,6-tetra-O-acetyl-5-fluoro-B-l-idopyranosyl fluoride (2.37)

—2.13

'H NMR (400 MHz, CDCl5):
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13C NMR (101 MHz, CDCl,):
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F NMR (376 MHz, CDCl5):
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A.10 5-fluoro-B-L-idopyranosyl fluoride (2.38)
'H NMR (400 MHz, CD;0D):
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%F NMR (376 MHz, CD;0D):
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Appendix B

Appendix B: Additional data for Chapter 3

B.1 Sequencing results of pET28a(+)::Rv3031 amplified using plasmid mini

prep technique

Forward sequencing results (beginning of T7 promotor region):

T7Start
Plasnid
Consensus

T7Start
Plasnid
Consensus

T75tart
Plasnid
Consensus

T7Start
Plasnid
Consensus

T7Start
Plasnid
Consensus

T?5tart
Plasnid
Censensus

T7Start
Plasnid
Consensus

T7Start
Plasnid
Consensus

T7Start
Plasnid
Consensus

T7Start
Plasnid
Consensus

T7Start
Plasnid
Consensus

T75tart
Plasnid
Consensus

T7?Start
Plasnid
Consensus

T7Start
Plasnid
Consensus

1 10 20 30 40 50 60 70 80 90 100 110 120 130
1 1
TCCCCTCTAGARTARTTTTGTTTAACTTTRAGARGGAGATATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTEGTGCCGCGCGGCAGCCATATGARTACGTCCGCTTCGCCGGTTC

ATTTTGTTTAACTTTRAAGARGGAGATATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGARTACGTCCGCTTCGCCGGTTC
.............. ATTTTGTTTAACTTTARGARGGAGATATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGARTACGTCCGCTTCGCCGGTTC

131 140 150 160 170 180 130 200 210 220 230 240 250 260
1

CGGGCCTGTTTACCCTGGTTCTGCATACGCATCTGCCGTGGCTGECACATCATGGTCGCTGECCGETGGGCGARGAATGGCTGTACCAGAGCTGGGCAGCAGCATATCTGCCGCTGCTGCARGTTCTGGE
CGGGCCTGTTTACCCTGGTTCTGCATACGCATCTGCCGTGECTGGCACATCATGGTCGCTGECCGETGGGCGARGAATGGCTGTACCAGAGCTGGGCAGCAGCATATCTGCCGCTGCTGCARGTTCTGEE
CGGGCCTGTTTACCCTGGTTCTGCATACGCATCTGCCGTGGCTGECACATCATGGTCGCTGECCGGTGGGCGAAGAATGGCTGTACCAGAGCTGGGCAGCAGCATATCTGCCGCTGCTGCARGTTCTGGE

?Bl 270 280 290 300 310 320 330 340 350 360 370 380 39?

TGCGCTGGCCGATGARAACCGTCACCGCCTGATTACCCTGGGCATGACGCCGGTGGTTARTGCGCAGCTGGATGACCCGTACTGCCTGARCGGTGTTCATCACTGGCTGGCARRT TGGCAGCTGCGTGET
TGCGCTGGCCGATGARAACCGTCACCGCCTGATTACCCTGGGCATGACGCCGGTGGTTAATGCGCAGCTGGATGACCCGTACTGCCTGARCGGTGTTCATCACTGGCTGGCAART TGGCAGCTGCGTGLT
TGCGCTGGCCGATGARAACCGTCACCGCCTGATTACCCTGGGCATGACGCCGGTGGTTAATGCGCAGCTGGATGACCCGTACTGCCTGARCGGTGT TCATCACTGGCTGGCARAT TGGCAGCTGCGTGET

391 400 410 420 430 440 450 460 470 480 490 500 510 520
1 1
GRAGARGCCGCATCAGTCCGTTRCGCGCGCCARTCARRATCGGCCGATTATCCGTCGTGCACCCCGGARGCACTGLGTGCATTTGGTATTCGCGARTGTGCTGRATGCTGCGCGTGCGCTGGACARCTTCLG
GRAGARGCCGCATCAGTCCGT TRCGCGCGCCARTCARAATCGGCCGATTATCCGTCGTGCACCCCGGARGCACTGCGTGCATTTGGTATTCGCGARTGTGCTGATGCTGCGCGTGCGCTGGACARCTTCG
GAAGARGCCGCATCAGTCCGTTACGCGCGCCARTCARRATCGGCCGATTATCCGTCGTGCACCCCGGARGCACTGCGTGCATTTGGTATTCGCGARTGTGCTGATGCTGCGCGTGCGCTGGACARCTTCG

521 530 540 550 560 570 580 590 600 610 620 630 640 650

1 1
CARCCCGTTGGCGTCACGGCGGTTCCCCGLTGCTGCGLGGCCTGATCGATGCCGGTACGGTTGARCTGCTGGGCGETCCGCTGGCACATCCGTTTCAGCCGCTGCTGECACCGCGTCTGCGTGARTTCGL
CAACCCGTTGGCGTCACGGCGGTTCCCCGLTGCTGCGLGGCCTGATCGATGCCGGTACGGTTGARC TGCTGGECGETCCGCTGGCACATCCGTTTCAGCCGCTGCTGECACCGLGTCTGCGTGARTTCGL
CARCCCGTTGGCGTCACGGCGGTTCCCCGCTGCTGCGLGGCCTGATCGATGCCGGTACGGTTGARCTGCTGGGCGRTCCGCTGGCACATCCGTTTCAGCCGCTGCTGRCACCGCGTCTGCGTGARTTCGE

651 660 670 680 690 700 710 720 730 740 750 760 770 780

| 1
TCTGCGCGARGGCCTGECTGATGCGCAACTGCGTCTGGCCCATCGCCCGARAGGTATCTGGECACCGGAATGTGCCTACGCACCGGGCATGGARGT TGATTATGCTACCGCGGGTGTTAGCCACTTTATG
TCTGCGCGARGGCCTRECTGATGCGCAACTGCGTCTGGCCCATCGCCCGARAGGTATCTGGGCACCGGAATGTGCCTACGCACCGGGCATGGARGT TGATTATGCTACCGLGGLTGTTAGCCACTTTATG
TCTGCGCGARGGCCTGGCTGATGCGCAACTGCGTCTGGCCCATCGCCCGARAGGTATCTGGGCACCGGAATGTGCCTACGCACCGGECATGGAAGT TGATTATGCTACCGCGGGTGTTAGCCACTTTATG

781 790 800 810 820 830 840 850 860 870 880 890 900 910
] 1
GTCGATGGCCCGTCTCTGCATGGTGACACCGCACTGGETCGTCCGGTGGGTAARRCGGATGTCGTGGCGTTCGGCCGTGACCTGCAGGTTTCTTACCGCGTCTGGAGTCCGAAGTCCGGTTATCCGGGTC
GTCGATGGCCCGTCTCTGCATGGTGACACCGCACTGGETCGTCCGGTGGGTARARCGGATGTCGTGGCGT TCGGCCGTGACCTGCAGGTTTCTTACCGCGTCTGGAGTCCGAAGTCCGGTTATCCGGGTC
GTCGATGGCCCGTCTCTGCATGETGACACCGCACTGGGTCGTCCGGTGGGTARARCGGATGTCGTGGCETTCGGCCGTGACCTGCAGGTTTCTTACCGCGTCTGGAGTCCGAAGTCCGGTTATCCGGGTC

911 320 930 940 950 960 970 980 990 1000 1010 1020 1030 1040
1

|}

ACGCAGCATACCGTGATTTTCACACCTATGACCATCTGACGGGTCTGAAACCGGCCCGTGTGACCGGTCGTARCGT TCCGTCTGARCAR
ACGCAGCATACCGTGATTTTCACACCTATGACCATCTGACGGGTCTGAAACCGGCCCGTGTGACCGGTCGTARCGT TCCGTCTGARCAGARGGCGCCGTATGATCCGGARCGTGCTGATCGCGCGGTCGA
ACGCAGCATACCGTGATTTTCACACCTATGACCATCTGACGGGTCTGAARCCGGLCCGTGTEACCEGTCGTAACGTTCCETCTGAACAG. . eesesececcccacccscsssacsossccascsacons

1041 1050 1060 1070 1080 1090 1100 1110 1120 1130 1140 1150 1160 1170
| 1

CGTGCATGTTGCGGATTTCGTCGACGTTGTCCGTARTCGCCTGCTGAGCGRAATCTGARCGTATTGATCGCCCGGCGCACGTGATCGCTGCGTTTGATACCGARCTGTTCGGCCATTGGTGGTATGARGGT

1171 1180 1190 1200 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
I 1

CCGACGTGGCTGCAGCETGTTCTGCGTGCACTGCCGGCAGCAGGCGTCCGTGTGEGTACCCTGAGLGATGCCAT TGCAGACGGCTTTGTGGGTGATCCGGTTGRACTGCCGCCGAGCTCTTGGGGCAGTG

B L T T T L L T L L L T T T T T T

1301 1310 1320 1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430
1 1

GTAARGATTGGCAAGTGTGGTCCGGTGCARAGGTCGCAGACCTGGTGCARCTGARTAGCGARGTGGT TGATACCGCCCTGACCACGATTGACARAGC TCTGGCGCAGACGGCATCTCTGGATGGTCCGET

B T L T T T T T T T T T T T T T T T T

1431 1440 1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
I 1

GCCGCGTGATCATGTGGCGGACCARATCCTGCGCGARACCCTGCTGACCGTCAGTTCCGACTGGCCGTTCATGGTGTCARAGGATTCGGCTGCGGACTATGCTCGTTACCGTGCACATCTGCACGCACAT

1561 1570 1580 1530 1600 1610 1620 1630 1640 1650 1660 1670 1680 1630
| 1

GCARCCCGCGARATCGCTGGTGCACTGGCAGCAGGTCGTCGCGATACGGCCCGTCGCCTGGCAGARGGTTGGAATCGTGCTGATGGTCTGTTTGGTGCTCTGGATGCTCGTCGTCTGCCGAARTGACTCG

1691 1700 1710 1720 1723
1 1

AGCACCACCACCRCCACCACTGAGATCCGGCTGCTAACA

Figure B. 1 Forward sequencing results (T7Start) aligned with original plasmid order sequence

(plasmid).
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Reverse sequencing results (T7 terminal region):

Tern
Plasnid
Consensus

Tern
Plasnid
Consensus

Tern
Plasnid
Consensus

Tern
Plasnid
Consensus

Tern
Plasnid
Consensus

Tern
Plasnid
Consensus

Tern
Plasnid
Consensus

Tern
Plasnid
Consensus

Tern
Plasnid
Consensus

Tern
Plasnid
Consensus

Tern
Plasnid
Consensus

Tern
Plasnid
Consensus

Tern
Plasnid
Consensus

Tern
Plasnid
Consensus

Figure B.

1 10 20 30 40 50 60 70 80 90 100 110 120 130
I I

ATTTTGTTTARCTTTARGARGGAGATATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGAATACGTCCGCTTCGCCGGT TCCGGGCCTGTTTACC

CTGGTTCTGCATACGCATCTGLCGTGGCTGGCACATCATGGTCGCTGGCCGGTGGGCGARGARTGGCTGTACCAGAGCTGGGCAGCAGCATATCTGCCGCTGCTGCARGTTCTGGLTGCGCTGGCCGATG

261 270 280 230 300 310 320 330 340 350 360 370 380 330
1 I

ARRACCGTCACCGCCTGATTACCCTGGGCATGACGCCGGTGGT TARTGCGCAGCTGGATGACCCGTACTGCCTGARCGGTGTTCATCACTGGCTGGCAAATTGGCAGCTGCGTGCTGARGARGCCGCATC

391 400 410 420 430 440 450 460 470 as0 430 500 510 520
1 I

AGTCCGTTACGCGCGCCAATCARARTCGGCCGATTATCCGTCGTGCACCCCGGARGCACTGCGTGCATTTGGTATTCGCGARTGTGCTGATGCTGCGCGTGCGCTGGACAACTTCGCARCCCGTTGGLGT

D R T T L LT T L R R e L

521 530 540 550 560 570 580 530 600 610 620 630 640 650
| I

CACGGCGGTTCCCCGCTGCTELGCGGCCTGATCGATGCCGGTACGGT TGARCTGCTGGGCGGTCCGCTGGCACATCCGTTTCAGCCGCTGCTGGCACCGCGTCTGCGTGARTTCGCTCTGCGCGARGGLT

D LT T T T L L LT T T L LT LT T T T T T T T TP

651 660 670 680 690 700 710 720 730 740 750 760 770 780
} [}

TTGATTATGCTACCGCGGGTGTTAGCCACTTTATGGTCGATGGCCCGTC
TGGCTGATGCGCARCTGCGTCTGGCCCATCGCCCGARAGGTATCTGGGCACCGGAATGTGCCTACGCACCGGGCATGGARGTTGATTATGCTACCGCGGGTGTTAGCCACTTTATGGTCGATGGCCCGTC
ceessssssssssssssssssstteetttittttttttcscccttstsstssssssssssssssssssssssssssssssceel IGHITATGCTACCGCGGGTGTTAGCCACTTTATGGTCGATGGCCCGTC

781 790 800 810 820 830 840 850 860 870 880 830 900 910
| I
TCTGCATGGTGACACCGCACTGGGTCGTCCGGTGEGTARAACGGATGTCGTGGCGT TCGECCGTGACCTGCAGGTTTCTTACCGCGTCTGGAGTCCGARGTCCGGTTATCCGGGTCACGCAGCATACCGT

TCTGCATGGTGACACCGCACTGGGTCGTCCGGTGGGTARAACGGATGTCGTGGCGTTCGGCCGTGACCTGCAGGTTTCTTACCGCGTCTGGAGTCCGAAGTCCGGTTATCCGGGTCACGCAGCATACCGT
TCTGCATGGTGACACCGCACTGGGTCGTCCGGTGGGTARARCGGATGTCGTGGCGTTCGGCCGTGACCTGCAGGTTTCTTACCGCGTCTGGAGTCCGAAGTCCGGTTATCCGGGTCACGCAGCATACCGT

911 920 930 340 950 960 970 980 330 1000 1010 1020 1030 1040
1 I
GATTTTCACACCTATGACCATCTGACGGGTCTGARRCCGGCCCGTGTGACCGGTCGTAACGTTCCGTCTGARCAGRAGGCGCCGTATGATCCGGAACGTGCTGATCGCGCGGTCGACGTGCATGT TGCGG
GATTTTCACACCTATGACCATCTGACGGGTCTGARRCCGGCCCGTGTGACCGGTCGTAACGTTCCGTCTGARCAGRAGGCGCCGTRTGATCCGGAACGTGCTGATCGCGCGGTCGACGTGCATGT TGCGG
GATTTTCACACCTATGACCATCTGACGGGTCTGARRCCGGCCCGTGTGACCGGTCGTARCGTTCCGTCTGARCAGARGGCGCCGTATGATCCGGAACGTGCTGATCGCGCGGTCGACGTGCATGTTGLGE

1041 1050 1060 1070 1080 1090 1100 1110 1120 1130 1140 1150 1160 1170
[} I
ATTTCGTCGACGTTGTCCGTARTCGCCTGCTGAGCGARTCTGAACGTATTGGTCGCCCGGCGCACGTGATCGCTGCGTTTGATACCGARCTGTTCGGCCATTGGTGGTATGARGGTCCGACGTGGCTGCA
ATTTCGTCGACGTTGTCCGTARTCGCCTGCTGAGCGARTCTGARCGTATTGGTCGCCCGGCGCACGTGATCGCTGCGTTTGATACCGARCTGTTCGGCCATTGGTGGTATGARGGTCCGACGTGGCTGCA
ATTTCGTCGACGTTGTCCGTARTCGCCTGCTGAGCGARTCTGARCGTATTGGTCGCCCGGCGCACGTGATCGCTGCGTTTGATACCGARCTGTTCGGCCATTGGTGGTATGARGGTCCGACGTGGCTGCR
1171 1180 1190 1200 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
[} I
GCGTGTTCTGCGTGCACTGCCGGCAGCAGGCGTCCGTGTGGGTACCCTGAGCGATGCCATTGCAGACGGCT TTGTGGGTGATCCGGTTGARCTGCCGCCGAGCTCTTGGGGCAGTGGTARAGATTGGCAR

GCGTGTTCTGCGTGCACTGCCGGCAGCAGGCGTCCGTGTGGGTACCCTGAGCGATGCCATTGCAGACGGCTTTGTGGGTGATCCGGTTGARCTGCCGCCGAGCTCTTGGGGCAGTGGTARAGATTGGCAR
GCGTGTTCTGCGTGCACTGCCGGCAGCAGGCGTCCGTGTGGGTACCCTGAGCGATGCCATTGCAGACGGCTTTGTGGGTGATCCGGTTGARCTGCCGCCGAGCTCTTGGGGCAGTGGTARAGATTGGCAR

1301 1310 1320 1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430
1 I

GTGTGGTCCGGTGCAAAGGTCGCAGACCTGGTGCARCTGARTAGCGARGTGGTTGATACCGCCCTGACCACGATTGACARAGCTCTGGCGCAGACGGCATCTCTGGATGGTCCGCTGCCGCGTGATCATG
GTGTGGTCCGGTGCAAAGGTCGCAGACCTGGTGCARCTGARTAGCGARGTGGTTGATACCGCCCTGACCACGATTGACARAGCTCTGGCGCAGACGGCATCTCTGGATGGTCCGCTGLCGCGTGATCATG
GTGTGGTCCGGTGCAAAGGTCGCAGACCTGGTGCARCTGAATAGCGARGTGGTTGATACCGCCCTGACCACGATTGACARAGCTCTGGCGCAGACGGCATCTCTGGATGGTCCGCTGCCGCGTGATCATG

1431 1440 1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
1 I
TGGCGGACCARATCCTGCGCGARACCCTGCTGACCGTCAGTTCCGACTGGCCGTTCATGGTGTCARAGGAT TCGGCTGCGGACTATGCTCGTTACCGTGCACATCTGCACGCACATGCARCCCGCGRART
TGGCGGACCARATCCTGCGCGARACCCTGCTGACCGTCAGTTCCGACTGGCCGTTCATGGTGTCARAGGAT TCGGCTGCGGACTATGCTCGTTACCGTGCACATCTGCACGCACATGCARCCCGCGRART
TGGCGGACCARATCCTGCGCGARACCCTGCTGACCGTCAGTTCCGACTGGCCGTTCATGGTGTCARAGGAT TCGGCTGCGGACTATGCTCGTTACCGTGCACATCTGCACGCACATGCARCCCGCGRAAT

1561 1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680 1690
1 I

CGCTGGTGCACTGGCAGCAGGTCGTCGCGATACGGCCCGTCGCCTGGCAGARGGT TGGARTCGTGCTGATGGTCTGTTTGGTGCTCTGGATGCTCGTCGTCTGCCGARATGACTCGAGCACCACCACCAC
CGCTGGTGCACTGGCAGCAGGTCGTCGCGATACGGCCCGTCGCCTGGCAGARGGTTGGARTCGTGCTGATGGTCTGTTTGGTGCTCTGGATGCTCGTCGTCTGCCGARATGACTCGAGCACCACCACCAC
CGCTGGTGCACTGGCAGCAGGTCGTCGCGATACGECCCGTCGCCTGGCAGAAGGTTGGARTCGTGCTGATGGTCTGTTTGGTGCTCTGGATGCTCGTCGTCTGCCGARATGACTCGAGCACCACCACCAC

1691 1700 1710 1720 173932
} I

CACCACTGAGATCCGGCTGCTARCARAGCCCGARRGARGCCG
CACCACTGAGATCCGGCTGCTAACA
CACCACTGAGATCCGGCTGLTAACA, s vsssvssssssosss

2 Reverse sequencing results (Term) aligned with original plasmid order sequence (plasmid).
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Appendix C: Additional data for Chapter 4

C.1 Absorbance assays of MtGBE performed using a UV-vis
spectrophotometer in the presence of glucosyl glycerate (see chapter 4,
section 4.2.9)

Assay performed as per chapter 8, section 8.2.3.4 with 2 minutes incubation before
readings taken. Reaction mixture contained 1.0 mM pNPGlc, 100 mM KCl and 1.0 mM
GG in 50 mM HEPES pH 7. Results shown in figure C.1.
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Figure C. 1 Absorbance assays of MtGBE and pNPGlc performed with fresh enzyme samples
sent from collaborators. Reactions run at 37 °C for 10 minutes with 1.0 mM pNPGIc and 1.0
mM GG. Enzyme concentrations varied: 1.0 (blue), 0.5 ( ), 0.25 (purple), 0.1 (orange)

mg/mL. Control reactions performed with no enzyme present (black) or no GG present (red).

C.2 Absorbance scans of glycogen and maltodextrin mixed with iodine
staining solution

Absorbance scan performed by mixing substrate stock solution (2.5% in DMSO) with
iodine staining solution. The ratio of sample to staining solution was adjusted until a
non-saturated absorbance reading was obtained. Samples were loaded into a 96 well
plate (Greiner, flat-bottomed, colourless, full volume) and an absorbance scan
measured from 200 — 00 nm in a Tecan Infinite M200 Pro plate reader. Results are

shown in figure C.2.
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Figure C. 2 Absorbance scan of glycogen (red) and maltodextrin (blue) mixed with iodine

staining solution.

C.3 Maltotriose standard curve

For sample preparation and measurement technique see 8.2.3.6 in chapter 8.

1.04
0.8
0.6
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0.24

Absorbance at 560 nm
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200 400 600
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Figure C. 3 Standard curve for quantification of reducing end sugars made with maltotriose

solutions and BCA reagent. Linear regression performed on GraphPad Prism 7.0.

C.4 Absorbance scans of phosphate standard curve with malachite green
dye

For sample preparation and methodology, see Chapter 8, section 8.2.3.8.
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Figure C. 4 Absorbance scans of phosphate solutions of various concentrations in the presence

of malachite green dye. Concentrations tested: 10 (blue), 20 (red), 40 (green), 50 (purple), 60

(orange), 80 (black), 100 (brown) uM. A: solutions in water; B: solutions in 50 mM HEPES pH
7.0.
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© ©
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Figure C. 5 Standard curves of phosphate concentration for malachite green assay.
Non-linear sections omitted for clarity. A: standard curve in water; B: standard curve in

50 mM HEPES pH 7. Linear regression performed in GraphPad Prism 7.

C.5 Absorbance scans of malachite green assays

For sample preparation and methodology, see Chapter 8, section 8.2.3.9.
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Figure C. 6 Absorbance scans of malachite green assay of MtGBE and G1P. A) MtGBE, 1.0 mM
GG and 1.0 mM G1P; B) control reaction with no MtGBE present; C) control reaction with no
substrate present. Aliquots taken at the following time points during the reaction: 0 (blue), 15

(red), 30 (green) and 60 (purple) minutes.

C.6 SDM primer designs

Table C.1 shows design of both forward and reverse primers used in SDM experiments.
Melting temperatures and %GC content calculated using ThermoFisher Tm calculator
(https://www.thermofisher.com/us/en/home/brands/thermo-scientific/molecular-
biology/molecular-biology-learning-center/molecular-biology-resource-
library/thermo-scientific-web-tools/tm-calculator.html) with settings for Tag-based

DNA polymerase selected.
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Table C.1 Primer designs for MtGBE mutants to be generated using SDM

Mutant Forward Primer Reverse Primer Tm/°C %GC
TGG GCA CCG GCG TGT GCC GTA GGC ACA CGC CGG TGC

E205A 70.2 71.43
TAC CCA
TAC CGC GTC GCG AGT CCG CTT CGG ACT CGC GAC GCG

W260A 66.6 66.67
AAG GTA
GCT GCG TTT GCG ACC GAA CAG TTC GGT CGC AAA CGC

D344A 64.4 61.90
CTG AGC
TTC GGC CAT GCG TGG TAT TTC ATA CCA CGC ATG GCC

W351A 61.2 61.90
GAA GAA
CCG AGC TCT GCG GGC AGT ACC ACT GCC CGC AGA GCT

W396A 69.6 71.43
GGT CGG
GAC TGG CCG GCG ATG GTG TGA CAC CAT CGC CGG CCA

F465A 67.3 66.70
TCA GTC
GGC CAT TGG GCG TAT GAA ACC TTC ATA CGC CCA ATG

W352A 62.3 57.14
GGT GCC
CAT GGT CGC GCG CCG GTG GCC CACCGG CGC GCG ACC

W29A 74.9 80.95
GGC ATG
TAC CGT GAT GCG CAC ACC ATA GGT GTG CGC ATC ACG

F275A 60.1 52.38
TAT GTA
CCG TCT CTG GCG GGT GAC GGT GTC ACC CGC CAG AGA

H232A 67.8 71.43
ACC CGG
CCG TCT CTG TAT GGT GAC GGT GTC ACC ATA CAG AGA 57.14

H232Y 59.0
ACC CGG
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Appendix D: Additional data for Chapter 5

D.1 Ni-NTA purification of OtsA
The purification of OtsA was carried out as per chapter 8, section 8.2.4.7. Figure D.1

shows the absorbance readings and elution gradient.

2500 - - 100
3 2000 s
£ m
S 1500+ g
2 Lso S
2 1000 g
[+ =
2 m
< 500- G
0 H— 0
140 160 180
Time / min

Figure D. 1 Absorbance trace (blue), % elution buffer (red) and fractions (black) from Ni-NTA

purification of OtsA.
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