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Abstract

Carbohydrate-containing compounds are one of the three great families of natural products, yet are
the least understood, in part due to the complexities of carbohydrate synthesis. Glycosynthases, a
non-naturally-occurring family of mutant carbohydrate-active enzymes derived from the
glycohydrolases, are just one approach to overcoming the hurdles involved in carbohydrate
synthesis. In order to develop a toolbox for the carbohydrate synthesis, this work focussed on the
generation of a small library of galactosynthases and the examination of their performance in organic

synthesis.

In order to establish a baseline of enzymatic performance, to examine the efficiency of our assays and
as a proof-of-principle, we decided to extend upon the work of Jakeman and Withers' and reproduce
their LacZ mutants, E537S and E537S/G794D, and characterise them, which to the best of our
knowledge has not been previously performed. These enzymes were also used as model in the
development of our own, novel galactosynthases derived from Lac4 (Kluyveromyces lactis) and LacA
(Aspergillus oryzae). The required mutations of the nucleophilic residue in these two wild type
galactosidases were successfully introduced using PCR-based techniques. Lac4 demonstrated
suitability for expression in E. coli ER2566, as demonstrated by the expression of a functional wild
type galactohydrolase, but the heterogeneous expression of LacA in this system led to the formation
of inclusion bodies. Despite being able to characterise the hydrolytic activity of the wild type LacZ
enzyme using colourimetric methods, the glycosynthase variants demonstrated such a low activity
that they were unable to be characterised despite attempts using colourimetry, 'H NMR kinetics,
GC-MS, and HPLC and the kinetic parameters were thus unable to be determined. Characterisation
of the wild type Lac4 galactosidase was successful using colourimetric methods, but similarly to the
LacZ glycosynthases, it was not possible to characterise the mutants of this galactosidase using
established methods. Despite optimisation of the expression of the enzymes in E. coli ER2566 and
purification using Ni-NTA affinity chromatography, large enough quantities of the enzymes were

unable to be expressed and harvested to be able to effectively characterise these galactosynthases.

The synthesis of the a-galactosyl fluoride (1), required as both a substrate for galactosynthase
reactions and also as a key building block in our syntheses of reference compounds, was achieved in
3 steps from D-galactose with an overall yield of 27% (Figure 0-1). After the observation that this
compound undergoes autohydrolysis under standard conditions, kinetic experiments were
performed in order to ascertain the half-life of this compound in reaction conditions. It was found
that the compound in non-buffered conditions rapidly hydrolyses and ceases to exist after just 18

hours. In buffered conditions, the substrate had a half-life of approximately 4 days depending upon
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the pH of the solution. The methodology in the generation of the galactosyl fluoride (1) was also

applied to a number of other common saccharides.

OH OH
HO HO
3 steps
0] - 0
HO > HO
OH OH HOF

1

27%

Figure 0-1: The synthesis of a-D-galactopyranosyl fluoride (1) was achieved in 3 steps in a 27% yield from the parent
carbohydrate.

The other required substrates were a series of p-nitrophenyl glycosides for use in colourimetric
assays. For this purpose, a library of 4-nitrophenyl glycosides was generated in order to test the
hydrolytic substrate range of the wild type enzymes. These compounds were generated from their
corresponding D-saccharides, with the exception of L-arabinose, in 3 steps in overall yields ranging
from 3-45% (Figure 0-2). These compounds were also important building blocks for the generation

of the disaccharide reference compounds.

o __3steps 0
|-|om11 — HON~_0

" Q
3-45%

NO,

Figure 0-2: The equatorially-configured 4-nitrophenyl glycopyranosides were synthesised in 3 steps with a maximum

overall yield of 45% from the parent carbohydrate.

Synthesis of the desired reference compounds was performed and proved to be challenging. Initially,
it was attempted to synthesise the B-(1,4)- and P-(1,6)-galactosylglucosides, lactose (2) and
allolactose (3), respectively, via a common intermediate, a 4,6-O-benzylidene acetal which could be
opened selectively generating either a 4-OH or a 6-OH glucoside depending on the method used
(Figure 0-3A). Due to the use of a 4-nitrophenyl glucoside, reductive opening proved ineffective as it
also reduced the nitro group. Instead, an oxidative method was attempted, although this too proved
unsuitable. Instead, it was decided to generate the allolactoside by selective protection and
deprotection of the primary alcohol of the glucoside to generate the desired B-(1,6) glycosidic bond,

which ultimately proved successful (Figure 0-3B).



OCH,Ar OH
Ar—X"0
HO 0 - 0 0 . ArCH,0 0
PGO OR PGO OR PGO OR
OPG OPG OPG
B
OH OPG? OH 0-B-gal
HO 0 ——=PGO 0 —>PGO 0 ~ T PGO 0
HO OR PGO OR PGO OR PGO OR
OH OPG OPG OPG

Figure 0-3: A) The selective opening of a 4,6-benzylidenyl glycoside can be selectively opened to return either the
4-hydroxyl or the 6-hydroxyl compound. B) The synthesis of the allolactoside was achieved by selective protection and
deprotection of the 6-hydroxy group.

Despite not being able to characterise them, the glycosynthases were investigated as biocatalysts and
it was demonstrated that the LacZ mutant, E5375/G794D was successful in generating the desired
4-nitrophenyl B-galactosyl-B-(1,6)-glucopyranoside (allolactose, 5), although it was only isolable in a
3% yield (Figure 0-4), far from the 70% reported by Jakeman and Withers.' Due to a lack of sufficient
analytic methodology, we remain unable to say with certainty whether the novel glycosynthases

generated as part of this study are able to perform the glycosylation reaction.

OH
HO
0
OH OH 0
HO Lacz E5375/G794D MO >
o) . HO o) Escherichia coli - HO o)
HO HO 0 HO 0
HO L OH OH
1 4 5
NO, 3% NO,

Figure 0-4: The galactosynthase, LacZ E5375/G794D, was able to synthesise the 4-nitrophenyl p-D-allolactoside (5),
albeit in a 3% yield.
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Zusammenfassung

Kohlenhydrathaltige Stoffe sind eine der drei grofiten Familien der Naturstoffe und doch die am
wenigsten verstandenen, teilweise wegen der Komplexitit der Synthese von Kohlenhydraten.
Glycosynthasen, eine nicht in der Natur vorkommende Familie von kohlenhydrataktiven Enzymen,
die von Glycohydrolasen abgeleitet wurden, bieten einen Zugang zu der Synthese von
Kohlenhydraten. Der Fokus dieser Arbeit lag in der Synthese einer kleinen Bibliothek von
Galaktosynthasen und der Untersuchung von deren Leistung in der organischen Synthese, um einen

Plan fiir die Synthese von Kohlenhydraten zu entwickeln.

Um eine Basislinie der Leistung der entsprechenden Enzyme zu erhalten, die Effizienz der genutzten
Essays zu testen und als Bestdtigung des Prinzips, wurde entschieden, basierend auf der Arbeit von
Jakeman und Withers', deren LacZ-Mutanten E537S und E5375/G794D herzustellen, um diese zu
charakterisieren, was nach unserem Wissen bisher nicht geschehen war. Diese Enzyme wurden
zudem als Modelle in der Entwicklung unserer eigenen, neuen Galactosynthasen von Lac4
(Kluyveromyces lactis) und LacA (Aspergillus oryzae) genutzt. Die bendtigten Mutationen der
nukleophilen Reste konnten erfolgreich durch PCR-basierte Techniken in Lac4 und LacA eingefiihrt
werden. Lac4 erwies sich als passend fiir die heterogene Expression in E. coli ER2566, die heterogene
Expression von LacA in diesem System flihrt jedoch zu der Bildung von Einschlusskorpern. Die
hydrolytische Aktivitit des Wild-Typs der LacZ- und Lac4-Galaktosidase liefS sich durch
colorimetrische Untersuchungen charakterisieren, jedoch zeigten die mutierten Galaktosynthasen so
niedrgie Aktivititen, dass eine Charakteriserung durch Colorimetrie, 'H-NMR-Kinetik, GC-MS und
HPLC erfolglos waren. Deswegen war es unmdoglich, die kinetischen Parameter zu bestimmen. Eine
Charakterisierung der Wild-Typ Lac4-Galactosidase konnte durch colorimetrische Methoden
erreicht werden, jedoch war die Charakterisierung der Mutanten, &hnlich der LacZ-
Galactosynthasen, durch etablierte Methoden nicht moéglich. Trotz Optimierung der Expression der
Enzyme in E. coli ER2566 und Reinigung durch Ni-NTA Affinitdtschromatographie konnte keine
ausreichende Menge der Enzyme fiir die Charakterisierung dieser Galaktosynthasen gewonnen

werden.

Die Synthese des a-Galaktosylfluorids (1), welches als Substrat fiir die Reaktion der
Galaktosynthasen und auch als Schliisselbaustein gebraucht wird, konnte in 3-Schritten, ausgehend
von D-Galaktose, in einer Gesamtausbeute von 27% erreicht werden (Abbildung 0-1). Es wurde
beobachtet, dass dieser Stoff unter normale Bedingungen eine Autohydrolyse durchlduft, weshalb
kinetische ~Untersuchungen zur Bestimmung der Halbwertszeit dieses Stoffes unter

Reaktionsbedingungen durchgefiihrt wurden. Es wurde entdeckt, dass unter ungepufferten

Bedingungen schnelle Hydrolyse eintritt und dass a-Galaktosylfluorid (1) nach 18 Stunden
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vollstindig zersetzt ist. In einer gepufferten Losung jedoch, hat dieser Stoff eine Halbwertszeit von
circa 4 Tagen, abhingig vom pH der Losung. Die Methodik der Synthese des Galaktosylfluorids

wurde auch auf andere typische Saccharide angewendet.

OH OH
HO HO
o 3 Schritte o
—_—
HO > HO
OH OH HO |
1
27%

Abbildung 0-1: Die Synthese des a-Galaktofluorids (1) wurde iiber 3 Schritte in einer Ausbeute von 27% erreicht.

Andere, zur Nutzung in colorimetrischen Untersuchungen bendtigte Substrate, waren eine Reihe
von p-Nitrophenylglycosiden. Aus diesem Grund wurde eine Bibliothek von 4-
Nitrophenylglycosiden synthetisiert, um die hydrolytische Substratbandbreite des Wild-Typs
bestimmen zu konnen. Diese Stoffe wurden ausgehend von den entsprechenden D-konfigurierten
Zuckermolekiilen, mit Ausnahme von L-Arabinose, iiber 3 Schritte in Gesamtausbeuten von 3-45 %
aufgebaut (Abbildung 0-2). Sie waren zudem wichtige Bausteine fiir die Synthese der Disaccharid-

Referenzensubstanzen.

3 Schritte

o _ 3 Schritte 0
Ho%11 - HO N~ 0

" Q

3-45% NO,

Abbildung 0-2: Die dquatorial konfigurierten 4-Nitrophenylglycopyranoside wurden iiber 3 Schritte in maximalen
Ausbeuten von 45% synthetisiert.

Die Synthese der gewiinschte Referenzsubstanzen erwies sich als herausfordernd. Anfinglich wurde
versucht, die f-(1,4)- und PB-(1,6)-Galactosylglukoside, Lactose (2) und Allolactose (3), tiber einen
allgemein tiblichen Baustein, ein 4,6-O-Benzylidenacetal, zu synthetisieren. Letzteres kann selektiv
geoffnet werden, um entweder ein 4-OH- oder ein 6-OH-Glucosid zu generieren (Abbildung 0-3A).
Da ein 4-Nitrophenylglycosid genutzt wurde, waren reduktive Ringéffnungsmethoden fiir solche
Umsetzungen ungeeignet, da die Nitrogruppe zur Amino-Funktionalitit reduziert werden konnte.
Stattdessen wurden oxidative Ringoffnungsmethoden versucht, jedoch erwiesen diese sich als
ungeeignet. Aus diesem Grund wurde entschieden, das Allolactosid durch selektive Schiitzung und
Entschiitzung des priméren Alkohols zu generieren, um so die gewtinschte B-(1,6)-Glykosidbindung

erstellen zu konnen. Letztlich war diese Methode erfolgreich (Abbildung 0-3B).
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Abbildung 0-3: A) Das 4,6-O-Benzylidinylglykosid kann selektiverweise geoffnet werden, um entweder eine
4-Hydroxygruppe oder eine 6-Hydroxygruppe zu erhalten. B) Die Synthese des Allolactosids wurde durch selektive
Schiitzung und Entschiitzung der 6-Hydroxygruppe erreicht.

Obwohl die Glykosynthasen nicht charakterisierbar waren, wurden sie als Biokatalysatoren gepriift.
Es konnte gezeigt werden, dass die E537S/G794D Mutante der LacZ zu der Synthese der 4-
Nitrophenyl-3-Galaktosyl-B-(1,6)-Glukopyranosid (Allolactose, 5) erfolgreich einsetzbar war, die
Produkte waren jedoch nur in einer Ausbeute von 3% isolierbar (Abbildung 0-4). Dieser Wert ist in
ein starker Gegensatz zu der 70%-igen Ausbeute, die von Jakeman und Withers berichtet wurde.’
Wegen Mangel an analytischen Methoden kann immer noch nicht mit Sicherheit gesagt werden, ob
die neuen Glykosynthasen, welche in dieser Arbeit hergestellt wurden, die Glykosylierungsreaktion

katalysieren konnen.

OH
HO
0
OH OH 0O
HO LacZ E5375/G794D HO HO
o) . HO o) Escherichia coli HO o)
HO HO 0 HO %
HOF OH OH
1 4 5
NO, 3% NO,

Abbildung 0-4: Die doppelt mutierte Galaktosynthase, LacZ E537S/G794D, konnte das 4-Nitrophenyl-B-D-Allolactosid
(5) synthetisieren, jedoch nur in einer 3%igen Ausbeute.
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General Note

The following figures, tables, schemes, references, and compounds are numbered sequentially. The
compounds relevant to this work are also included in the structure summary. Furthermore, all

compounds are numbered in accordance with [UPAC recommendations unless otherwise stated.

Abbreviations

A Angstrom ( 10" m) BSA bovine serum albumin

A alanine ‘Bu tert-butyl

AU. absorption unit(s) Bz benzoyl

Ac acetyl BzCl benzoyl chloride

Ac,O acetic anhydride C concentration

AcOH acetic acid ca. circa

ADC antibody-directed catalysis cat. catalyst

ADEPT  antibody-directed enzyme- CBB Coomassie Brilliant Blue
prodrug therapy CDA cyclohexane-1,2-diacetal

adj. adjusted (to) (ChHAc a-chloroacetate

ala alanine COSY correlative spectroscopy

allo 6-O-(p-D-galactopyranosyl)-D- Cp cyclopentadiene
glucopyranose CSA (+)-camphorsulfonic acid

allo allolactose CuSO, copper sulfate

amp ampicillin D aspartic acid/aspartate

anh. anhydrous d day(s)

ara L-arabinopyranose d doublet

asp aspartic acid/aspartate Da Dalton

atm. atmosphere DAST diethylaminosulfur trifluoride

BDA butane-2,3-diacetal DBU 1,8-diazabicyclo[5.4.0]-7-

BgaB see: LacA undecene

Bgll B-glucosidase from DCM dichloromethane
Schwanniomyces etchellsii dH,0O distilled H20

BglX B-glucosidase from Aspergillus DH5a Escherichia coli DH5a
oryzae DMAP N,N-dimethyl-4-aminopyridine

BL21 Escherichia coli BL21(DE3) DMS dimethylsulfone

Bn benzyl DMSO dimethylsulfoxide

Boc tert-butoxycarbonyl DSMZ Deutsche Sammlung von

brine saturated aqueous solution of Mikroorganismen und

sodium chloride
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triethylamine
triethylsilane
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Introduction and Aims

Chapter 1 - Introduction and Aims
1.1 The Significance of Carbohydrate-Containing Molecules

Carbohydrates are referred to as the ‘third great class’ of biological molecules due to their sheer
abundance and importance in all natural systems.” There are a number of common,
naturally-occurring carbohydrates found in nature (Figure 1-1) and it is these and derivatives and
combinations thereof which are responsible for the many activities of carbohydrates. Compared to
nucleic acids and proteins, carbohydrates have been historically overlooked in terms of biological
activities despite having demonstrated roles in the structural integrity of cells, toxins and antibodies,
half-life control of proteins, cell-matrix interactions, cell adhesion, cell-cell recognition, tumour
metastasis, signal transduction, pathological processes, fertilisation, neurobiology, vaccines,
xenotransplantation, and modulation of protein functions via post-translational glycosylation.””
Recently, interest in the field of glycobiology, and more importantly, knowledge of glycobiological
processes, has increased and carbohydrate-containing molecules are being more widely recognised

as having industrial significance.

OH OH
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HO 0 & HO
HO HO HO
OH OH OH OH
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Figure 1-1: A selection of commonly-occurring carbohydrates in natural systems. D-glucopyranoside (6),
D-galactopyranoside (7), D-mannopyranoside (8), L-fucopyranoside (9), 2-acetamino-2-deoxy-D-glucopyranoside (10),

2-acetamino-2-deoxy-D-galactopyranoside (11), N-acetyl-a-D-neuraminic acid (12).

Indeed, there are many studies which have shown the importance of not only the presence of a
saccharide moiety, but also the exact identity and configuration thereof. In the anthracycline class of
anti-tumour antibiotics, it has been shown that only the a-configured glycoside is active.” The
potency of these compounds is so great that they typically show toxic side-effects, which renders
them clinically undesirable.” However, it has been shown that a C4-epimer of the daunosamine (13)
residue shows reduced cardiac toxicity without significant loss in activity.® Alteration of the identity

of the attached carbohydrate has also demonstrated desirable anti-tumour activities and lower
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toxicities.”'® In the case of aureolic acids, a group of antimicrobial and anti-tumour agents,” it has
been shown that the aglycone moiety alone is inactive and the pendant polysaccharides are critical
for the activity of these compounds, assisting in the binding of the aglycone to DNA."" In fact, the
identity of attached carbohydrate moieties has been shown to be crucial for the activity of a range of
19-25

. . . 14 . . 4. 15-18 . e .
bioactive molecules such as, avermectins,* enediyne antibiotics,””"° macrolide antibiotics,

polyene macrolides,” glycopeptides,” angucyclines,”® and cholestane glycosides.”

In the search for new oncological treatments, efficient methods for glycosylation are also of great use
and importance. The branched tetrasaccharide, sialyl Lewis", is a carbohydrate binding ligand
important for the recruitment of neutrophils and monocytes from the blood to damaged tissues®
and has abnormally-high presence in certain tumours.”’ This makes it an attractive target for a range
of anti-inflammatory drugs or anti-cancer therapeutics. The over-production of certain receptors in
cancers is well-known and L1210 leukaemia cells for example, are known to overproduce fucose
receptors,” as such drug-makers can design prodrug treatments able to be directed to the site of
infection using a method known as antibody-directed enzyme-prodrug therapy (ADEPT)” or
antibody-directed catalysis (ADC).** In a study by Leenders et al.,” it was demonstrated that the use
of a B-glucuronyl carbamate daunomycin compound (14) for ADEPT experiments showed up to

2000-times lower toxicity than the parent drug (Scheme 1-1).

mAB-f-glucosidase
_—

-Cco,

14 poNH OH
- oxe
g Ho OH
OH

Scheme 1-1: ADEPT can direct drug targets, such as daunomycin (13), to carbohydrate-specific receptors in order to

deliver drugs to the site of infection before being enzymatically activated.

Despite the evidence that carbohydrates play an important role in nature, particularly in bioactive
compounds, there is a lack in methodology for the efficient synthesis of carbohydrates. Due to the
complex and similar reactivities of this group of polyols, the synthesis of these compounds still faces
a number of challenges, the most prominent of which is the extensive and often wasteful
protection/deprotection strategies. It is this gap in methodology that is addressed in this body of
work through the development of novel carbohydrate-active enzymes capable of stereo-, regio-, and

enantioselective glycosylation of unprotected carbohydrates.
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1.2 Aims

The goals of the project are thus follows:

1.

The work performed initially by Jakeman and Withers' on the B-galactosynthases, E537S and
E537S/G794D, derived from Escherichia coli appeared promising and was therefore used as
an established model glycosynthase upon which we could compare and contrast results
obtained from any novel biocatalysts developed. The use of this established enzyme would
also allow for the determination of baseline activity and allow for the development and
assessment of suitable activity assays.

Jakeman and Withers tested the mutant glycosynthases using only one glycosyl donor,
a-galactosyl fluoride (1), and a small selection of carbohydrate glycosyl acceptors. Therefore,
it was desired to further explore the donor substrate range of these enzymes. Also, we wanted
to expand upon the range of glycosyl acceptors for this enzyme, including the exploration of
non-carbohydrate acceptors (Table 1-1).

To generate new, complementary glycosynthases which demonstrate a similar B-(1,6)
selectivity to the LacZ derivatives, but which may have a different substrate range.
Additionally, the use of a semi-promiscuous enzyme may allow for selectivity or reactivity
tuning, similar to the change in reactivity observed by Lundemo et al.** who observed the
absence of hydrolytic activity, yet retention of transglycosylation activity of a wild type
glycosidase enzyme at high pH.

Table 1-1: Examples of potential glycosyl donors and acceptors for investigation for use with the glycosynthases

generated within the context of this work.

Fluoride Donors Glycosyl Acceptors
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Chapter 2 - Background
2.1 Basic Structure of Carbohydrates

The name ‘carbohydrate’ is derived from the stoichiometric formula for monosaccharides, (CH,0),,
or ‘hydrated carbon’. This formula is also quite oversimplified, as we know now that many
modifications on the traditional saccharide form exist, including S-, N-, C-, and O-glycosides,
aminosaccharides such as N-acetyl glucosamine, and deoxy saccharides which are required by all
cells in the form of the deoxyribonucleic acids. There also exist two major tautomeric forms of
carbohydrates, aldoses and ketoses, the most simple of which are the 3-carbon saccharides,
glyceraldehyde and dihydroxyacetone, and are interconvertible via an unstable enediol intermediate
(Figure 2-1A). Due to the high number of chiral centres in carbohydrates, there exist two
enantiomers for each, D- and L-carbohydrates (Figure 2-1B), with the D-enantiomer being the most

predominant in nature.

OH HO

OH o}

HO 0
OWOH HO\)J\/OH o0 OH

OH

0 OH
HO OH

HO

Figure 2-1: A) the trialdose, glyceraldehyde (left), and the triketose, dihydroxyacetone (right). B) The two enantiomers of
glucopyranose, D- and L- (left and right, respectively)

The aforementioned trioses are most commonly found as phosphorylated intermediates within the
glycolysis pathways of many organisms, though these are not the only naturally-occurring
carbohydrates. As previously mentioned, carbohydrates are one of the most prevalent
naturally-occurring molecules, and tetroses, pentoses, hexoses, and heptoses are found throughout

biological systems.

As the number of carbons in the carbohydrate increases, so too does the reactivity of the molecule.
This is most notable in pentoses and hexoses where the molecules prefer to take on ring structures as
opposed to a linear structure.””’ Arguably, the most important carbohydrate is D-glucose and as an
aldohexose, it has four stereogenic centres. However, when it forms a ring, a fifth stereogenic centre
is built from the prochiral aldehyde, this centre is commonly referred to as the anomeric centre and
the conformation of the hemiacetal therefore provides a further stereodescriptor for all cyclic
carbohydrates (Figure 2-2). The ratio of tautomeric forms, a- or -, is influenced by electronic and

steric factors and the natural ratio of the forms of various carbohydrates is given in Table 2-1.
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Figure 2-2: The electron pairs of 5-OH in glucose form either the a- or f-pyranose depending upon which face of the
aldehyde is attacked.

Table 2-1: Relative amounts of the tautomeric forms of various monosaccharides in water at 40 °C.**

Carbohydrate a-pyranose [%] B-pyranose [%] a-furanose [%] B-furanose [%]
Ribose 20 56 6 18
Lyxose 71 29 <1 <1
Altrose 27 40 20 13
Glucose 36 64 <1 <1

Mannose 67 33 <1 <1
Fructose 3 57 9 31

The preference for the ring form, lactol, over the straight chain is generally considered to be more
stable in the 5- and 6-membered lactols, furanoses and pyranoses respectively, as the bonds are free
to adopt angles close to the natural 109.5° bonding angle of a tetrahedral, sp’-hybridised atom. The
deceptive drawing of these molecules as flat would suggest that the internal angles in the ring are
108° and 120° respectively. However, in 3D space, these molecules tend to adopt an envelope- and
chair-form respectively, as their most stable conformations. Further structural conformers exist for

6-membered rings (Figure 2-3).

Z,SB 553 3H5

Figure 2-3: In addition to the chair conformation, 6-membered rings can exist in other conformations. Left to right: boat,

twist (also known as skew or skew-boat), and half-chair forms.”

2.2 Methods for Glycosylation

Although the French chemist, Paul Schiitzenberger, published the first synthesis of glycosides, the
analysis of the products was inconclusive.* It wasn’t until 1879 when Arthur Michael reported the
first glycosylation reaction of a protected glycosyl halide with a potassium phenolate salt to yield a
phenyl glycoside, that the glycosylation reaction was established as a method in organic chemistry
(Scheme 2-1A).* This was then followed up in 1893 by Emil Fischer who took a different approach
in that he used the unprotected carbohydrate in acidic conditions to return a methyl glycoside

(Scheme 2-1B).*! To demonstrate the applicability of his method, he applied it again the following
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year in the synthesis of phenyl glycosides.”” The biggest drawback of the Fischer glycosylation, was
that both the pyranose and furanose forms were returned as were both the a- and B-anomers of each
and their corresponding ratios were determined by the stability of each isomer. In 1901, Koenigs and
Knorr,” and independently also Fischer and Armstrong,** coupled methanol and ethanol to
per-acetylated glycosyl halides using Ag,CO; as a weak base to scavenge the halide leaving group.
The Koenigs-Knorr reaction, as it’s now known, has a high selectivity for generating the
anomerically-inverted product as would be expected for a Sy2 nucleophilic substitution reaction
(Scheme 2-1C). Recently, Noyori and Kurimoto have also reported the electrochemical synthesis of

alkyl glycosides from unprotected phenyl glycosides (Scheme 2-1D).*

OAc OH
KOAr
A AcO 0 HO 0
AcO > HO O,
ACOCI abs. EtOH OH Ar
OH OH
HCI
B HO 0 , HO 0
HO HO
OH OH MeOH OH OMe
Ag,CO, or Ag,0O
c AcO 0 82773 087 aco 0 + H.O
AcO AcO OR 2
AcO AcO
X co,
OH ROH (1.0 - 2.0 eq.) OH
<2.3V vs Ag/AgCl
o HO o vs Ag/Ag o
HO OAr > HO
OH MeCN/LiCIO4 OH OR

Scheme 2-1: Methods for glycosylation. A) The Michael glycosylation. B) The Fischer glycosylation. C) The
Koenigs-Knorr glycosylation. D) Electrochemical glycosylation.

Since the initial glycosylations at the turn of the 20" century, many new methods for glycosylation
have been developed. Importantly, these methods typically allow for stereoselective glycosylation
returning either the axially- or equatorially-configured glycosides. This is achieved by a number of

techniques, which rely on the alteration of reactivity. The most common influences are: the identity

46,47 47-50

of the anomeric leaving group,™"" the protecting groups on the carbohydrate, the choice of

51,52 53-5

activator,”* the choice of solvent,””** and the use of anchimeric groups in the 2-position, i.e. acetyl

groups.”® Furthermore, by combining these various elements, the reactivity of each glycoside can be

tuned allowing for selective glycosylation and thus rapid formation of oligosaccharides.®**
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The combination of these factors can allow for the synthesis of large oligosaccharides and these
methods typically fall into one of two categories: orthogonal glycosylation, and reactivity tuning.
Although lying outside the scope of this project, impressive demonstrations of these two approaches

63-65

to oligosaccharide synthesis are found in the synthesis of everinomectin by Nicolaou et al.”” ™ and

the one-pot synthesis of the envelope glycoprotein gp120 of HIV by Grice et al.* respectively.

Modern chemical (as opposed to biocatalysed) glycosylation methods are classed based on the
identity of the glycosyl donor, a number of which are known. As demonstrated by Michael*” and
later Koenigs and Knorr* and Fischer and Armstrong,** the most effective method for glycosylation
involves the use of a leaving group to facilitate the reaction without proceeding via the open chain
form which can lead to more complex product mixtures, as demonstrated by the early versions of the
Fischer procedure. Anomeric leaving groups have therefore been a topic of special interest to
carbohydrate chemists over the years, with the more common glycosyl donors including acetates,

glycosyl halides, phenyl selenoglycosides, thioglycosides, glycal-derived epoxides, and acetimidates.
2.3 Glycosyl Donors

Acetates

Anomeric acetates are common intermediates used for the preparation of other glycosyl donors.
Synthesis of these compounds is typically a standard procedure using acetic anhydride.*® The
variation of reaction conditions can favour the formation of one anomer over the other. For example,
using a hard Lewis acid, such as ZnCl,, results in thermodynamic control of the reaction leading to
high selectivity for the axial product.”’ Conversely, the use of Ac,0 and NaOAc results in the
near-selective formation of the equatorial anomer.”> When the per-O-acetate is used as an
intermediate, the anomeric purity is of lesser importance due to the anchimeric assistance from the
2-O-acetate during subsequent glycosylation steps. Therefore, reaction in a solution of

Ac,O/pyridine usually suffices for per-O-acetylation.”

When starting from the unprotected
carbohydrate, the aforementioned reaction conditions only generate the pyranoside. In order to
obtain the furanose derivative, Furneaux et al.*® have described a method using boric acid which
forms a complex to trap the furanose form. This soluble intermediate is then reacted with Ac,0 and

a catalytic amount of H,SO, to return the furanose as the major product.

The anomeric acetate can then serve as a leaving group for glycosylation using a strong, hard Lewis
acid.*® For the preparation of glycosyl halides, the per-O-acetylated glycoside is reacted with the
hydrogen halide (HX) wherein the latter acts as both the acid catalyst and the halide source.” For the
generation of thioglycosides, boron trifluoride diethyl etherate (BF;-OEt,) is used as the Lewis acid.”’

However, one major consideration in using such reagents is the need for acid stability in the donor
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and acceptor, particularly with regards to side products being formed by acid-catalysed A,c2

hydrolysis (Scheme 2-2).

. H H
Q o \|O@ :OH © 59
° 2 ~
R R T e R H
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Scheme 2-2: Acid-catalysed A, .2 hydrolysis of alkyl acetates
Glycosyl Halides

Glycosyl halides have been used in glycosylation since the pioneering reactions by Michael, Koenigs

. 0-44,71
and Knorr, and Fischer,***’

all of whom used either the glycosyl chloride or bromide in their
studies. The glycosyl chlorides and bromides are easily generated by reaction of the per-O-acetylated
glycoside with the corresponding hydrogen halide. The drawback of these compounds is their high
reactivity and as such, care is required in their handling and storage. The iodides are known to react
with alcohols in the absence of a promotor and must be generated in situ as they are typically too
reactive to be isolated.”” Glycosyl fluorides are the most stable and were for a long time considered

too inert to be used as glycosyl donors.*

Glycosyl chlorides and bromides are typically reacted with halophilic metal salts, such as those from
silver(I) or mercury(II). The drawback of this method is the hazard and inconvenience of working
with heavy metal salts — this is particularly true for mercury(I) salts. Furthermore, the metal

activators are required in at least equimolar amounts, but a large excess is typically used.*®

In contrast to the other halide donors, glycosyl fluorides did not react using the same activators as for
the chlorides and bromides. In 1981, Mukaiyama was able to perform glycosylation of a
per-O-acetylated glycosyl fluoride using SnCl, and AgClO, as a glycosylation promoter
combination.”” Glycosyl fluorides are traditionally obtained by reaction of the per-O-acetylated
glycoside in a HF/pyridine solution. These reaction conditions are quite harsh and the use of highly
corrosive HF requires special reaction vessels to be used, making this reaction less desirable.
Rosenbrook et al”* reported the use of diethylaminosulfur trifluoride (DAST) as an alternative to
these harsh conditions. DAST was previously known to convert a primary or secondary hydroxyl
group to the fluoride with stereoinversion; as such, this reaction relies on the use of an

anomerically-deprotected saccharide. Alternatively, equatorially-configured fluorides have been
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selectively synthesised by Gordon and Danishefsky from glycals via an epoxide intermediate using

tetrabutylammonium fluoride (TBAF).”

Glycosyl fluorides, like the other glycosyl halides, are reacted with an alcohol in the presence of a
promoter, such as Cp,HfCl,-AgClO,,”® BF;OEt,,” TiCl,”® and various Bronsted acids.”
Trimethylsilyl ethers of the desired alcohol have also been used as the glycosyl acceptor in research
performed by Hashimoto et al.*® wherein they describe the use of a catalytic silicon-based Lewis acid

to facilitate glycosylation.

Thioglycosides

One of the most successful and popular glycosyl donors in oligosaccharide synthesis, thioglycosides
have earned their place as one of the most important intermediates in carbohydrate chemistry. The
reason for their popularity is the versatility of the aryl- or alkylthio group as an anomeric protecting
group as it is stable under a broad range of conditions.” Since the introduction of thioglycosides by
Fischer and Delbriick in 1909,”” a number of modifications and methods for the introduction of this
group have been investigated. Anomeric thio groups can be installed from a broad range of starting
materials using a number of methods. For per-O-acetylated glycosyl halides, the use of a thiol and a

%283 or the use of an alkali thiolate salt** are proven methods

strong base, such as sodium hydroxide,
of generating the desired thioglycoside. Thioglycosyl donors must be activated prior to glycosylation,
either directly or indirectly (Scheme 2-3). Direct activation is a one-step method which requires the
addition of an S-specific electrophile, such as iodonium ions from N-iodosuccinimide (NIS) or
iodonium dicollidine perchlorate,85 which results in a sulfonium salt. Alternatively, indirect
activation of thioglycosides first requires conversion of the 1-thio moiety to a more appropriate
leaving group, typically a halide.”® Treatment of the thioglycoside with iodine bromide, iodine
chloride,*® DAST,” or hypervalent iodoarene difluoride,” results in the corresponding glycosyl
halide. This can then be activated in an analogous fashion to glycosyl halides. Alternatively, the
thioglycosides can be activated via conversion to their corresponding sulfoxide using a variety of

89,90

oxidising agents, such as peroxides.” " Activation of the resulting sulfoxides is popularly performed

using triflic anhydride,”"* although other activation methods are known.”*****
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Scheme 2-3: Glycosylation of thioglycosides using either the direct activation (top) or the indirect activation via the

sulfoxide intermediate (bottom).
Selenoglycosides

Despite appearing in carbohydrate chemistry a century ago,” selenoglycosides were not employed as
glycosyl donors until 1991, as pioneered by Mehta and Pinto.'” Mostly taking the form of phenyl
selenoglycosides, these donors gained popularity as it was observed that they could be activated
using techniques previously used for thioglycosides. Additionally, it was found that they could be
activated selectively in the presence of other glycosyl donors including thioglycosides,'® and
remained stable under conditions used for the activation of glycosyl halides and
trichloroacetimidates.'”’ An advantage of using the selenoglycosides is their stability to both acidic®®
and basic'” conditions, making the formation of selenoglycosides a viable early step or precursor for

large, multi-step reactions.

Trichloroacetimidates

Imidates were first reported as glycosyl donors in 1977,'" but it wasn’t until the trichloroacetimidate
(TCA) group was introduced a few years later that their use became more prevalent.'”* The

attractiveness of the TCA group lies in its high reactivity under mild activating conditions in catalytic

,54,105-110
amounts (Scheme 2-4)>"*'%

111

and has been compared to glycosyl phosphates, nature’s glycosyl
donors.” In comparison to glycosyl bromides, as utilised in classical Koenigs-Knorr chemistry, the
TCAs are more stable. In contrast to thio- or selenoglycosides, the trichloroacetimidates are less
stable and require installation prior to coupling. Furthermore, the addition of the TCA group can
only take place to the hemi-acetal form of the saccharide and as such, any anomeric protecting
groups must first be removed before formation of the TCA. This can prove problematic in extended
syntheses as it necessarily requires additional steps, thereby decreasing overall vyields.
Trichloroacetimidate is generated by reaction of the hemi-acetal with trichloroacetonitrile in the

presence of a base. The identity of the base in this step is crucial, as it is known to influence the

configuration of the resulting TCA. A weak base, such as K,COj, and shorter reaction times result in

10
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near-exclusive formation of the equatorially-configured product.'”” In contrast, the use of a strong

base, such as NaH or DBU, results in formation of the thermodynamic, axially-configured

product 104,113-115
0 0) (g
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Scheme 2-4: Trichloroacetimidates are activated by catalytic amounts of a Lewis acid (LA). Only the anomeric centre is

shown for clarity.
Glycals

Glycals (1,5-anhydro-2-deoxy-1-hexenitols) are a powerful building block in the carbohydrate
chemist’s arsenal as these compounds are unable to act as a glycosyl donor until activated due to the
presence of a double bond between C-1 and C-2 (Scheme 2-5). Once activated, these compounds
always form a 1,2-trans glycoside. Studies by Halcomb and Danishefsky''® found that conversion of
glucosyl and galactosyl glycals to the 1,2-oxirane (epoxide) using 2,2-dimethyldioxirane (DMDO)
showed high selectivity for the a-epoxide, which yielded the B-glycoside nearly exclusively after
reaction with MeOH (a/P 1:20). This same study showed that the stereoselectivity of epoxidation is
primarily influenced by the configuration at the 3-position, wherein the 2,3-trans epoxide is
preferentially formed. Danishefsky et al. also reported that the use of acceptors larger than methanol

117,118
718 As a result, promotors for the

resulted in longer reaction times and required promotion.
glycosylation of 1,2-epoxidised glycals have been utilised, i.e. ZnClL,""*"*" or K,CO5/18-crown-6,"”’
the latter being typically used when using phenols as acceptors. 1,2-cis glycosides can be formed

from the epoxide by using a stannyl ether/AgBF, system in a double-displacement mechanism.'**

11
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Scheme 2-5: Glycals are readily transformed to the 1,2-epoxide using DMDO, which can subsequently be reacted with an

appropriate glycosyl acceptor to generate the 1,2-trans-configured glycoside.

2.4 Carbohydrate-Active Enzymes as Biocatalysts

The glycosidic bond is one of the most important bonds in naturally-occurring compounds,

3,

accounting for up to two-thirds of carbon in the biosphere'***** and is estimated to have a half-life of

around 5 million years at room temperature and neutral pH."*>'*°

This level of stability makes the
glycosidic bond more stable than the amide bond in proteins, t,, = 460 years, and the phosphodiester
bond of the nucleic acids DNA and RNA, t,, = 140,000 years and 4 years, respectively.'”** The
enzymes which are able to catalyse glycosidic bond hydrolysis are arguably among the most
proficient of enzyme classes, able to cleave bonds at a rate of up to 1000 s' — a 10'-fold

125,126,129
enhancement.'”

Carbohydrate-active enzymes (CAZys) are a broad group of enzymes can be
divided into four major classes: glycoside hydrolases (GHs), glycosyl transferases (GTs),
polysaccharide lyases (PLs), and carbohydrate esterases (CEs). These are responsible for hydrolytic
glycosidic bond cleavage, glycosidic bond formation, non-hydrolytic uronic acid cleavage, and the
hydrolysis of sugar-ester bonds, respectively. Therefore, the use of CAZys in carbohydrate chemistry
has a distinct advantage over traditional chemical methods, as these biocatalysts don’t typically
require the extensive protecting group chemistry required of purely chemical syntheses.
Furthermore, as these enzymes are from living organisms requiring highly-specific glycosidic

patterns, the enzymes also display a high degree of specificity, usually preferring one regio- and

stereoisomer over all others.

2.4.1 Glycosyltransferases

Glycosyltransferases [EC 2.4.-.-] are anabolic enzymes responsible for glycan synthesis in nature and
are generally highly selective for both the donor and acceptor and can be divided into two broad

. . 130,131
classes, Leloir and non-Leloir glycosyltransferases.'**"?

Due to the myriad of biological functions of
carbohydrates and their complex and specific coupling patterns, it is not surprising that each
organism expresses a large number of glycosyltransferases, each with their own specificities with
respect to donor, acceptor, and linkage."”> They function by transferring an activated glycosyl donor
- typically glycosyl nucleotides or glycosyl phospholipids - to acceptor substrates, such as

oligosaccharides, antibiotics, lipids, and proteins (Scheme 2-6).”'*°

This results in a diverse range of
glycans, which possess many varying roles within organisms including pathogenesis, signalling, cell-

cell interactions and signalling, energy storage, cell wall structure, and important post-translational

12
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glycosylation of proteins.'**"*>**

Regardless of role, the specificity of ordering within the structures
is of critical importance and the deficiency or malfunctioning of these enzymes is the underlying
cause of a large number of congenital disorders."”"*” So prevalent are these enzymes that they make
up approximately 2% of an organism’s genome, the exceptions being obligate symbionts and
parasites which contain few to no detectable GT-encoding genes. **"**'%” Despite their clear utility
in nature, these enzymes are not so easy to use as biocatalysts in chemical synthesis, as they are
typically limited by their high specificity and the high cost of the glycosyl donor substrates, which
although available commercially, can cost upwards of 1000 € g'. This unfortunate reality

undermines their use in chemical synthesis and many researchers prefer to work with more

promiscuous CAZys, such as glycosidases.

(0 (0]
o) 'I' 0 UDP =
W'POR — N\ or
\
UDP ©
UDP

Scheme 2-6: Simple schematic of the mechanism of an inverting glycosyltransferase.

N-acetyllactosamine is a common motif in glycoproteins and plays an important role in cell
adhesion, immune response, and tumour metastasis and progression."* In 1982, Wong et al.'*’
reported the first preparative-scale glycosyltransferase-catalysed synthesis of this compound using a
combination of four enzymes - galactosyltransferase, pyruvate kinase, UDP-glucose
pyrophosphorylase, and UDP-galactose 4’-epimerase (Scheme 2-7). This approach overcame the
problem of sourcing large quantities of expensive substrate thereby making

glycosyltransferase-catalysed synthesis of oligosaccharides a more attractive tool to carbohydrate

chemists.
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Scheme 2-7: Synthesis of N-lactosamine by Wong et al. using a phosphate recycling system.”*” a) pyruvate kinase; b)
UDP-glucose pyrophosphorylase; ¢) UDP-galactose 4’-epimerase. Additional elements of the recycling system removed
for clarity.

Another synthetic problem for which glycosyltransferases are suited is the installation of sialic acid
moieties. These are commonplace in glycoconjugates, particularly gangliosides, and are
biologically-important in the binding of bacteria, lectins, toxins, and viruses."*" As the presence of
the carboxyl group reduces the reactivity of the anomeric hydroxyl group, chemical sialylation can be
challenging, as the 2,3-dehydro product is a common side product under chemical conditions.'"'
Danishefsky et al."* used a sialyltransferase to overcome this problem in their total synthesis of the
GM3 cell-surface ganglioside. They utilised an a-2,3-sialyltransferase to sialylate the lactosyl
ceramide in yields of 75% (Scheme 2-8). That same year, Unversagt reported the sialylation of a

decasaccharide-asparagine conjugate using an a-2,6-sialyltransferase in 86% yield.'*’

14
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Scheme 2-8: Sialylations using sialyltransferases. Upper: Danishefsky et al.’s total synthesis of the cell-surface ganglioside
GM3 used an a-2,3-sialyltransferase to install terminal sialic acid moiety."* Lower: Impressive synthesis of a sialylated
undecasaccharide by Unversagt'® using an a-2,6-sialyltransferase with the linking pentasaccharide represented by the

loop.

Fucosylation is another ubiquitous biological modification in the generation of glycoconjugates' **'*

and is one of the last reactions involved in biological blood group antigen synthesis."** As blood
group antigens are important in a number of biological roles, such as in the inflammation
response,** it is natural that fucosyltransferases are of interest to researchers. The first

146 .
1.,'*° wherein

preparative-scale, enzymatic synthesis of sialyl Lewis" was reported by Ichikawa et a
they performed the last step, the fucosylation of a sialylated lactosamine, using an
a-1,3-fucosyltransferase. This work was extended upon by Baisch and Ohrlein'*” who synthesised a
complex glycopeptide cluster to increase the binding of sialyl Lewis™ to E-selectin. This synthesis was
purely enzymatic and took place in three steps from a N-glucosamine backbone through successive
transformations using a [-1,4-galactosyltransferase, an a-2,3-sialyltransferase, and finally an
a-1,3-fucosyltransferase in an overall yield of up to 60% (9 examples, 33-60% over 3 steps; Scheme
2-9). This demonstrates a clear benefit of using glycosyltransferases as biocatalysts, even on simple
tetrasaccharides, particularly when comparing this to the results of Hara et al. who recently

synthesised a similar tetrasaccharide, the B group blood antigen, chemically in 20 steps and obtained

an overall yield of just 6%."**
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Scheme 2-9: The use of glycosyltransferases in the synthesis of complex oligosaccharides demonstrates clear advantages
over traditional chemical synthesis as demonstrated in the comparison of the syntheses of tetrasaccharides by Baisch and

Ohrlein'" (upper) and Hara et al'® (lower).

2.4.2 Glycohydrolases

Glycoside hydrolases, also known as glycosidases [EC 3.2.1.-], can be broadly defined as having one
of two possible activities; those which invert, and those which retain the anomeric bond
configuration after hydrolysis. Furthermore, glycosidases can also be defined as either endo- or

exo-depending on where in an oligosaccharide they catalyse hydrolysis (Figure 2-4).

site of cleavage

non-reducing end e 9 eg Q e reducing end

Figure 2-4: Basic nomenclature of glycohydrolases. Exo-glycohydrolases cut a single, terminal saccharide unit, typically
at the reducing end. Endo-glycohydrolases cut in the middle of poly/oligosaccharide chains. Positive sites are those non-
reducing carbohydrate units on the non-reducing side of hydrolysis, whereas negative sites are those carbohydrates

cleaved from the reducing end of an oligosaccharide.

For both of these general cases, the enzymes have a pair of carboxylic acid residues within the active

site which facilitate hydrolysis. Although, there are glycosidases known, which utilise alternative

. . .1 . - .. . . 149-161
mechanisms, such as those which utilise neighbouring-group participation mechanisms, *'*! are

195199 35 well as the highly-specialised sialidases.'”’"”* With the

ascorbate-'""% or NAD-dependent,
exception of the myrosinase class of glycosidases,'" it is widely accepted that the transition state of

glycosidase-catalysed hydrolysis proceeds via an oxocarbenium ion-like transition state (Figure
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2-5), 2P OMNENTINTS Glthough, due to the instability of glycosyl cations, which have lifetime

estimates of between 10"'° and 10 s, this is yet to be directly observed.'*
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Figure 2-5: With the exception of myrosinases, it is widely accepted that the glycosidase mechanism proceeds via an

oxocarbenium mechanism as demonstrated in the simple mechanisms of an inverting p-glycosidase (A) and a retaining
129

B-glycosidase (B).

In inverting hydrolases, the two carboxylic acid residues are approximately 11 A apart which allows
the substrate and a water molecule to bind between them before reacting via a single-displacement,
Sn2-like mechanism. The two carboxylic residues act as an acid/base tandem, whereby one residue
abstracts a proton from the water molecule, which then attacks at the anomeric centre, whilst the
other assists the leaving of the generated alcohol by donating a proton to the generated oxyanion

(Figure 2-5A). In retaining hydrolases on the other hand, the two catalytic residues are located 5.5 A
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apart, allowing only the substrate to bind, and act via a double-displacement mechanism, as first
postulated by Koshland."”” In this case, one carboxylic acid residue acts as a nucleophile, attacking
the anomeric centre, with the other acting as a general acid, donating a proton to the outgoing
alcohol. The result is a reactive sugar-enzyme intermediate with inverted anomeric stereochemistry.
The second step involves the newly-generated conjugate base stabilising the incoming water
molecule via hydrogen bonding, allowing the water molecule to react with the sugar-enzyme
intermediate to once more invert the stereochemistry, leading to overall retention of stereochemistry

of the anomeric centre (Figure 2-5B).

Glycosidases can be used for glycosylation in one of two ways; either by reverse hydrolysis or by

7% For reverse hydrolysis-type reactions, a prerequisite of these

transglycosylation (Scheme 2-10).
reactions is the reduction of water concentration compared to a normal aqueous system.179 Enzymes
which are stable under these conditions are of particular interest, as are those which are active in
organic solvents.'™ ' Studies using those few glycohydrolases which have been studied at low water
concentrations have revealed that although hydrolysis is typically increased in higher water
concentrations, the equilibrium can be shifted towards synthesis by decreasing the water content, or
more specifically, the water activity of the aqueous medium. Furthermore, it has been demonstrated
in these few studies that different enzymes have different requirements for their respective water
activities as highlighted by the 0.67 water activity required by almond B-glucosidase'*® and 0.29

required by the B-glycosidase from Pyrococcus furiosus."”

NIN ?;1; Hc:I;
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Scheme 2-10: Simple schematic of the mechanism of a glycohydrolase which can either hydrolyse glycosides (R” = H) or

perform transglycosylation reaction (R’ # H).

Currently, the reasons for such large differences in water activity dependence is unknown, but it is
hypothesised that these necessary water molecules play a functional role and necessarily their
absence leads to cessation of enzymatic activity.”” Teze and co-workers'™ investigated this by
comparison of GH1 glycosidases and identified a number of conserved water molecules. They
identified that 90% of those structures contained at least seven water molecules. They concluded that
these conserved water molecules, which were typically clustered, formed water channels and aided
the transportation of water to the active site. This insight has interesting implications for the use of
these enzymes for synthesis and is a reasonable explanation as to why those enzymes, which are

active in solvents with lower water concentrations, are better at forming glycosidic bonds. With this
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in mind, the engineering of hydrolases to be more active at lower water activities would be an

interesting area of investigation for the creation of biocatalysts from hydrolase enzymes.

189 In

An alternative to this is the immobilisation of hydrolases, such as performed by Lundemo et al.
their study, they compared the activity of lyophilised glycosidase against those previously
immobilised and found that the immobilised enzyme had 17- to 70-fold higher activity than the
lyophilised enzyme at lower water activity despite the two having similar activities at full hydration.
This was rationalised as being due to the immobilisation process facilitating the retention of crucial
water molecules and thus helping to retain its activity at lower water concentrations. High-alcohol
solutions have also been demonstrated as useful in both reverse hydrolysis and transglycosylation
systems for the synthesis of alkyl glycosides.'”” Typically-used alcohols for this are hexanol and
octanol, large chain alcohols which are immiscible with water. The aqueous phase of the two-phase
system is saturated with the alcohol in addition to the hydrophilic saccharide and enzyme. Higher

alcohols are disadvantaged by their lower solubility in water and therefore reaction times are

typically longer and yields lower.

Directed evolution has also been used to improve selectivity for transglycosylation over hydrolysis.

Feng et al."” used a B-glycosidase from Thermus thermophilus, which had a transglycosylation yield
of 8%. Following mutation, they were able to increase the yield to 75%. An analysis into the
structural differences between wild type enzymes and their transglycosylase mutants by Teze et al."”’
showed no major structural changes. However, they noted that the majority of beneficial mutations
were located in the -1 site. Using this semi-rational approach, Tellier and co-workers'” were able to
create an a-transglycosylase from the a-galactosidase of Geobacillus stearotherophilus. Investigations
by Hansson and Adlercreutz"”” found that a single mutation in the P. furiosus B-glucosidase resulted
in a two-fold increase in the transglycosylation/hydrolysis ratio for the hexanol catalyst. Single
mutation of the B-glucosidase from T. neapolitana accounted for a 7-fold increase in this ratio,
increasing the yield to 58%.' In a follow-up study, Lundemo et al’® were able to eliminate
hydrolytic activity in the mutant by increasing the pH of the reaction to 10. Importantly, this had no
significant effect on the rate of transglycosylation. There do exist natural transglycosylases, which
despite having high homology to glycohydrolases, preferentially catalyse transglycosylation.'”
Characteristic of these natural transglycosylases are xyloglucan endo-transglycosylases, sucrose-type
enzymes of GH 13 and GH 70, cyclodextrin glucanotransferases, a-amylases, and sialidases.
Although, as transglycosylases are nearly indistinguishable from their hydrolysing counterparts, it

remains difficult to pinpoint what features improve transglycosylation for further mutation studies.

Finally, glycosidases show perfect stereoselectivity, in that only the a- or f-product is formed, as a
result of the active site architecture which prevents the formation of the undesired anomer. This is a

crucial advantage over non-enzymatic techniques which often show great, but not perfect, selectivity;
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achieved with appropriate reagents and reaction conditions, leaving groups, and neighbouring
groups. The other advantage that enzymes have over chemical glycosylation methods, is that they
avoid the use of protecting group chemistry, which is used to ensure regioselectivity. The
regioselectivity of enzymes is dependent upon the class of glycosidase used. Exo-glycosidases
cleave/add only a single saccharide at the non-reducing end of the carbohydrate and this can give
rise to a mixture of regioisomers. The use of endo-glycosidases for this typically results in higher
regioselectivity as a result of the cleft in which the substrate needs to fit. However, this method is

only suitable for the addition of large polysaccharides and not small monomeric units."”

2.4.3 Glycosynthases

Glycosynthases are a recent invention and do not occur naturally. These enzymes are not a new
enzyme class, but rather a specific family of active-site mutants of glycohydrolases. The mutation of
the nucleophilic residue in the active site results in a structurally identical enzyme that lacks
hydrolytic activity.'*® Despite this, they are able to catalyse the formation of glycosidic bonds when
activated substrates are used."” Invented in 1998, Withers and co-workers'”® observed that catalytic
nucleophile mutants, despite being catalytically inactive, maintained the architecture of the wild type
enzyme. By exposure of an activated glycoside which mimics the anomeric configuration of the
sugar-enzyme intermediate, they postulated that this would allow for the synthesis of
polysaccharides without concern for product hydrolysis."”® Using the B-glucosidase, Abg, from
Agrobacterium sp., the E538 A mutant was generated and when a-glucopyranosyl fluoride was used
as a donor substrate, a variety of polysaccharides of various orders were generated using a number of
different carbohydrate-acceptors resulting in yields of up to 92%."® Critical to these reactions is the
use of an activated donor, as it mimics the enzyme-sugar intermediate found in the native enzymes.

The use of glycosyl fluorides as donors is a well-established method,"**>” but other donors such as

204,205 206,207

azides and formates are known. Larger leaving groups on the donors are typically avoided
as they create extra steric bulk in the active site, which would hinder the incoming acceptor
molecule. An exception to this is the use of aryl sialosides as donors in a neuraminidase-based
glycosynthase.*”®

Classically, the glycosynthase mechanism proceeds in a Sy1-type reaction wherein the fluoride is
displaced by the incoming acceptor, activated by the acid/base residue (Scheme 2-11A)."** An
alternative method, typically used to activate donors in situ is the so-called chemical rescue method.
This reaction mechanism follows a double-displacement mechanism in which the donor, with an
appropriate anomeric leaving group, is reacted with a non-enzymatic nucleophile, such as an azide
or a formate.”” This generates the “true” donor species, which then follows a classical glycosynthase
mechanism (Scheme 2-11B). As there is no hydrolytic back-reaction, Park et al>” were able to

demonstrate that the use of a glycosynthase also increases the regioselectivity as only one
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regioisomer was formed in comparison to the 3 regioisomers generated by the wild type glycosidase.
This difference arises due to the nature of the reaction, which is kinetically controlled in the

synthases, compared to thermodynamic in glycosidases and transglycosidases.”*’
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Scheme 2-11: Glycosynthases have two main mechanisms. A depicts the “classical” synthase approach using an activated
substrate which mimics the glycosyl-enzyme intermediate. B shows the alternative reaction mechanism, the so-called
chemical rescue method, wherein a small nucleophile encourages departure of the leaving group, generating the reactive

intermediate in situ.

Glycosynthases have been used in a number of syntheses towards complex polysaccharides. In 2012,
Sakurama et al.”"" reported their use of a bacterial a-L-fucosynthase to generate Lewis antigens A and
X. Danby and Withers’" note in their most recent review on glycosynthases that the combination of
the aforementioned L-fucosidase with a previously reported 1,2-a-fucosidase”'” would be beneficial
to access the full range of Lewis antigens. Similarly, Kwan et al.*"> were able to produce the type 2
blood group A antigen in just 3 steps using a combination of glycosynthases and glycosyl
transferases. This synthetic route demonstrates clearly the advantages of biocatalysts in complex
carbohydrate synthesis when one compares this to the synthesis by Hara et al. who generated the B
antigen in 20 steps with an overall yield of just 6%."** A more impressive demonstration of the power
of enzymatic synthesis of oligosaccharides is the recent synthesis of lactosamine oligomers by Henze
et al.”®' who synthesised a decasaccharide in a one-pot reaction using a glycosyltransferase and a

glycosynthase, reporting yields of up to 31%.

Initially, glycosynthases were limited to the formation of oligosaccharides. This disadvantaged them
in comparison to the glycosidases and glycosyltransferases, which had been demonstrated to couple

*21% Fort et al.”* successfully utilised an endocellulosynthase from Humicola

aglycone acceptors.'’
insolens (Cel7B) which accepted 6’-bromo, -amino, and -S-glycosyl cellobiosyl fluorides generating

functionalised glycans. This enzyme was later found to accept 6’-azides allowing for further
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functionalisation of the cellulose scaffold.”'® Li and Kim”"” were also able to generate a range of
di- and trisaccharides using a series of aryl glycosides as acceptors with yields of up to 98% on
multi-milligram scales to generate biologically-important molecules. More recently, focus has shifted
towards aglycone acceptors such as flavonoids,”* glycosphingolipids,”® and steroids,”* all of which

are important biomolecules.

Since their invention in 1998, a number of glycosynthases have been generated and used to catalyse
the formation of new glycosidic bonds. Both endo- and exo-glycosidases have been converted to their
respective synthases and in addition, thioglycoligases and thioglycosynthases have also been
developed which catalyse the formation of S-glycosides.””" With this in mind, we chose a number of
potential glycosynthases to pursue in the context of this work. These were identified based upon the
reactivities of their corresponding wild type glycohydrolases, and the reaction products generated

from hydrolase-catalysed transglycosylation.

Table 2-2: Potential glycosynthases and their reported activities

Enzyme Organism Type Activity Ref.
LacZ Escherichia coli B-galactosidase (1,6) '
Lac4 Kluyveromyces lactis B-galactosidase (1,4), (1,6) —
Bgl1 Pichia etchellsii B-glucosidase (1,4), (1,6) e
Bgl] Aspergillus oryzae p-glucosidase (1,6) e
LacA Aspergillus oryzae -galactosidase (1,4), (1,6) 2
LacC Aspergillus oryzae B-galactosidase (1,4), (1,6) 2

2.5 Structure, Form, and Function of Galactosidases

2.5.1 LacZ: a B-galactosidase from Escherichia coli

The B-galactosidase from Escherichia coli, LacZ, is one of the best characterised and well-studied
enzymes to date as it is not only one of the first enzymes characterised,””® but also is one of the
proteins encoded as part of the lac (lactose) operon, one of the first genetic regulatory mechanisms
described.””’ LacZ is a galactosyl hydrolase, and is responsible for the hydrolysis of lactose (2) into its
fundamental components, glucose (6) and galactose (7) (Figure 2-6). LacZ displays optimal activity
for catalytic purposes in slightly basic conditions (ca. pH 7.5) and 37 °C.”*® LacZ is frequently used in
molecular biology as a reporter enzyme, relying upon a-complementation to indicate transformed
colonies — typically referred to as a “blue-white” screen. This method is a qualitative indicator, with
transformed colonies appearing blue due to the formation of indigo, a vivid, blue compound, and

untransformed colonies appearing white. Early studies into the mechanism of LacZ identified its

transglycosylation activity,229 which converts the B-(1,4)-coupled lactose (2) to f-(1,6) allolactose
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(3), subsequently identified as the true inducer of the lac operon and true substrate of LacZ (Figure
2-6).7°

OH

HO OH
(0]
HO 0 C
OH HO
OH OH
2
hydrolysis transglycosylation
OH OH
HO HO
(0] (0]
HO OH HO 0
",
OH OH OH
7 HO 0 HO 0
HO HO
OH OH OH OH
6 3

Figure 2-6: Two main reactions of LacZ on lactose (2): hydrolysis to form glucose (6) and galactose (7), and the

transglycosylation reaction to form allolactose (3).
Structure of LacZ

Tertiary Structure

Studies on the B-galactosidase from E. coli have demonstrated that the major species of the enzyme is
a homotetramer (Figure 2-7, left).”*"*** Each monomer consists of 1023 amino acid residues and the
catalytically active tetramer contains 4 active sites. Interestingly, despite requiring a tetramer for
activity, the active sites show no cooperativity or allostery.232 The monomer contains 5 distinct
domains made up of the majority of the 1023 proteomic residues (Figure 2-7, right).”*> Domain 1
(D1) is a jelly-roll B-barrel (residues 51-217) and leads into the fibronectin type-III-like barrel of
domain 2 (D2) (residues 220-333), reminiscent of those found in immunoglobulin. The third
domain (D3) is a distorted TIM barrel which is centrally located within the monomer (residues
334-627) and contains the majority of the catalytic machinery, located at the C-terminal end of the
barrel. Unlike normal TIM barrels, the third domain lacks a 5" helix and contains a distorted
B-strand. Domain 4 (D4) is a topologically-identical fibronectin-type barrel (residues 628-736) and
domain 5 (D5), a unique 18-stranded B-sandwich (residues 737-1023).”***** The 50 residues of the

N-terminus compose the a-peptide and it is this region which is involved in a-complementation.
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Figure 2-7: Quaternary and tertiary structures of LacZ. Left: Four monomers come together to form the active tetrameric

structure. Right: The LacZ monomer is made up of five domains and the a-peptide (grey). PDB: 1]JYX.

Quaternary Structure

The quaternary structure of LacZ is a homotetramer, or rather a dimer of dimers, and it is widely
reported that only this tetrameric form is active,”*"*** although it has been reported to have low
activity in a dimeric form.”” Within the tetramer, there are 3 major intermonomeric interactions
responsible for the formation and stability of the tetramer. Two of these are regions associated with
the so-called “long interface” and the third belongs to the “activating interface” (Figure 2-8).”’ The
one of the regions associated with the long interface involves three intramonomeric interactions
between Arg561 and the backbone carbonyls of Leu524, Thr530, and Arg531; one intermonomeric
interaction between Arg561 and Ser525, and a water-bridge directly between Arg561 of the

neighbouring chain (Figure 2-9, bottom left).**?

The other long interface interaction involves
intermonomeric hydrogen-bonding interactions between D4 and D5.*? The activating interface
occurs along the vertical axis of symmetry and is responsible for the activity of the LacZ tetramer.”*
A four-helix bundle generated by helices a13 and a14 of D3 (residues 429-448 and 465-479
respectively) is the largest contributor to the activating interface (Figure 2-9, top right). In addition,
interactions involving D2 and the a-peptide complete the interactions required for formation of the
tetramer and subsequent activity.”’ In particular, the completion of the active site by the D2 loop
(residues 272-288) of the neighbouring monomeric unit is responsible for the activity of the tetramer

(Figure 2-9, bottom right).”” This also explains the lack of activity of dimeric and monomeric forms

of LacZ.
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4-Helix Bundle

Activating Loop
Long Interface

Args61 Hoak

Figure 2-8: Schematic of the interactions between the monomeric units of LacZ which contribute to the oligomerisation.

Figure 2-9: Expansions of the three of the major interactions of the monomeric unit. Clockwise from top left: Schematic
drawing of the individual monomeric unit; the 4-helix bundle interaction which stabilises the active tetrameric form
between monomer a (red) and monomer b (green). Positioning of the loop of domain 2 of the neighbouring monomeric
unit (red) completes the active centre. The Arg561 “hook”, which binds two monomers together along the long face to

complete a dimer between monomer a (pink) and monomer b (pale yellow). PDB: 1JYX
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a-Complementation

In early studies of the LacZ enzyme, a-complementation was observed during N-terminus deletion
experiments. In these deletion mutants, A23-31 (M112)*® and A11-41 (M15),” tetrameric LacZ
was seen to dissociate into inactive dimers.””*** Though, when these deletion mutants were
supplemented with a cyanogen bromide-derived peptide of residues 3-92 (CNBr,), a functional
tetramer would be re-formed.”** Other studies have found that the a-donor 3-41 is also accepted by
the a-acceptors M15 and M112, enabling the reformation of active tetramer.**' It should also be
noted that while the a-complemented enzyme displays comparable activity to that of the wild type, it
is more susceptible to thermal and chaotropic denaturation.”****"***

Since its discovery, a-complementation has now become a popular selection method, wherein an
a-peptide fragment is co-expressed with a protein-of-interest, on a plasmid, in an E. coli strain
possessing one of the aforementioned LacZ deletion mutants. This allows for easy identification of
plasmid-containing E. coli cells using a blue-white screen.”* Importantly, whilst this a-peptide is
critical for the formation of the active tetramer, the identity of residues 1-26 are unimportant.”*
Mutations of residues 27 onwards are more detrimental to the formation and stability of the
tetramer. Residues 13-20 in adjacent monomers contact each other directly.®* Of particular
importance in this region is Glu17 as mutations of this residue increase the rate of denaturation of
the tetramer to the dimer.”** The dimers themselves are also shown to be unstable and will rapidly
dissociate further to the monomeric forms unless sufficient Na®, Mg”, and thiols are

242:244245 Residues 22-31, while positioned close to the activating interface, do not contact the

present.
neighbouring dimer, but rather interact with D1 and contribute to the stabilisation of the D3-D3
four-helix bundle (Figure 2-10).>****> As mentioned before, the identity of residues 1-26 appear
unimportant for dimerisation, residues 27-31 do appear important as they pass through a tunnel
created by D1, D2, and D3, which assist in anchoring the a-peptide. This increases the overall
stability of the tetramer.””” As such, alteration of the identity of these residues lowers the

thermodynamic favourability of the a-peptide to occupy this tunnel space, and in turn the

favourability of tetramer formation.
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Helix Bundle

J

Figure 2-10: The a-peptide (dark blue) is positioned directly over the 2 helices (dark red) which contribute to the 4-helix
bundle responsible for the stability of the tetrameric form. PDB: 1JYX.

Catalytic Centre

The active site of LacZ is located at the C-terminal end of the D3 TIM-barrel (Figure 2-11).% As
LacZ is of the family GH 2, it follows a simple retaining mechanism comprising a nucleophilic
residue and a catalytic acid/base residue, Glu537 and Glu461 respectively.’****” In contrast to early
models of the catalytic pocket and mechanism, the two residues are not positioned 180° apart from
one another, but rather 90° and in close proximity. The adjacency of these catalytically-important
carboxylic residues is crucial to the pK, cycling required for catalysis in glycosidases.”*® As a result,
Glu461 must be protonated in the ground state due to the carboxylate anion of Glu537. This
positioning within the molecule increases the acidity of the Glu461 proton during the first step by
lowering the effective pH of the active pocket to less than 4.**° This enables Glu461 to more easily
donate it’s proton to the leaving group and quench the increasing negative charge generated by

249,250

formation of the sugar-enzyme complex. Indeed, computational studies show that the pK, of

Glu461 in the free enzyme is high and significantly decreased in the substrate-enzyme complex,

favouring transfer of water to the galactosyl moiety.**’
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Figure 2-11: Domain 3 (yellow) highlighted in comparison to the rest of the monomeric unit with the active site located
at the C-terminal end of the B-barrel is easily identified by the IPTG (dark grey). PDB: 1JYX.

Surrounding the two catalytic residues are a number of residues, ions, and small molecules

251-256 257-260

important for pocket structure, stabilisation of transition states, substrate positioning,”"

247,249,264-268 . .
47249 One of the most curious of features is the

*%3 and optimisation of catalytic chemistry.
so-called “active-site loop”, which consists of residues 794-803 from D5. The loop, which can have
either open or closed conformations, is known to be important for the activity of the enzyme,
particularly through its interactions with Arg599.>* It appears to play a role in modulating substrate
binding affinities by encouraging substrate binding when open, and transition state stabilisation
when closed. Additionally, it also appears to play a role in transglycosylation and the formation of
allolactose as it has been suggested that it plays an important role in glucose binding (Figure

2-1 2).234,254269

When substrate is unbound, the loop takes on the flexible, open conformation and
closes when the substrate is bound to the deep binding site.”>* Mutations of Gly794, the loop hinge,
have led to more active galactosidic activity, particularly when mutated to an acidic residue.””' The
conformation dependence of the loop to the presence and location of substrate can be linked to the
6-hydroxyl group and its neighbours. When no substrate is bound or substrate is bound in shallow
mode, Phe601 interacts hydrophobically with the galactosyl C6 and Met542, edge-wise and facially
respectively, and Arg599 interacts with the aromatic system edge-wise via a cation-1t bond.”** This
guanidinium group also interacts with Glu797 and forms hydrogen-bonds with the carbonyls of
Ser796 and Gly794. As the carbonyl group of Phe601 is coordinated to Na', it undergoes a

conformational change upon deep-binding of the substrate. The disruption of the cation-m bond

between Phe601 and Arg599 results in Arg599 moving away and distorting, in turn severing the
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interactions of the guanidinium group. Ser796 then moves towards the active pocket, where the a

and f carbons can interact hydrophobically with Phe601, closing the loop.”

—=F

Closed

Figure 2-12: Comparison of the active site loop region between the open conformation and the closed conformation.
PDB: 1JYX, 4DUW
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Mechanistic Studies

The active site requires more than just the two catalytic glutamic acid residues to function correctly
as the enzyme is also specific to galactopyranose and thus, substrate positioning within the active site
is critical to the correct function of the enzyme. It has been demonstrated via crystallographic studies
that LacZ possesses two, overlapping substrate binding modes: shallow (Figure 2-13) and deep
(Figure 2-14). As the natural substrate of LacZ is allolactose, it could be suggested that the two
binding sites correspond to glucose and galactose, respectively. However, LacZ is specific only to

o 4. . P 226,228,270-272
exo-galactopyranosyl moieties and more promiscuous in its acceptance of aglycones.

Figure 2-14: The binding of the transglycosylation product, allolactose, in the "deep” site of LacZ. (PDB: 4DUW)

Binding Modes

Upon entering the shallow site, the galactosyl unit stacks on Trp999, a highly conserved residue in
related P-galactosidases, with the oxygen of the galactosyl ring positioned above the indole and the

234,261

glycosyl carbons within van der Waals range. Following this initial interaction, a web of specific

hydrogen-bonding interactions between the galactosyl moiety and the active site are formed. It
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should be noted that the vast majority of interactions in this shallow mode are between the galactosyl
unit and the enzyme, very few interactions involve the aglycone.” The 6-hydroxyl group forms the
strongest interactions with the active pocket, bonding with His540, Asn604, and Na'. These
interactions then presumably act as a hinge, allowing further hydrogen bonds to develop between
4-OH and Asp201 and a water molecule within the coordination sphere of Mg**. The 2- and
3-hydroxyl groups also interact directly with Glu537 and Glu461, but also with Tyr503, Asn460 and
Mg’" indirectly.

Anchored by the interactions between the 4- and 6-hydroxyl groups, the galactosyl moiety is moved
into the deep mode binding site, undergoing a 90° change in orientation (Figure 2-15), possibly via
an inverted boat conformation.”® This transition between binding sites is concurrent with the
closing of the active-site loop, which undergoes a shift of about 11 A.”” This creates a new series of
hydrogen bonds around the 2- and 3-hydroxyl groups as well as moving the anomeric centre into an
optimal position for the catalysis to occur. In this deep binding mode, the 3-hydroxyl has displaced a
water molecule and now interacts with a water molecule within the coordination sphere of
magnesium. It now also interacts directly with His391 and a water molecule coordinated to His357
and the carboxylic oxygen of Asp201. The 2-hydroxyl position now interacts with Asn460 and,
importantly, Glu537. This presumed hydrogen bond between Glu537 and 2-OH has been calculated

to contribute >10 kcal mol™ to the stability of the transition state.'”
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Figure 2-15: The change in position of the substrate between the shallow and deep binding modes created by an overlay
of the "shallow" bound substrate, IPTG (orange), and the "deep” bound 2-deoxy-2-fluorogalactose (blue) in the active
site. PDB: 1]YX, 1]Z2

Currently, it is not possible to view transition states and docking of the lactose/allolactose moieties in
the native enzyme as the substrate undergoes hydrolysis. Furthermore, crystallisation studies using
lactose and allolactose as substrates of catalytically inactive mutants only show these molecules

250,269

binding in the shallow mode. Therefore, substrate mimics, such as IPTG or

2-fluoro-2-deoxy-f-D-galactosyl substrates, or transition state mimics, like galactonolactone or
galactotetrazole, are soaked into the crystals.”****¥°***%2% Degpite the crystal structures showing the
galactosyl substrates to maintain a *C, conformation in both the shallow and deep binding modes, it
has been suggested that the pyranose ring may be flattened during the oxocarbenium transition state.
This hypothesis is supported by the high binding affinities of the transition state analogues
galactonolactone and galactotetrazole, which demonstrate 10°-10° better binding affinities compared
to galactose.25 ° Transferred nuclear Overhauser effect (TR-NOE) "H NMR studies using the inhibitor
C-lactose, the C-glycoside derivative of lactose, revealed that in the deep binding mode, lactose most
likely takes on a high-energy, gauche-gauche conformer.”*® This hypothesis was recently confirmed

by crystallisation of allolactose in a Gly794 mutant of the enzyme.”®
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The Role of Metal Ions in LacZ

The first crystal structures of LacZ indicated a number of metal-binding sites within the enzyme
which are both structurally and catalytically important.”* Structural metal ions, such as the Mg**
cation that interacts with the a-peptide and the 4-helix bundle, are not explicitly required for
formation of the tetramer and, by extension, activity. However, it has been shown that a Mg”" cation
and a Na" cation are of catalytic importance (Figure 2-16).”> The two metal ions are located around

8 A apart and are linked by His418, Val103, Asn102, and Asp201. Moreover, the affinity of the

5

protein for either ion appears to be linked to its affinity for the other.”

Figure 2-16: Coordination spheres of the metal ions in the active site of LacZ. Left: Mg”". Right: Na'. PDB: 1JYX

LacZ requires a single Mg”" cation per subunit for activity; however, up to 4 others can bind to other
parts of the monomer.”® The critical Mg”" cation is octahedrally-coordinated in the rear of the
binding pocket by three water residues, Glu416, His418, and the catalytic residue, Glu461.”>*
Initially proposed to directly participate in catalysis, acting as a catalytic electrophile,”* this was
revised to infer properties relating to the maintenance of structural integrity.”’” Recently,

264

site-directed mutagenesis studies of Glu416°** and His418”* have shown that Mg™* is important in

modulating active site chemistry by modulating the Bronsted acid/base properties of Glu461.”** Early

studies found that LacZ could accommodate a number of divalent cations,”**””

although this was
later found to be due to metal impurities and it was demonstrated that only Mn®** could be
substituted with near-to-native activity.””> The enzyme also displayed activity with Ca®", albeit at a
significantly lower level. Calculations have revealed that Mg”" lowers the activation energy required
for glycosylation of the enzyme by close to 15 kcal mol*.*”*

The role of Na' in LacZ is believed to be two-fold. Firstly, as Na* coordinates in both shallow and
deep binding modes with the 6-hydroxyl group of galactopyranosides, its role in substrate
positioning is clear.”*****”*® Secondly, Na* is believed to play a role in stabilisation of the protein and

facilitate the conformational switch between open and closed forms.”” In the active pocket, Na" is
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coordinated square pyramidally by two water molecules, Asp201, the backbone carbonyl of Phe601,
and Asn604 with one of the water molecules being replaced by the 6-hydroxyl group upon binding of
galactose.”*?* Substitution of Na* with monovalent K* shows no significant difference in enzyme

activity and both metals provide only modest reductions in activation energy.”***”*

Mechanism of Hydrolysis

The mechanism of hydrolysis goes through a two-step mechanism in which the formation of the
enzyme-substrate complex is rate-determining (Scheme 2-12).>* The reaction goes through two
distinct steps, “galactosylation” [of the enzyme] and “degalactosylation”, represented by the rate
constants k, and ks, respectively. Galactosylation comprises all steps between the binding of the
substrate to the covalent intermediate (EsGal-OR to E4-Gal), whereas the degalactosylation refers to
the transfer of the galactosyl unit to the acceptor (E4-Gal to E4-Gal-OH). Substrate binding and

release are represented by the constant, k.

Gal-OR
E, A»,k E,Gal-OR - Ey Gal-OR
S k AI
Gal-OH > '\ RoH
]
E,Gal-OH ——> E,Gal-OH ‘—3T> E4-Gal

H,0

Scheme 2-12: Reaction mechanism of B-galactosidase-catalysed hydrolysis.”** Binding of the substrate (Gal-OR) to the
enzyme (E,) initially occurs in the shallow site (E¢-Gal-OH) before the substrate is moved to the deep site (E4-Gal-OH).
Galactosylation of the enzyme then occurs to form the enzyme-sugar intermediate (E4-Gal). Hydrolysis of the
intermediate by water yields the product complex (E4-Gal-OH), which is then moved to the shallow site (E;-Gal-OH) and
released to return the free enzyme. In cases of (trans)glycosylation, the galactosyl acceptor is another alcohol rather than

water.

During substrate binding, the active-site loop is in an open position, granting the substrate easy
access to the catalytic pocket. Substrate binding occurs in the shallow site by interactions between the
aromatic system of Trp999 and the partially charged hydrogens on the underside of the galactosyl
chair.”®" At this point, a network of hydrogen bonds are formed between the galactosyl moiety and
the enzyme, in addition, hydrophobic interactions between C6 and Phe601, and an intramolecular
hydrogen bonding interaction between O5 of galactose and the 3-hydroxyl of the glucoside.””® Once
complexed to the enzyme, the galactoside is moved approximately 3 A to the deep site and stacked
upon Trp568, relying on the same interactions between the aromatic system and the
partially-positive ring hydrogens.””* The movement around an axis created by 4-OH and 6-OH
displaces a water molecule and forms a new, closer network of hydrogen bonds between the enzyme
and the remainder of the carbohydrate, allowing for effective stabilisation of the transition state, and

the active-site loop is concurrently closed.
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The energy required for galactosylation (k,) includes the energy for substrate transition from the
shallow site (E;-Gal-OH) to the deep site (Eq-Gal-OH) as well as that of the formation of the covalent
intermediate (E4-Gal). The movement from shallow to deep mode is an unfavourable equilibrium as
Juers et al.”® noted an absence of electron density in crystallographic analyses of E537Q crystals,
which had been soaked with the common hydrolytic substrates lactose, allolactose, and
o-nitrophenyl B-D-galactopyranoside.”® They also observed a lack of deep binding when native
enzyme was incubated with the substrate mimic, IPTG, adding weight to this hypothesis.
Computational studies suggested that galactose exists in a “pre-transitional”, “H; conformation
within the deep pocket and is converted to a ‘E conformation during the transition state (Figure

2-17).7%

However, the proposed “H; conformation does not agree with NMR studies of C-lactose,”
nor with observations of galactose in crystallisation studies.”® This suggests that distortion
associated with transition state formation occurs as Glu461 donates its proton to the glycosidic bond.
As the result of proton donation, the glycosidic oxygen develops a positive charge, polarising the
C1-O1 bond, shifting charge to C1. C1 is now partially positive and as such, O5, the heterocyclic
oxygen donates its electrons, forming a partial double bond between the two. At this point, C1 and
O5 are exhibiting partial sp” hybridisation, and as a result, the ring shifts towards a more planar, ‘E
conformation. This also gives credence to the generation of an oxocarbenium-like cationic species

which is widely accepted as an intermediate in the mechanism.'>’

HO OH
HO OH OH OH HO OH HO
o o HO OH HO, 0 oH
S(&:Vl HO 0 OH EO/A\ HO
HO OH HO OH HO oM
OH OH OH

4c, c, *H, 3H, pseudo-*E

Figure 2-17: Different ring conformations of galactopyranose.

The reaction itself most likely proceeds via an Sy2-like mechanism due to the planarity of the ring
transition state, a requirement of Sy2 mechanisms. Furthermore, should the reaction proceed via an
Sx1 mechanism, the electron donation from O5 to C1 would require the electrons to be
antiperiplanar to the breaking C1-O1 bond, which would require significant distortion of the ring.””
Two molecules, which exhibit *E planarity and bind well in the deep mode, are the transition state
analogues, galactonolactone (19) and galactotetrazole (20), and have properties which support the
planarity of the transition state and furthermore, an Sy2-like mechanism (Figure 2-18).”*° Evidence
of the quality and nearness of these analogues to the true transition state comes from a number of
site-directed mutagenesis experiments on the transition state-stabilising residues, His357,”
His391,”” and Asn 460, which demonstrated that the binding of these analogues correlated with

the kc.i/ Ky values of the mutant enzymes.
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Figure 2-18: Transition state analogues of galactosidase hydrolysis, galactonolactone (19) and galactotetrazole (20) which

exhibit ‘E conformations thought to be reminiscent of the oxocarbenium intermediate.

The enzyme-galactosyl covalent intermediate occupies a *C, chair conformation as evidenced by
crystallographic ~ studies where the enzyme was reacted with 2,4-dinitrophenyl
2-fluoro-2-deoxy-B-D-galactopyranoside.””’ The leaving group properties of 2,4-dinitrophenyl make
it ideal for acceleration of k,, and 2-fluoro-2-deoxy greatly decreases the rate of ks, allowing for
trapping of the covalent intermediate.”® This substitution allows for the maintenance of any
stabilising effects via hydrogen bonding, whilst simultaneously exploiting the charge build-up at C1.
Due to the highly electronegative nature of fluorine, the oxocarbenium-like transition state is
destabilised, making 2-fluoro-2-deoxy substrates more likely to remain in the covalently-stabilised

intermediate form.

Before galactosylation of the acceptor can occur (Figure 2-19), a negative charge needs to first be
restored to Glus37. It is believed that this is assisted by partial proton donation from Tyr503.>*® The
now generated trigonal oxocarbenium cation is stabilised by the now negatively-charged Glu537,
Tyr503, and O5. Furthermore, now that Glu537 is again charged, Glu461 is now a stronger base,
more easily deprotonating the acceptor, better facilitating nucleophilic attack at the anomeric

249,250
centre.

Due to the trigonal nature of the oxocarbenium species, the galactosyl ring is naturally
distorted back to something akin to a *E configuration. Whether the incoming water molecule is
positioned whilst the enzyme is covalently bound to the galactosyl unit, or whether it is positioned
during the formation of the second oxocarbenium-like transition state in degalactosylation is
unknown. Regardless of when it is positioned, it is activated by deprotonated Glu461 via general base
catalysis. Secondary deuterium isotope effect studies for this step indicated that the rate of kj is
related to the identity of the acceptor molecule.”* Precise alignment of the incoming acceptor with
the galactosyl moiety would also be expected for degalactosylation; an experimentally-supported
expectation.”®" The puckering of the ring to the “E conformation rotates the galactosyl residue

slightly, altering the interaction of the 6-hydroxyl group with Na’. This adjustment appears to

concurrently induce a conformational change to re-open the active-site loop.””
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Figure 2-19: Expanded mechanism highlighting the role of Tyr503 in the mechanism of degalactosylation of the
enzyme/galactosylation of the acceptor. After the formation of the enzyme-sugar intermediate, Y503 partially donates its

proton to facilitate the formation of the oxocarbenium intermediate. After reformation of the negative charge on E537,

E461 is better able to activate the galactosyl acceptor due to the presence of two anions in the active site.”

In the case of hydrolysis, the aglycone product, glucose, diffuses out of the active pocket. In the case
of transglycosylation, the reaction whereby allolactose is generated, the glucoside is required to stay

269,270 It

longer in the active pocket and kinetic studies have shown that glucose release occurs slowly.
is known that interactions with Asn102, His 418, Lys517, Ser796, Glu797, and Trp999 bind the
glucose long enough to keep it in the pocket (Figure 2-20).”°*** The selectivity of the 6-hydroxyl as
the galactosyl acceptor as opposed to a re-galactosylation of the 4-hydroxyl is due to repositioning of
the glucoside unit following cleavage to a more energetically-favourable site within the shallow site,
also referred to as the “glucose site” in terms of transgalactosylation. Furthermore, the primary
6-hydroxyl group is more flexible than the secondary hydroxyls of the 2-, 3-, or 4- positions,

especially considering that the 6-hydroxyl group can reach further into the active site, increasing the

likelihood of a (1,6)-glycosyl bond forming.**°
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Figure 2-20: The "glucose" site of LacZ involving a number of residues important in the shallow binding of substrates.
Noticeably, K517 forms a water bridge (grey dashed line) to the 4-OH lending itself to the specificity for equatorial 4-OH
of glucose. PDB: 1]Z8

Trp9o99 is a key residue in the encouragement of allolactose formation, as the m--H-C interactions
with hydrogens in the 3- and 5-positions are required for the retention of glucopyranose in the active
site, and substitutions of this residue display a lower rate of allolactose production.”*" In the wild type
enzyme, it was shown that the initial rate of hydrolysis-to-transgalactosylation is 47:53,””° and
substitution experiments for Trp999 show a greatly decreased affinity for glucose in the shallow

> Only W999F mutations showed any significant allolactose production, albeit greatly reduced

site.
in comparison to the WT enzyme. Other studies have demonstrated the specificity of the “glucose
site” using C3 and C4 anomers, demonstrating specificity for equatorial hydroxyls in these
positions.” Crystal structures of deep-bound allolactose indicate that water bridges between glucose

and His418 and Lys517 are most likely responsible for this observation.”® These same structural

analyses indicated specificity for B-glucopyranose due to specific interactions between the anomeric
hydroxyl and three residues: Asn102, Ser796, and Glu797 - the last two being members of the
active-site loop, giving credence to the loop’s role in glucose binding and by extension allolactose

production. Finally, Wheatley et al. identified a so-called “allolactose synthesis motif” consisting of

269

the residues 517, 599, the loop 795-805, and 808.” This motif was conserved in 53 [B-galactosidases
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and the majority of the organisms in which this motif was conserved also possessed repressors

homologous to the lac repressor of E. coli.
2.5.2 Lac4: a p-galactosidase from Kluyveromyces lactis

The yeast B-galactosidase from Kluyveromyces lactis, Lac4, is another biotechnologically-important
enzyme and is naturally found in dairy environments and hydrolyses lactose. Despite this
biotechnological relevance, the enzyme and its properties have not been studied to the same extent as
the P-galactosidase from E. coli. As K. lactis is a natural inhabitant of dairy products, it is
unsurprising that the enzymatic activity is naturally optimised for such conditions. By virtue of this,
Lac4 is of vital importance within the dairy industry for the de-lactosification of milk products.”*****
Specifically, the native enzyme displays optimal activity at neutral pH and 35 °C.”** Reduced-lactose
dairy foods are industrially important, as it is estimated that over 70% of the world’s population is
lactose-sensitive or -intolerant, with the highest proportion being of East Asian, central and southern

African, and South American descent.”®*

Treatment of lactose-containing products by
B-galactosidases can either be performed during production of dairy products, or can be
administered orally as tablet preparations by those who are lactose-sensitive. Furthermore,
crystallisation of lactose in dairy products, such as condensed milk and ice cream, can be
problematic for the overall product quality. As a result, hydrolysis of lactose into its base
components, galactose and glucose, not only reduces crystallisation due to higher product

solubilities, but also increases sweetness of the products and improves digestibility.”****

Structure of Lac4

Like LacZ from E. coli, Lac4 is also a galactohydrolase from GH 2 and therefore shares a number of
comparable properties with other GH 2 enzymes. These two enzymes are homologous and show
30% sequence identity and 47% similarity with one another.”® Despite this high similarity, there are
key differences in Lac4 which affect substrate binding and specificity and protein stability. Lac4

consists of 1025 residues with a molecular mass of 119 kDa,?**>?*®

though being of fungal origin, the
true mass is closer to 200 kDa due to post-translational glycosylation of the enzyme.”® Similar to
LacZ, the tertiary structure of Lac4 is folded into 5 domains (denoted D1-5) (Figure 2-21). Lac4 D1
(residues 32-204) is a jelly-roll fold and is classified as a GH2 carbohydrate binding domain.”** D2
and D4 (residues 205-332 and 643-720, respectively) are immunoglobulin-like B-sandwiches. D3
(residues 333-642), as with LacZ, is a TIM barrel, which comprises the majority of the active site.
However, unlike LacZ, Lac4 displays a more typical morphology. D5 (residues 741-1025) is a large,

18-strand B-sandwich.”®’
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Figure 2-21: The five domains (D1-5) of the Lac4 monomer. PDB: 30B8

The quaternary structure of Lac4 is also a dimer of dimers (Figure 2-22), although unlike LacZ in
which only the tetrameric form is active, Lac4 is active in both the dimeric and tetrameric forms, and
furthermore, these two forms display different activities.”*® Ultracentrifugal analyses suggest that the
dimeric form is the major form of the multimeric enzyme and that there is a likely equilibrium
between the dimeric and tetrameric forms.”® Three main intermonomeric interfaces exist in the
Lac4 tetramer, dubbed surfaces 1-3 (S1-3). S1, between monomers A and C, is the largest interface
and is responsible for the stability of the dimer. The majority, approximately 75%, of contacts in S1
are hydrophobic and involves residues from D1, D3, D5, and unassigned N-terminus residues -
similar to those of the a-peptide in LacZ. a-complementation has not been observed for Lac4 despite
this region being shown to be critical for activity.”*® The S2 and S$3 interactions are responsible for
the formation and stability of the Lac4 tetramer and while still being predominantly hydrophobic,
there are a higher proportion of non-hydrophobic contacts in these two regions.” S2, slightly
smaller than S1, is present in monomers A and B and is believed to stabilise the formation of the
tetramer. The interface here involves contact from all five domains and the unassigned N-terminal

region.
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Figure 2-22: The quaternary structure of Lac4 displaying a dimer of dimers. PDB: 30B8
Post-Translational Modification in K. lactis

Post-translational modification of enzymes expressed in yeast systems is well-documented and is the
subject of many studies.””® In K. lactis, there are a number of genes known and cells that lack these

291,292 1, .
It is also

enzymes exhibit defects in protein glycosylation, altering the morphology of the cell.
known that changes in glycosylation patterns in proteins can affect the stability and activity of
expressed enzymes, which can present problems in the biotechnological applications thereof.”* Like
other fungi and yeasts, N- and O-glycosylation of enzymes expressed in K. lactis typically produce
glycans with a high mannose content.””® Although the majority of enzymes produced by
higher-order eukaryotes require some form of post-translational glycosylation for structural integrity

and activity, this is not always necessary as some eukaryotic enzymes, particularly those originating
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from yeasts, are known to be functional when expressed in prokaryotic systems, which do not

contain the machinery required for post-translational glycosylation of enzymes.*

Catalytic Centre

Lac4, being a GH2 galactosidase, has a simple retaining mechanism of hydrolysis and thus has two
catalytic carboxylic acid-containing residues which act as a nucleophile and a catalytic acid/base,
Glus51 and Glu482 respectively. These were identified via sequence analysis with other GH2
galactosidases, LacZ from E. coli’** and the B-galactosidase from Arthrobacter sp.”*> The catalytic
machinery of Lac4, like in LacZ, is located at the C-terminal of the B-strands of the D3 TIM barrel
and comprises also residues from D1 (Asn88, Val89, and Asp187) and D5 (Ala1000 and Cys1001).
Crystallographic studies revealed three metal-binding centres in and near the active site; one for a

divalent Mg or Mn cation, and two for monovalent Na cations (Figure 2-23).”*

The Mg”" site is located in a position which would suggest that it plays a role in activation of the
catalytic acid/base and is coordinated by His416, Glu414, and Glu482. The crystal structure does not
reveal any coordinated water, but based on the coordination of these three residues around the
cation, it can be assumed that the remaining 3 coordination sites of Mg”" are occupied by water
molecules in an octahedral fashion. The first Na' site is coordinated by Asp187, the backbone
carbonyl of Phe620, Asp623, and the 6-hydroxyl of the substrate. Again as with the Mg”" site and due
to the similarities with the LacZ active site, it can also be presumed that Na" is coordinated trigonal
bipyramidally with the fifth coordination site being occupied by a water molecule. The second Na"
site is not found in LacZ and shows similarity with another GH2 galactosidase from Arthrobacter sp.
and suggests that it plays a structural role in maintaining the shape of the catalytic pocket.”*® This
structural Na" cation is in a pseudo-square pyramidal geometry and coordinated with the backbone
carbonyl and the sidechain of Thr87, the backbone carbonyl of Asn88, Asp185, and the backbone
carbonyl of neighbouring GIn186. These same studies revealed an additional Mn*" and two Na'
binding sites, which are suspected to play structural roles within the enzyme by shaping and

stabilising the dimer-dimer interfaces, S2 and S3.

The entrance to the catalytic pocket is quite narrow and is approximately 20 A deep, though upon
dimerisation, this pocket is buried even deeper as the cavities of the adjacent monomeric units face
each other within the interface. This face-to-face arrangement of the monomers combined with the

D3 loop (residues 420-443) results in a narrow opening of 10 A to the pocket.”*
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Figure 2-23: The three catalytically-important metal centres. Mg”" and the lower right Na" cations position the substrate
and mediate the active site chemistry as in LacZ. The upper Na" cation plays a structural role. PDB: 30B8

Active Site Specificity

As the natural environment for the yeast K. lactis is dairy products, it is unsurprising that Lac4 has

evolved to preferentially bind and hydrolyse the exo-B-glycosyl bond of lactose and separates the
galactosyl moiety from the glucoside. Like a number of galactohydrolases, Lac4 also exhibits
transgalactosidic activity and will form B-(1,6) bonds, although B-(1,4) and PB-(1,3) linkages are
known.”*”**? In addition, it has shown that this enzyme prefers di- and tri-saccharide formation with
higher order oligosaccharides representing a minority of the transgalactosylation products.”*

As the number of crystal structures for this enzyme is limited, it is hard to elucidate conclusively the
method of substrate binding and interactions within the active site. However, due to the homology of
Lac4 with LacZ, a number of properties can be inferred by overlaying and comparing the crystal
structures. The crystal structure reveals that the galactose moiety is positioned above Trp582 during
hydrolysis and is presumably held in place by C-H--m interactions with the partially-charged
hydrogens of the galactosyl ring. Also, it appears that a number of the important stabilising
interactions found in LacZ are present in the Lac4 crystal structure. Despite the absence of water
molecules in the active site of the substrate-bound model, the high conservation observed in the
galactosyl binding portion of the pocket — including the conservation of metal-binding motifs —
would suggest a similar network of hydrogen bonds, including water bridges, would be present

within the catalytic centre (Figure 2-24). Manual docking studies of lactose within the active pocket
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suggest that there are a number of vital hydrogen bonding interactions between the glucoside and the
D3 loop, specifically with Glu431, Lys436, and Tyr440, and these would contribute to lactose

o e, 28
specificity.””

Figure 2-24: Schematic of the bonding network of galactopyranoside in the active site of Lac4. Allolactose is ‘docked’ in
the active site by overlaying and aligning the crystal structure of Lac4 (PDB: 40B8) and a LacZ structure (PDB: 4DUW).

2.5.3 LacA: a B-galactosidase from Aspergillus oryzae

Unlike LacZ and Lac4, the B-galactosidase of the fungus, Aspergillus oryzae, does not belong to GH2,
295

but rather GH35.”” Whereas GH2 typically consists of hydrolases from microorganisms, GH35
enzymes are found more commonly in higher-order, eukaryotic organisms — particularly plants.”**
LacA, the P-galactosidase from A. oryzae, like Lac4, is biotechnologically important in the dairy
industry and is used for the treatment of milk.** Unlike Lac4, which prefers neutral pH and
moderate temperatures, LacA prefers an acidic environment and has maximal activity in the pH
range of 4.5-4.8, and temperatures of 45-55 °C depending on substrate,”” which, among other

: o 296
reasons, would allow the enzyme to survive some pasteurisation processes.

Structure of LacA

LacA is 1005 amino acids-long with a molecular mass of 110kDa.””® The enzyme exists as an active
monomer, in contrast to the aforementioned LacZ and Lac4 enzymes, which both require the
oligomerisation for activity. The tertiary structure of LacA displays 6 distinct domains (D1-6) with

%> Domain 1 (residues 40-397) is a TIM

domains 2-6 forming a crescent around D1 (Figure 2-25).
barrel and contains the catalytic residues and active site. However, the TIM barrel of D1, is atypical
in that the fifth helix is absent — a feature also observed in D3 of LacZ.*”’ In similar crystal structures,
domains 2 and 3 (residues 398-475 and 476-577 respectively) are considered as two parts of a whole
domain.””” Combined, D2/3 consists of 16 antiparallel B-sheets with a C-terminus a-helix. The

reason for the splitting of the domain is presumably due to the resemblance of D3 to an I-type
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immunoglobulin fold.”” Domain 4 (residues 572-664) is dominated by a Greek key B-sandwich
consisting of 8 antiparallel B-strands, which lead into a short, 18-residue strand, dubbed Ds5a.
Domain 5, as alluded to, is made up of two parts, 5a (residues 665-683) and 5b (residues 859-1005)
and these two parts come together to form a jelly roll-like structure formed by a 5-strand and a
3-strand [B-sheet. The discontiguous nature of D5 results in one of the B-strands of the 5-strand sheet
being formed by D5a. Domain 6 (residues 684-858) sits at the apex of the crescent and is a
right-handed, 8-strand jelly roll p-sandwich. Again, this sandwich consists of a 3-strand and a
5-strand sheet and contains a large loop between [B-strands 6 and 7, which juts over D1 and assists in
formation of the active site.””>*” The enzyme also contains two disulfide bridges, C205-206 and

C266-C315, which contribute to the overall stability and structure of LacA.

Figure 2-25: The tertiary structure of LacA shows the catalytic domain, D1 (dark red), flanked in a crescent form by the
remaining domains. PDB: 4IUG

N-Glycosylation

Post-translational modification is well-known for many eukaryotic organisms and is important for
folding, structure, and stability.””* Filamentous fungi, such as A. oryzae, typically express enzymes,
which have undergone post-translational modification, typically being small, high-mannose
N-glycans and O-mannosylation.”**® The crystallised LacA from A. oryzae was heterologously
expressed in the yeast, Kluyveromyces lactis, produced by Maiksimainen et al. would therefore not

exhibit an identical glycosylation pattern of the native, homologously-expressed enzyme.””

The sequence of lacA indicates 11 potential sites for N-glycosylation, one of which is excluded by

crystal structure as it is located within the protein. The heterologously-expressed LacA exhibited six
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glycans, three of which exhibit typically-fungal, high-mannose structures (Figure 2-26). These glycan
moieties are presumably related to the stability of the protein, as a number of these chains interact
with the protein via hydrogen bonding to residues. These chains reach across the surface of the
enzyme and adhere to the interfaces between the various domains. This could also protect the
enzyme from proteolysis as aromatic and hydrophobic residues preferred by pepsin are hidden

underneath two of these large, high-mannose chains.*”

Figure 2-26: The native LacA undergoes extensive post-translational N-glycosylation (white). The active site is
highlighted in yellow. PDB: 4IUG

Catalytic Centre

Mechanistically, LacA follows the same retentive activity as both LacZ and Lac4. Thus, the residues
Glu200 and Glu298 have been identified as the acid/base catalyst and the nucleophile respectively.”*
Despite its biotechnological importance, the structural features of LacA have not been as extensively
investigated as other B-galactosidases. However, an alignment of the active site of LacA with that of
Lac4 reveals a number of putative interactions between the enzyme and the substrate (Figure 2-27).
Furthermore, although no water molecules were directly observed to be bound in the active site
along with galactose. The similarity of pocket structure between the two indicates the presence of
water-bridges and is expected to be of importance in the stabilisation of reactive intermediates. The
galactose molecule stacks in the active site above the aromatic system of Tyr342 via the same C-H--t
interactions observed in other galactosidases. C-6 is oriented by hydrophobic interactions between

itself and Phe304 whilst the 6-hydroxyl interacts with Glu142 and Tyr364. Glu142 is also within
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hydrogen bond distance of the 4-hydroxyl, which combined with the 4-OH--Asn140 interaction,
presumably contributes to the specificity of LacA for galactopyranose. The 3-hydroxyl group
hydrogen bonds with Tyr96 and forms a weak, hydrostatic interaction with the backbone carbonyl of
Ille139. Asn199, Glu200, and Glu298 bind the 2-hydroxyl group and it can be inferred that these
interactions are important for the stabilisation of the oxocarbenium-like transition state as in other
B-galactosidases. Glu200 and Glu298 interact with the anomeric hydroxyl group and C1 respectively,
as expected. Furthermore, these residues appear to be stabilised by Asp258 and, like in LacZ and
Lac4, a tyrosine residue, Tyr260, is observed under the oxygen of the pyranose ring and in proximity
to the nucleophilic residue which suggests that it may be involved in transition state stabilisation

and/or as a proton shuttle.

Figure 2-27: Binding of the substrate in the active site of LacA. PDB: 4IUG
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Chapter 3 - Results and Discussion
3.1 LacZ from Escherichia coli as a Model Glycosynthase

The LacZ enzyme from E. coli was chosen as a model glycosynthase for two main reasons. Firstly,
this enzyme is one of the best-studied enzymes to date and as such, there is a wealth of information
available on its activity, structure, and mechanism. Secondly, this enzyme has also been previously
developed and used as a galactosynthase by Jakeman et al. in 2002." In the aforementioned study,
two mutants of LacZ were used: E537S, a simple substitution of the nucleophilic residue; and the
double mutant, E537S/G794D, which was chosen based on an increased hydrolytic activity which
had been previously reported for this enzyme.””' Using a-D-galactopyranosyl fluoride (1, galF) as a
glycosyl donor, they were able to produce three, small oligosaccharides using both synthase variants.
In each case, a glucoside was used as the acceptor molecule with varying yields of 40 — 85% (Table
3-1)." While these yields vary wildly from moderate to good, the enzymes were selective for the
B-(1,6) product and required no protecting group chemistry on the acceptor molecule which is a

requirement in classical synthesis of oligosaccharides.

Table 3-1: General scheme for the reaction of the LacZ galactosynthase and the results of the initial glycosylations

performed by Jakeman et al. using LacZ mutants demonstrating the catalytic ability of these glycosynthases."
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Although two LacZ-derived galactosynthases have previously been generated and their potential
demonstrated, there exists still the question of substrate range. Studies into the hydrolytic activity of
the native enzyme would suggest that indeed, LacZ is capable of hydrolysing both D-fucopyranosides

. . 226,277,300
and L-arabinopyranosides.”**”

Furthermore, based on hydrolytic studies of the wild type
enzyme, the (-galactosidase from E. coli is able to hydrolyse more than its natural substrates,
lactose (2) and allolactose (3), 4-O-(B-D-galactopyranosyl)- and 6-O-(B-D-galactopyranosyl)-D-
glucopyranose respectively.””****”” Indeed, LacZ has been shown to hydrolyse a number of other

226,272,2
substrates”**"*?77

and of particular use are those which induce a detectable colour change which,
most famously, led to blue-white screening — one of the most ubiquitously used techniques in
molecular biology.”" This, combined with its transglycosylation activity with non-glycosidic glycosyl

acceptors,””> makes it an excellent candidate for further study as a glycosynthase.
3.1.1 Isolation of lacZ from E. coli

After identification of LacZ as a candidate glycosynthase, isolation of the lacZ gene from E. coli was
performed. Initially, it was considered to isolate this gene from the E. coli strain, DH5a, using PCR
techniques, but as DH5a contains the truncated lacZAM15 variant of the gene,’” gene isolation was

instead attempted using the BL21(DE3) strain.’*

Ultimately, Q5 DNA polymerase demonstrated
non-specific amplification at an annealing temperature of 50 °C from whole-cell BL21(DE3)
templates as evidenced by streaking of the PCR product by agarose gel electrophoresis. Accordingly,
the annealing temperature of the PCR was increased to 55 and 60 °C and gene amplification from
whole-cell templates was performed using Q5 polymerase, both of which yielded clear bands by

agarose gel electrophoresis, which corresponded to the ca. 3 kbp length of lacZ.

Following DNA extraction, the sample was prepared for insertion into the vector via digestion with
the restriction enzymes, Xbal and Xhol. Subsequent ligation into a similarly digested, linearised
pET28a(+) plasmid gave a mixture of gene-containing plasmids and re-ligated vector. The resulting
DNA was used to transform competent E. coli MACH1 cells, which were then plated onto
kanamycin-selective agar and colonies were selected. These colonies were used as templates for a
subsequent round of PCR using Taqg polymerase to check the insertion of gene-containing plasmids
(Figure 3-1, left). The positive colonies, 1, 4, and 6, were grown, thereby amplifying the plasmid, and
the DNA extracted and sequenced, which confirmed the successful isolation of lacZ from E. coli

BL21(DE3) in the form pET28a::lacZ (Figure 3-1, right).
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Figure 3-1: Left: Colony PCR of 7 colonies of pET28a::lacZ-transformed E. coli MACH1 using RedTaq®. Right: Digestion
analysis of the isolated DNA of colonies 1 and 4 using Xbal and EcoRI. NOTE: All images of agarose gel electrophoresis
have been edited for clarity using Adobe® Photoshop® CS6 Extended and the originals are available on request.

3.1.2 Generation of lacZ Mutants

Following the work of Jakeman and Withers," it was decided to replicate their two lacZ mutants,
E537S and E537S/G794D in order to establish our assays with literature-proven galactosynthases.
Additionally, with these two enzymes in hand, we could extend upon the work by Jakeman and
Withers by further investigating their range of glycosyl donors and acceptors. The mutants were
generated using a site-directed mutagenesis technique based on QuikChange®.*****® Following the
successful generation of lacZ E537S, this mutant was used as a template for the generation of the
double mutant, lacZ E537S/G974D. With exception of the mutagenic primers, this mutagenesis was
performed according to the optimal conditions identified when creating the single mutant, lacZ
E537S. Sequencing of this step confirmed the presence of the double mutant. The sequencing results
also confirmed something unexpected; the ribosomal binding site (RBS) on the plasmid was absent
in the pET28a:lacZ variants. As a result, it was identified that the Xbal site within the multiple
cloning site (MCS) of pET28a(+) vector cuts upstream of the RBS and therefore during subcloning,
this important segment is removed from the final gene construct (Figure 3-2). Re-analysis of the
MCS of the pET series vectors identified the Ndel restriction site, 5’-CA"TATG-3’ being downstream
from the RBS. Furthermore, as this restriction site contains an ATG motif, there would be no
excessive elongation of the gene after cutting; only two base pairs. However, the 5’-sequence of

pET28a::lacZ, 5°-AGAATGACC..., meant that this enzyme was not compatible for cutting.
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¥bal

ETZ.Sa("—) ggggaattgt gagcggataa caattcccct Ctagaaataa t,t,t,t,gt,t,t,aa Ct,t,t,aagaag gagatatacc atgggcagca
P cccottaaca CtCcgoctatt gttaagggga gatctttatt aaaacaaatt gaaattcttc ctctatatgg taccogtogt
RBS
¥bal
aattgt agc ataa caattcccct ctagaatgac catgattac attcact ccgtcgtttt acaacgtcgt
pET28:lacz ~ 999932EraT gagegg gaatg g g o gy ccgteg gteg

cccottaaca ctcgocctatt gttaagggga gatcttactg gtactaatgc ctaagtgacce ggcagcaaaa tgttgoagcoa

Figure 3-2: Comparison of the sequences of the empty pET28a(+) vector and the initial pET28a::/acZ construct.

To remedy this, a restriction enzyme which had both compatible ends with the Ndel site and the
5-end of lacZ was required. Based on compatible sticky ends methodology, a suitable,
readily-available enzyme, Asel, was identified. As this sequence did not match the 5’-end of the
pET28a::lacZ constructs, SDM was required to insert the 5’-ATT nucleotides in the -3 position. After
unsuccessful attempts to achieve this using qcSDM and re-extraction of the gene from E. coli
BL21(DE3) using primers with appropriate codons, the correct mutation was eventually introduced
using round-the-horn (RtH) SDM. After successful determination of the optimal conditions using
pET28a:lacZ WT as a model, these conditions were applied successfully to all three variants (Figure

3-3).
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Figure 3-3: Screen of DNA polymerases for the RtH SDM of the pET28a::lacZ variants. M - Marker (GeneRuler™ 1 kb
DNA Ladder); A-H - Phusion DNA polymerase; I-L/N-Q — KAPA HiFi DNA polymerase. Temperatures [°C]: 49.5 (A,
1);49.8 (B, ]); 51.7 (C, K); 54.7 (D, L); 59.4 (E, N); 62.7 (F, O); 64.4 (G, P); 64.5 (H, Q).

After using the PCR products to transform competent E. coli MACHLI1 cells, triplicate colony picking,
then DNA amplification and isolation, a restriction analysis was performed. The restriction analysis
of the amplified DNA was performed using three restriction enzymes, Asel, Xhol, and BspHI, as the
fragments produced by these would result in much more defined bands as they would be more
separate from one another. The expected fragment sizes of 3075, 2079, 1285, 708, and 679 were
visible in all but one sample (Figure 3-4). These mutants, named pET28a*::lacZ, were then digested
on a larger scale for the subcloning of the lacZ genes into pET22b(+) vectors. Using the same
restriction enzymes as for the analysis, the 9 samples were again digested and the 3 kbp band in the

eight correctly-fragmented samples isolated. The isolated genes were then ligated into a
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Ndel/Xhol-linearised pET22b(+) vector using T4 DNA ligase. Three colonies were picked from these
plates and a digestion analysis using EcoRV showed that in all but two cases, the expected fragments,
6036 and 2404, were present (Figure 3-5). This was then confirmed by sequencing of the plasmid.

With the three pET22b::lacZ variants (Table 3-2) now in hand, an adequate expression system was
desired.

Figure 3-4: Restriction analysis of three colonies of each mutation of lacZ after RtH SDM using the three enzymes, BspHI,
Asel, and Xhol. The identical, darker image (right) is shown to highlight difficult-to-see fragmentations. M - Marker
(GeneRuler™ 1 kb DNA Ladder); A-C - lacZ WT; D-F - lacZ E537S; G-1 - lacZ E5375/G794D.
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Figure 3-5: Restriction analysis of the pET28a*::lacZ variant colonies using EcoRV. M — Marker (GeneRuler™ 1 kb DNA
Ladder); A-C - lacZ WT (template 1); D-F - lacZ WT (template 2); G-1 - lacZ E537S (template 1); J-L - lacZ E537S

(template 2); N-P - lacZ E5375/G794D (template 1); Q-S - lacZ E537S/G794D (template 2); T-V - lacZ E5375/G794D
(template 3).
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Table 3-2: Summary of lacZ constructs.

Gene Plasmid Method Construct
lacZ pET28a(+) Isolation from E. coli pET28a::lacZ WT
BL21(DE3)
pET28a(+) RtH SDM from pET28a::lacZ pET28a*:lacZ WT
WT
pET22b(+) Subcloning from pET28a*::lacZ  pET22:lacZ WT
WT
lacZ E537S pET28a(+) qcSDM from pET28a:lacZ WT — pET28a::lacZ E537S
pET28a(+) RtH SDM from pET28a::lacZ pET28a*::lacZ E537S
E537S
pET22b(+) Subcloning from pET28a*::lacZ pET22:lacZ E537S
E537S
lacZ E5375/G794D pET28a(+) qcSDM from pET28a::lacZ pET28a::lacZ E537S/G794D
E537S
pET28a(+) RtH SDM from pET28a::lacZ pET28a*::lacZ E537S/G794D
E5375/G794D
pET22b(+) Subcloning from pET28a*::lacZ  pET22:lacZ E537SG794D
E5375/G794D

3.1.3 Host Selection for the Expression of lacZ

As the lacZ gene was isolated from E. coli, it necessarily requires the bare minimum in terms of
expression machinery. With no post-translational modification required and E. coli as a well-
established expression system, it was decided to express lacZ in an E. coli system. It is known that the
glycosynthase enzymes, although catalytically-inactive, retain the structure of the native
enzyme.””**”” Combined with the well-established methods for measuring the hydrolytic activity of
enzymes, lacZ in particular, it was decided to use the wild type enzyme for expression tests and
optimisation thereof. Initially, homologous expression in BL21(DE3) was planned. However, use of
this strain resulted in the inability to determine hydrolytically inactive enzymes without committing
to purification of the enzyme from the crude mixture. Therefore, the expression of lacZ gene in
another E. coli strain, XL1-Blue, was attempted. Analysis of the genotype of this strain showed that it
possesses the non-functional lacZAM15 gene. For the purposes of a blue-white screen, this would
mean that only when the wild type lacZ of the plasmid is expressed, would a colony appear blue.
However, as the plasmid is of the pET family, it requires a T7 RNA polymerase to correctly
transcribe genes located within its multiple cloning site. As XL1-Blue is not a strain that contains the
T7 phage RNA polymerase, it was attempted to transform our cells with a second plasmid which
contains the T7 gene. To this end, two T7-containing vectors were obtained, pML5::T7 and
pBBRIMCS3:T7.*® These vectors were transformed into competent XL1-Blue cells, before being
made competent a second time and subsequently transformed a second time with pET28a::lacZ.

Unfortunately, after blue-white screening assays, this dual-vector approach proved to be
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unsuccessful in the production of lacZ in XL1-Blue, presumably due to problems in the expression of
T7 polymerase. As a result, a new strain was sought and eventually ER2566 was identified. This
strain was particularly interesting as it had a genotype which included lacZ::T7. This means that the
expression of T7 was under the control of the lac operon. As such, it could be expected that
induction of the system by IPTG would only result in the production of a B-galactosidase when there
is a -galactosidase-containing plasmid in the cell; a hypothesis which was confirmed by exposure of

a sample of crude lysate to a solution of X-gal (Figure 3-6).

Figure 3-6: X-Gal assay of the crude lysate of expression cultures of E. coli ER2566. Left — LacZ WT; right — pET22b(+)

empty vector.

3.1.4 Optimisation of lacZ Expression in E. coli ER2566

Many strains of E. coli are frequently used for expression of B-galactosidases and the conditions for
expression of LacZ and variants thereof in a selection of host strains has been previously performed.
However, excluded from this list is the target strain ER2566 and optimisation of expression
conditions was therefore required. The majority of protein expressions within the Pietruszka group
are performed using variations upon standard protocol which has been successfully used to express
aldolases,”” P450 monooxygenases,’'’ alcohol dehydrogenases,”' and enoate reductases.”” Logically
therefore, this method was referenced as a baseline (Table 3-3, “Control”). In conjunction with
Magdalena Sommer (IBOC) and Lars Freier (IBG-1), optimisation of LacZ expression was performed
by variation of four independent variables: pH of the growth medium, temperature at which the cells
are grown, the concentration of IPTG used for induction of expression, and the time at which

protein expression is induced in the growing cells.

As TB was used for the growth medium, pH could be controlled by varying the pH of the buffering
solution. Escherichia coli is a known inhabitant of the human intestine and it is known that the pH of
the intestinal tract can vary between 5.7 in the caecum to 7.4 in the terminal ileum.”" Furthermore, it

is also known that the optimal pH for LacZ is between 7.5 and 8.0.*® Therefore, it was decided to
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vary the pH of the expression medium between pH 6.5 and 8.0. Similarly, despite E. coli and LacZ
preferring 37 °C for growth and activity respectively, it is known that lower expression temperatures
can increase protein quality which translates to higher specific activities, and decrease aggregation of
proteins which can lead to cell death.*"* To this, a temperature range from 18 °C-37 °C was trialled.
The concentration of IPTG used for induction is typically between 0.1 and 3.0 mM final
concentration. The exact concentration of IPTG which is used for induction has previously been
demonstrated to affect the amount of protein produced during over-expression.’'* Furthermore, the
over-expression of proteins has been believed to vary depending upon the point in the growth phase
the cells are in at the time of induction. Low cell densities can stress the producing organism and the
resulting slower growth can yield lower enzyme titres. Conversely, high cell densities mean that the
cells reach the stationary growth phase too soon after induction, thereby reducing the time the cells
have to express the enzyme. Thus, optimisation of the time at which the cells were induced was
explored by analysis of the cell density of the culture, as measured by ODgy, at the time of induction.
As such, these four variables were analysed in a 96-deep-well plate-based screen and the data
analysed on the absolute hydrolytic activity of the well (Figure 3-7). The expressions were monitored
using both a positive control containing a genomic copy of lacZ, E. coli BL21(DE3), and a negative
control which contains the lacZ::T7 mutation, E. coli ER2566. These were both transformed with the
protein-producing vector, pET22b:edagc,’'® so as to mimic the cellular stress induced by

over-expression of a protein.
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Figure 3-7: Qualitative view of the activity of LacZ expressions using a white-grey colour scale from +1.5 standard

deviations to +7 standard deviations above the mean.

Trends in the observed data were extrapolated and analysed using the bioinformatics software,
KriKit,”'” which revealed that the time of induction, as measured by ODgoo, and the temperature of
expression were the two factors which contributed most significantly to the amount of protein
produced, whereas the pH of the medium contributed little and the concentration of IPTG had no
significant effect (Figure 3-8). The optimal ODgy, was found to be between 1.3 and 1.7, which
corresponds to the end of the lag phase/beginning of the exponential phase of growth. Furthermore,
the optimal temperature for expression was found to be 37 °C. This could be due to a number of
reasons, but most likely was the increase in protein production at this temperature due to a higher
density of cells being produced and by extension, more protein. In order to determine whether this is
due to a higher level of expression per cell, or whether this is due to a higher density of cells, which
produce the same amount of protein per cell, the specific activity of the lysate would need to be
examined. The minimal effect of the pH of the growth medium can be explained by the natural
habitat of E. coli in that it lives in the intestinal tract of mammals and the pH varies between different
regions within the tract. Surprisingly, the concentration of IPTG had no significant effect on the

amount of protein expressed.
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Figure 3-8: KriKit analysis of the optimisation of LacZ production in E. coli ER2566. The vertical axis represents the
volumetric activity of the samples given. The values expressed above are shown without confidence intervals and the
values given are taken when the remaining two variables are held at their maximum values. A - Concentration of IPTG
against the ODgy, at the time of induction. B — The ODyy, at time of induction against the incubation temperature. C -

The pH of the growth medium against the ODy, at the time of induction.

Based on the results of the 96-well plate screen, seven conditions were chosen for up-scaling to
100 mL expression cultures and these were compared to the control expression, the original protocol
(Table 3-3). The analysis for this series was two-fold. Primary analysis would reveal the absolute
amount of activity of the expression cultures by analysing the volumetric activity of the crude lysate
and secondary analysis would be based on the specific activity of the aforementioned lysate (Figure
3-9). Those cultures which did not pass the primary analysis, would not be eligible for further
consideration in the secondary analysis as the goal was to maximise enzyme yield and the secondary
analysis would help to negate any false positives due to higher cell densities. All cultures were
induced at an identical time-point and grown at 37 °C, with the exception of the control expression.
The pH of the medium was either 7.5 or 8.0. The IPTG concentration used for induction was 0.1, 0.6,
1.0, or 1.5 mM. All cultures were harvested after 24 hours as a straight-forward, overnight procedure

was sought.

Table 3-3: Conditions used for the optimisation of expression of LacZ in E. coli ER2566.

Culture Temperature Induction Medium IPTG
[°C] [h (ODgo)] (pH] [mM]

Control 25 8.0 (N/A) 7.5 0.1

1 37 4.75 (2.4) 7.5 0.1

2 37 4.75(2.2) 7.5 0.6

3 37 4.75(2.4) 7.5 1.5

4 37 4.75(2.4) 8.0 0.1

5 37 4.75(2.2) 8.0 0.6

6 37 4.75(2.2) 8.0 1.0

7 37 4.75(2.8) 8.0 1.5
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Figure 3-9: Volumetric activity (red) and specific activity (blue) of the expression of LacZ in E. coli ER2566 in a 100 mL

scale.

All cultures produced at least 5-fold more protein than the control based on volumetric activity.
However, conditions 3 and 4 demonstrated the poorest protein yields and were thus excluded from
further consideration. Conditions 1, 2, 5, 6, and 7, all produced statistically identical amounts of
protein. After the application of the secondary analysis, it became clear that growth condition 5 was
the best for our system. In terms of volumetric activity, it produced 14-fold more protein than
previous conditions and 6-fold more protein-per-cell by comparison of specific activity. Resultingly,

these conditions were adopted for all subsequent expressions of LacZ in Escherichia coli ER2566.

3.1.5 Purification of LacZ

With optimised expression conditions for LacZ and related mutants in the E. coli strain ER2566, a
purification strategy was required. Due to the insertion of the gene of interest into a pET vector, a
terminal Hisg-tag was deemed a logical choice for a purification tag, as it allows for purification of the

3'® The method of cloning used to

enzyme of interest (EOI) from a crude lysate with high selectivity.
insert the lacZ gene into the pET22 vector resulted in the creation of a C-terminal Hiss-tag and that
was targeted for purification. Furthermore, for ease of measurement, the wild type enzyme was used
as opposed to the mutants, as hydrolytic activity is easily measured using colourimetric and

fluorimetric assays.
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After expression, opening of the cells via French press proved to be quick and effective, although also
non-reproducible due to wear in the needle valve. Therefore, two rounds of sonication was taken as
the preferred mode of cell opening as the inevitable wear of the sonotrodes was both slower in
comparison to the needle valve of the French press, and resulted in more consistent cell opening. The
isolation of LacZ from the crude lysate was then performed using immobilised metal affinity
chromatography (IMAC), specifically nickel (II) nitrilotriacetic acid (Ni-NTA). During the first
purification round using this system, all fractions across all steps were collected and analysis of the
activity of the individual fractions showed that LacZ was eluted at an imidazole concentration of
250 mM. This indicated that these enzymes are interacting strongly with the column, which in turn
demonstrated that the use of affinity chromatography for the purification of LacZ is viable. The
imidazole-containing buffer was then exchanged for activity assay buffer using PD10 size-exclusion
column to allow for characterisation of the C-terminal Hiss-tagged variant of wild type LacZ. Despite
having a good purification method, the enzyme yields were low, at only 5 mg L™". Colourimetric and
SDS-PAGE analysis of the entire process was performed and showed that there was residual activity
in a number of different fractions indicating a number of points in the purification method which
could be improved upon (Figure 3-10). Therefore, optimisation of the purification method was

attempted using a peristaltic pump and all further purifications were performed using this method.
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Figure 3-10: Purification table of LacZ variants expressed in E. coli ER2566 using the wild type as a model. The grey line

at ca. 110 kDa indicates the expected mass of the Hiss-tagged LacZ protein.

60



Results and Discussion

Looking at the SDS-PAGE, it is clearly seen that no significant amount of LacZ is secreted from the
cells into the supernatant as seen by the lane, ‘resuspended cells’. Furthermore, we also do not see
any enzyme present in the pellet fraction, which indicates that the enzyme is soluble and does not
form inclusion bodies. The hydrolytic assay results also support this observation. As the amount of
LacZ produced by the E. coli cells is very little, as evidenced by an apparent lack of enzyme in the
fraction eluted with 250 mM of imidazole and in the size-exclusion fraction. However, we know that
LacZ is in these fractions as evidenced by the hydrolytic activity of these fractions. We used this

information to investigate points of enzyme loss within our purification system.

As the pellet showed activity, after separation from the supernatant, the pellet was resuspended in
lysis buffer and re-centrifuged. This supernatant fraction was then purified using the standard
method and yielded an extra 4.4 mg L™ of LacZ. The other notable source of protein loss was the
flow-through - the lysate supernatant mixture, which passed through the column during the loading
step but did not bind to the column. To this, the speed of loading was reduced from 4.1 mL min™ to
2.3 mL min"' and the loading time was extended to 45 min. As a result of this, and by performing two
additional rounds of loading and purification of the lysate, an extra 1.8 mg L™ of protein was
obtained. Combined, this increased protein yield to around 11 mg L. This yield could still be
improved and there are still many parameters, which could contribute to this, the most obvious of

which would be by altering the position of and/or the identity of the purification tag.

3.1.6 Quantification of the Activity of LacZ

The kinetic parameters of LacZ wild type were examined using a hydrolytic, colourimetric assay
(Scheme 3-1) wusing the two common substrates, o-nitrophenyl and p-nitrophenyl
B-D-galactopyranoside, gal-oNP (21) and gal-pNP (22) respectively, and in different buffers (Figure
3-11 and Figure 3-12, Table 3-4).

OH 1
0 Rl B-galactosidase
HO 0 -
HO
2 (0]
21:R1=NO,, RZ=H " HO%OH
22:R'=H,R?=NO, HO

Scheme 3-1: Enzymatic hydrolysis of nitrophenyl galactosides produces the nitrophenolate anion which absorbs strongly

at A\ = 405 nm in basic conditions.
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Figure 3-11: Michaelis-Menten curves for the hydrolysis of gal-oNP (21) by LacZ WT in 200 mM phosphate buffer (pH
7.5) (grey) and TES buffer (blue) at 25 °C.
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Figure 3-12: Michaelis-Menten curves for the hydrolysis of gal-pNP (22) by LacZ WT in 200 mM phosphate buffer (pH
7.5) (grey), TES buffer (blue), and ammonium buffer (green) at 25 °C.
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Table 3-4: Kinetic parameters of LacZ in various conditions. * Qutliers excluded from fitting analysis. phos — 200 mMm
mixed phosphate, pH 7.5, 1 mM MgCl,; TES - 30 mM TES, 145 mM NaCl, pH 7.0; NH, - 50 mM NH,HCO,, pH 7.5
(AcOH), 1 mM MgCl,.

Substrate Buffer Ky [mM] Keae [s7] Keat/ K
21 phos 0.026 % 0.002 126.8 £2.2 4803 + 84
21 TES 0.015 * 0.006 170.8 + 13.8 11370 £ 919
22 phos 0.027 % 0.002 30.6 £ 0.5 1136 + 20
22° TES 0.015 * 0.002 35210.8 2388 + 53
22 NH, 0.810 + 0.030 44.0 £ 0.6 54.4 £ 0.7

253-255,264,26
537255204205 ho have

The TES buffer was tested as it is the common buffer used by the Huber group
done extensive point-mutagenesis studies on the activity of the LacZ enzyme and therefore, made for
an excellent point of reference to determine the accuracy of our measurements. The values obtained
for the hydrolysis of the o- and p-nitrophenyl galactosides are comparable to those obtained by Juers
et al.,”® Ky = 0.12 mM, ke = 620 s and Ky = 0.04 mM, keyr = 90 8™ respectively. However, this
group uses Hise-tag-free enzymes, preferring instead to isolate the enzyme via size-exclusion
chromatography. Despite delivering the best activity for the hydrolysis of the galactoside,
unfortunately the N-tris(hydroxymethyl)methyl group of the buffering agent could act as a
glycosidic acceptor and as such is unsuitable for use with the galactosynthases. An ammonium-based
buffer was also trialled as outlined by Withers and co-workers,"”® which would allow for evaporative
removal of salts from the product mixtures. Sadly though, the use of this buffer dramatically
decreased the affinity of the substrate and reduced the turnover, so again, this was deemed unsuitable
for use with the LacZ-derived synthases. Inspired again by Withers and co-workers,' a
sodium/potassium mixed phosphate buffer was instead used as it gave results comparable to the TES
buffer, but contained no potentially-reactive hydroxyl groups. During these experiments, a substrate
inhibition effect was also observed: galactose acts as a competitive inhibitor of LacZ by interacting
with the pocket and preventing hydrolysable substrate from entering (Table 3-5). This effect is
presumably due to the presence of Trp999 in the shallow site which binds saccharides and aromatics
with high specificity.”*"

Table 3-5: Inhibition of galactose on LacZ. phos — 200 mM mixed phosphate, pH 7.5, 1 mM MgCl,; TES - 30 mM TES,
145 mM NaCl, pH 7.0.

Substrate Buffer k; [mM]
gal-oNP TES 153+5.6
gal-oNP phos 90.7 + 13.8
gal-pNP phos 94.5 + 14.7

Having identified conditions in which the wild type showed good activity, the hydrolytic specific
activity of the mutants was also checked. Firstly, by exposure of a sample of the crude lysate to X-gal,

which turned blue when exposed to the wild type, but remained colourless in both of the mutant
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galactosidases (Figure 3-13). On the chance that the hydrolytic activity was just much slower when
compared to the wild type, hydrolysis was measured photometrically using the aforementioned

gal-pNP assay in phosphate buffer and as expected, no hydrolytic activity was measurable.

Figure 3-13: X-Gal analysis of the crude lysates of the LacZ variants expressed in E. coli ER2566. Left to right: LacZ WT,
LacZ E537S, LacZ E537S/G794D.

The hydrolytic substrate range of LacZ was also examined using the p-nitrophenyl B-glycosides:
2-acetamido-2-deoxy-D-galactopyranoside  (galNAc, 23), D-galactopyranoside (pgal, 22),
D-galactofuranoside (fgal, 24), D-fucopyranoside (fuc, 25), L-arabinopyranoside (ara, 26),
D-glucopyranoside (glc, 4), D-xylopyranoside (xyl, 27), and D-mannopyranoside (man, 28). These
were all tested at a concentration of 1 mM for both the lysate supernatant and the purified enzyme

(Table 3-6). No hydrolytic activity was observed for substrates 4, 23, 27, or 28.

Table 3-6: Hydrolytic activity of LacZ on a range of p-nitrophenyl B-glycosides. Those entries with N.D. indicate that no
activity was detectable.

pNP B-glycoside Lysate Purified LacZ
[um min"' mg™'] [um min" mg™']
pgal 22 1.27 £ 0.06 98.41 £ 1.25
fgal 24 N.D. 2.93 £ 0.25
fuc 25 N.D. 3.52 £ 0.34
ara 26 N.D. 24.22 £ 0.21

Galactosamine-pNP (23) was difficult to measure due to its low solubility in the buffered solution,
but despite its low solubility there was no observable colour change indicating no hydrolytic activity.
This is unsurprising though, as the 2-OH group typically forms interactions with a number of
residues within the active site and the presence of an acetate group would likely hinder access to the
active pocket. It has previously been shown that the enzyme +1 site is highly selective for galactose
and therefore, glucopyranose and xylopyranose — those with an equatorial 4-OH position — were not

250,269

ideal substrates for LacZ. Fucose, although a six-carbon sugar, differs from galactose by the
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absence of the 6-OH. The 6-OH group has been found to interact with a number of residues and the
sodium ion in the active pocket and is also critical in the positioning of the substrate from the
shallow to deep binding mode. Perhaps then unsurprisingly, as D-fucopyranose can only form
hydrophobic interactions at this position, it is a poor substrate for LacZ. L-arabinopyranose fared
better in comparison to fucose and the rate of hydrolysis was only about 4-fold lower than galactose.
This is most likely as the 5-methyl group in fucose is not present in arabinose and this non-polar
moiety is not placed in a highly polar region making interactions between the enzyme and substrate
more favourable. Interestingly, the enzyme shows high specificity for the pyranose form of galactose,
with the furanose being less preferred. The furanose form of galactose is a ring formed by the
cyclisation of the 4-OH with the aldehyde whereas the pyranose is the result of a 5-OH ring closure.
Thus, the furanose has a long, branched side chain which would probe too deeply into the active site
and most likely form disfavourable interactions with His540 and Phe601 as it entered the site.
However, this is a speculative assessment based on the shapes of the pocket and of the substrate.
Confirmation via docking studies would be necessary to confirm this hypothesis. The low hydrolytic
activity would suggest that there is a high energy barrier required for the substrate to correctly dock
into the active site, which in itself suggests some distortion of the substrate and/or the active pocket

would be requisite.
3.2 Lac4 from Kluyveromyces lactis

The [-galactosidase from the yeast Kluyveromyces lactis (Lac4), an enzyme that already sees
extensive use in industry as a dietary supplement, has been shown to be a strong producer of
galactooligosaccharides.””’ Furthermore, as it belongs to the same glycohydrolase family as the
extensively-studied LacZ from E. coli, much can be inferred about this enzyme in terms of structure
and function, despite only two crystal structures being available (PDB: 30BA, 30B8). Recombinant

expression of Lac4 in E. coli has also been previously achieved by Kim et al.*”

and heterologous
expression of this enzyme in our established E. coli ER2566 system was expected to be

unproblematic.

To date, synthesis using Lac4 as a biocatalyst has been limited to transglycosylation.***?**3!%3%°

However, its efficacy as a biocatalyst is limited as glucose is a non-competitive inhibitor of the

32! 1t has also been

enzyme (K; = 758 mM) and galactose is a competitive inhibitor (K; = 45 mM).
demonstrated that the hydrolytic activity of Lac4 is increased when produced in the presence of -
lactoglobulin or bovine serum albumin.”* Its product ratio is dominated by the formation of B-(1,6)
bonds with minimal amounts of B-(1,4) and -(1,3) products being formed.”” In addition, it also

appears that Lac4 prefers to add only a single galactosyl unit to the carbohydrate galactosyl acceptor

and disaccharide formation is preferred.’®® Although, as this enzyme has been explored in the
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context of exploitation of the transglycosylation properties, trisaccharides are also known in the form
of B-D-galactopyranosyl-(1->6)-D-lactose. This preference for addition to a lactose unit occurs more
frequently in commercial preparations of the enzyme as opposed to permeabilised cells.””’
Investigations into the effect of temperature and pH upon the transglycosylation properties of Lac4
have also revealed that disaccharide formation was maximised at a temperature of 50 °C and at a pH

of 7.5, but in all cases, the mixture was never more than 15% disaccharide.**

3.2.1 Optimisation of the lac4 Gene

It’s well known that although the majority of organisms share the same codon ‘language’, the
frequency of usage of these codons can vary, usually due to environmental factors, with some
species, such as Thermus thermophilus, avoiding some codons entirely.”> As such, when expressing a
gene heterologously, this discrepancy in the codon usage needs to be considered. As the gene lac4 is
originally from the ascomycetous yeast, Kluyveromyces lactis, and it was envisioned that this gene
would be expressed in the bacterium, Escherichia coli, the codon usages between these two organisms

needed to be examined (Figure 3-14).
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Figure 3-14: Codon usage of various organisms. E. coli (black), T. thermophilus (grey), K. lactis (dark blue), A. oryzae
(blue), A. thaliana (green), D. melanogaster (orange), H. sapiens (red).

Optimisation of a gene is typically performed by choosing the codon which is most frequently used
by the organism and saturating the gene with these high-frequency codons. Polyalanine- and

24-32 o, .
324327 and it is also known

polyglutamine-coding regions are present in a number of eukaryotic genes
that highly repetitive regions can result in ribosomal slippage during translation thereby causing
mutations.””® Organisms with high GC content such as T. thermophilus have evolved to ensure the

genome remains stable in extreme environmental conditions and these may not be suitable in
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mesophilic organisms such as E. coli. Taking these factors into consideration, the gene was optimised
so as to be harmonious with the homologously-expressed Lac4. This would mimic the rate at which
the mRNA is transcribed in K. lactis which may be important for correct folding of the monomeric
units. Furthermore, as the lac4 gene is quite large, 3075 bp, opting for a frequency-optimised gene
could starve the cell of certain tRNAs during gene overexpression, which may have a negative effect
on cell health. The harmonious optimisation of the gene therefore was performed in silico, which was
designed so that the frequency of the codon used in K. lactis was used at a similar frequency in E. coli
(Figure 3-15). Once gene optimisation had been performed, the gene was then scanned for undesired
restriction sites using Clone Manager and these restriction sites were manually removed following

the principles used for gene optimisation.
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Figure 3-15: Harmonious codon optimisation of lac4 (blue) for expression in E. coli (red) shown for the first 50 amino
acids only.

3.2.2 Subcloning of lac4 into pET22b(+)

After gene optimisation, the synthetic gene in the pUC57 vector was ordered (GenScript, USA) with
the 5°-Ndel and 3’-Xhol restriction sites included. Initially, it was decided to clone the gene into the
pET21a(+) vector as this would result in a C-terminally Hiss-tagged enzyme. The vector, along with
the pUC57::lac4 construct, was then digested using Ndel and Xhol (Figure 3-16, left). When
analysing the agarose gel, it was observed that although the pUC construct displayed correct
fragmentation, the pET21a(+) empty vector obtained did not display the expected 5365 bp band as
expected, but rather one which was around 6000 bp. This raised three questions: Was the digestion
incomplete or unsuccessful? Or was one restriction enzyme accidentally excluded ? Was this indeed
the pET21a(+) empty vector? As the digestion of the pUC57 construct and pET21 were digested at
the same time, it was taken that the digestion was complete, and furthermore, as the restriction
enzyme mix was created as a master mix, which was added to the DNA, the both enzymes were
definitely included in the digestion as pUC57 displayed correct fragmentation. Therefore, the
question of whether the vector was truly empty appeared the most logical. The digested pET21
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vector was attempted in a ligation with lac4 anyway. However, restriction analysis of pUC57::lac4
and pET21::lac4 was performed again using Ndel and XhoI and in all cases, the expected pET21::lac4
construct did not fragment correctly (Figure 3-16, right). It was therefore determined that the vector
was not empty and instead cloning into pET22b(+), which would still return a C-terminally Hiss-

tagged protein, was attempted.
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Figure 3-16: Restriction analyses of lac4 variants using Ndel and Xhol. M — Marker (GeneRuler™ 1 kb DNA Ladder). Left:
the digestion of pUC57::lac4 (A and C) and pET21a(+) (B and D) in the presence of the phosphatase, FastAP (A and B)
and the without (C and D). Right: digestion of the pUC57::lac4 vectors (A-C, individual colonies) against the intended
pET21a:lac4 ligates (D-F, individual colonies).

The first restriction analysis of pET22b(+) with Ndel and Xhol showed the expected band size of
5365 bp. With that, pET22b and pUC57::lac4 were digested using Ndel and Xhol and the desired
fragments isolated. The desired fragments were recombined using T4 DNA ligase and the ligated
DNA used to transform competent E. coli MACHI1 cells and plated onto ampicillin-selective LB agar.
Eight colonies were picked from each transformation plate and the plasmids amplified and isolated.
These DNA isolates were then analysed using restriction enzymes to identify the various possible
recombinations of the DNA fragments confidently (Table 3-7). As the colonies all grew on
ampicillin-selective agar, it was assumed that all colonies must contain the ampicillin resistance gene
found in either the pUC57 fragment or the pET22 vector. Restriction analysis of the ligation
products identified 6 of the 18 clones had the expected fragmentation pattern and these were then

confirmed by sequencing (Figure 3-17).
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Table 3-7: Theoretical restriction patterns of pET22b::lac4 ligation and side products by Pael.

Fragment A Fragment B Restriction Pattern
(Pael)

pET22b (vector) lacq 6483, 1959

pET22b (vector) pET22b (MCS) 5493

pUC57 (vector) lacq 3945

pET22b (vector) pUC57 (vector) 8080

pUC57 (vector) pET22b (MCS) no cut
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Figure 3-17: Restriction analysis of the ligation products using Ndel and Xhol. M - Marker (GeneRuler™ 1 kb DNA
Ladder). A - Colonies picked from those samples created using the 1:8 mixture; B — colonies picked created by the 1:16
ratio of plasmid to gene.

3.2.3 Mutant Selection and Mutation of lac4

To the best of our knowledge, glycosynthases had not been generated from the B-galactosidase from
K. lactis. Furthermore, the majority of literature-known glycosynthase mutants for retaining
glycosidases were Gly, Ala, and Ser mutants, although a few are known with Asn, Gln, Val, Thr, Ile,
and Cys mutations.””’ As the nucleophilic residue in Lac4 is Glu, five amino acid substitutions were

interesting to investigate: Gly, Ala, Leu, Ser, and Gln (Figure 3-18).

Ho—° H,N °
—> OH
H HsC
S ™S S
glu gly ala leu ser gln
E551

Figure 3-18: Desired mutations for E551 in Lac4.

Firstly, glycine was chosen as it is the smallest of all amino acids. This would presumably free up
space within the active pocket to accommodate the leaving group of the activated glycosyl donor. As
glycine has no side chain, it is highly flexible and could reduce the stability of the active pocket via
removal of the rigidity borne of having a side chain. Secondly, alanine was chosen as it is the smallest

amino acid with a side chain. Therefore, the presence of the methyl group was expected to maintain
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active pocket stability, yet still be small enough so as not to hinder any leaving group associated with
the activated glycosyl substrate. Leucine was selected as it is sterically similar to the glutamate residue
being substituted. Compared to glutamic acid, leucine is lacking a methylene group and although a
more fitting substitution would be homoleucine, we were limited to naturally-occurring amino acids
and leucine was determined to be a good approximation. It was also expected that leucine would
alter the chemistry of the active site as the side chain possesses no polar functionality; combined with
the bulk of the residue, this could result in hindrance of the substrate via steric interactions with the
a-configured leaving group. However, this negative interaction could encourage the expulsion of the
leaving group from the sugar as it is taken into the active pocket thereby encouraging a quicker
reaction with an acceptor molecule due to the decreased stability of the oxocarbenium intermediate.
Serine contains a polar side chain, although it is quite short. The interaction in the native enzyme
between E551 and Y523 is believed to stabilise the oxocarbenium intermediate, specifically the
charge, which builds on the O5 ring oxygen. Therefore, the presence of the hydroxyl group of the
serine residue could help to stabilise Y523 by sharing the charge build up through proton donation.
In addition, as serine is both small and polar, it could more easily accommodate the highly polar
galactosyl fluoride when compared to a less polar residue such as valine. Finally, glutamine was
chosen as a substitute for the glutamate residue as it is a poor nucleophile, yet retains similar
electronic and steric properties of its nucleophilic cousin. As the chemistry of the active site of any
enzyme is highly controlled and defined by the residues within, it was thought that the glutamine
residue could fill the stabilising role of the glutamate in the active site; specifically, the stabilising
hydrogen bonding interactions which E551 typically has with both Y523 and the 2-OH group of the

substrate.

The mutants were prepared from the pET22a:lac4 plasmid using PCR-based site-directed
mutagenesis methods. After optimisation of conditions for q¢cSDM, the lac4 mutants were prepared
and the PCR product used to transform competent E.coli MACHI1 cells. After colony picking,
amplification of the plasmid, and subsequent isolation thereof, the mutants were visualised by

agarose gel electrophoresis and restriction analysis (Figure 3-19) and confirmed by sequencing.
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Figure 3-19: Restriction analysis of triplicate clones of each of the lac4 mutants generated by qcSDM. M - Marker
(GeneRuler™ 1 kb DNA Ladder); E551G (A-C); E551A (D-F); E551L (G-1); E551S (J-L); E551Q (N-P).

3.2.4 Recombinant Expression and Purification of Lac4

As the heterologous expression of lac4 in E. coli has previously been demonstrated,” it was
determined that expression in the developed E. coli ER2566 system would be applicable for lac4.
Furthermore, as with LacZ, Lac4 is a B-galactosidase and a lacZ deletion strain such as ER2566 would
allow for easy identification even from crude extracts. The optimised expression system developed
for lacZ was used for the expression of lac4 unmodified. This was confirmed by exposure of a diluted
sample of crude lysate to X-gal (Figure 3-20, left). With confirmation of hydrolytic activity, large-
scale purification was performed. Initially, following lysis via sonication, the purification of Lac4
from the lysate supernatant was performed using IMAC on the Akta chromatography robot where
the Lac4 was eluted at 250 mM imidazole, as for LacZ. Comparison of the lysate supernatant to the
protein fraction eluted using 250 mM imidazole revealed two bands at approximately 120 kDa

(Figure 3-20, right).
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Figure 3-20: Left - X-Gal analysis of the crude lysate of Lac4 WT expressed in E. coli ER2566. Right - SDS-PAGE analysis
of the cell-free crude extract of Lac4 heterologously expressed in E. coli ER2566 (A) compared to the enzyme fraction

eluted from IMAC at 250 mM imidazole (B). M — Marker (Roti®-Mark 10-150).

The reason for two bands was not investigated, but presumably relates to two isoforms of Lac4. The
efficiency of the purification was determined by checking the activity in each fraction and comparing
that with the protein observable by SDS-PAGE (Figure 3-21). The purification analysis was
performed using a peristaltic pump for convenience; although, this eventually became the method-

of-choice for protein purification.
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Figure 3-21: Purification table constructed for the IMAC purification of pET22::lac4 variants using the wild type as a

model. The grey line at ca. 110 kDa indicates the expected mass of the Hisqs-tagged LacZ protein.
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The initial purification technique resulted in a low amount of enzyme, approximately 5.9 mg L,
which seemed to indicate one of two things; either the enzyme was not being properly overexpressed
in the E. coli ER2566 system, or that a large amount of enzyme was being lost in the purification.
Analysis of the preliminary purification scheme indicated there was still active enzyme present in the
pellet. Therefore, the pellet was resuspended in buffer and centrifuged a second time and the
supernatant collected. The pellet supernatant was then collected and processed as normal which
yielded an extra 0.25 mg of purified protein; however, this protein only had a specific activity of
0.04 U mg™". The other weakness of the original purification method is in the column loading. It was
apparent from the flow-through and wash fractions that not all protein was binding to the column as
there was still protein present in the supernatant after loading the column for 30 minutes on ice, but
more importantly, Lac4 was being eluted in the washing fraction — the fraction eluted by low
imidazole concentrations. This could indicate one of two things: a) the protein is not binding
strongly to the column, or b) the Hise-tag is hindered in binding to the column and the protein did
not have an opportunity to bind to the column. The former is most likely an extension of the latter,
and could be investigated by optimising the location and/or identity of the tag, but this was not
explored. Rather, this problem was addressed by performing a second and third round of loading
and purification, increasing the loading time to 45 minutes, and decreasing the pump speed from 4.1
mL min™ to 2.3 mL min"'. This seemingly small change dramatically increased the amount of protein
eluted in the first elution step; a 2.5-fold increase from 0.3 to 0.8 mg mL ™. Furthermore, the protein
eluted from this round appeared to be more pure, as evidenced by the 10-fold increase in specific

activity when compared to the pre-optimised conditions.

After analysing both of these apparent weaknesses in the purification methods, the yield was
increased from 6 mg L to approximately 46 mg L'; an 8-fold increase. The results of this
optimisation are summarised in Table 3-8. It should be noted though that this more than doubles the
time required for the purification of protein. Optimal storage conditions of the purified protein
should be considered and investigated in order to properly benefit from this yield increase. In
addition, attempts to scale-up the protein purification of Lac4 resulted also in lower yields of protein
and the recovered protein also displayed a lower activity. A brief investigation into this phenomenon

3 and the use of

resulted in the realisation that imidazole is an irreversible inhibitor of Lac4”
Hise-tags for the purification of Lac4 is therefore less-than-optimal and other methods of

purification of this enzyme should be investigated in subsequent studies.
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Table 3-8: Summary of the effect of optimisation of the purification of pET22::lac4 using Ni-NTA.

Before Optimisation After Optimisation
Pellet Mass [g L] 10— 12 10-12
Mass of Pellet Used [g] 2.38 2.54
Mass Enzyme (Lysate) [g] 188 193
Mass Enzyme (Purified) [g] 4.9-5.8 39 — 46

3.2.5 Hydrolytic Activity of Lac4 and Kinetic Parameters

In a similar fashion to that of LacZ, the activity and kinetic parameters of Lac4 and associated
mutants were determined via colourimetric analysis using gal-pNP as a hydrolytic substrate. The
range of conditions were not checked as thoroughly as for LacZ. The WT and mutant enzyme

activities checked using the phosphate buffer (Table 3-9).

Table 3-9: Summary of the hydrolytic activity of the Lac4 variants on 1 mM gal-pNP in phosphate buffer. Buffer: mixed
phosphate (200 mM), pH 7.5, MgCl, (1 mM).

Enzyme Specific Activity
[Umg']
WT 226.7 £12.2
E551G 0.2+0.0
E551L 06103
E5518 0.5+0.0
E551Q 0.0 £ 0.0

When comparing the activity of Lac4 WT to LacZ WT, a number of observations were made (Table
3-10). Of note, Lac4 has a much lower substrate specificity in comparison to LacZ indicated by the

50-fold higher Ky of Lac4 and the 10-fold lower catalytic efficiency as determined by kea/Ku.

Table 3-10: Experimentally-determined kinetic parameters of LacZ-Hiss and Lac4-Hisg.

Lac4a WT LacZWT
Ky [mM] 1.354 + 0.087 0.027 + 0.002
Keae [s7'] 209.1 + 4.1 30.8 £ 0.5
Koo/ Koyt [ mM™] 154 £3 1137 £ 20
K; (gal-pnp) [MM] N.D. 95.0 + 14.7

One of the major differences in the active site architecture between the two enzymes is the presence
of an aromatic residue in LacZ (W999), which is exchanged for a cysteine in Lac4 (C1001). In a study

by Huber et al. in 2003,”""

the tryptophan residue was demonstrated to be critical for the activity of
LacZ. Mutations of this residue for the non-polar, aromatic phenylalanine resulted in a 2-fold
decrease in specificity and a slight decrease in overall catalytic ability. Glycine mutants resulted in a
2.5-fold decrease in specificity a 4.5-fold decrease in catalytic ability. The polar, aromatic tyrosine

resulted in a dramatic, 20-fold decrease in specificity and 24-fold decrease in catalytic ability, while a
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leucine mutant was 27.5- and nearly 100-fold worse than the tryptophan-containing wild type.
Crystallographic studies on LacZ,* revealed an interaction between the aromatic electrons of
tryptophan and the C-H bonds of the underside of the carbohydrate. The orientation of the substrate
in the ‘shallow’ site of LacZ also suggested that there was a polar interaction between the 5-O of the
substrate and the indolic nitrogen. The relatively small variation between the Trp and Phe residues in
the Huber study would suggest that the aromatic interaction dominates in the positioning of the
substrate. Due to the similarity between the two enzymes, the decreased activity of Lac4 in
comparison would suggest the lack of an aromatic system in the mouth of the Lac4 active site retards
the binding of the substrate in the pocket prior to hydrolysis. Trp999 has also been shown to bind to
the aromatic o-nitrophenyl and p-nitrophenyl aglycones, affecting the rate of hydrolysis.”** As such,
a C1001W mutation in Lac4 could be beneficial in increasing the hydrolytic activity of Lac4 by
increasing substrate specificity. On the other hand, as galactose is bound in a highly similar fashion
in Lac4 as in the ‘deep’ site of LacZ, the lack of an aromatic system in this position may increase the
variety of glycosidic acceptor molecules in the galactosynthase. This hypothesis could be tested in the

wild type by analysing the relative hydrolytic activity of the two enzymes for different galactosides.

The other interesting difference between the two enzymes is the inhibitory effect of gal-pNP on LacZ
which appears absent in Lac4. The fact that this effect is also observed in the hydrolysis of gal-oNP
would indicate that rather than gal-pNP or pNP having the inhibitory effect, the hydrolysed
galactose is responsible for this activity. Again, Huber et al.’** demonstrated that galactose is a good
inhibitor of galactosidase (K; = 20 mMm) and presumably acts as a competitive inhibitor by blocking
the active site by interacting with Trp999. Galactose has also been shown to be a competitive

321

inhibitor of Lac4,” but the K; (45 mM) is more than double that of LacZ. Galactose inhibition of
LacZ was observed in TES buffer for the oNP substrate (K; = 15.3 + 5.6 mM), although the inhibitory
activity is reduced 6-fold in the phosphate buffer (K; = 90.7 + 13.7 mM). Regardless, from a synthetic
perspective, this lower inhibitory value of galactose is useful, as it would allow a higher concentration
of activated substrate to be present in the reaction mixture without having a dramatic effect on the
activity. As previously stated, Trp999 does interact strongly with the aglycone, but as the reaction
mixture is slightly basic (pH 7.5), the charged phenolate is expected to interact more with the anions

in solution than entering the negatively-charged active site. As such, the inhibitory effect of galactose

is expected to dominate.

3.3 Glycosidases from Aspergillus oryzae

Industrially, filamentous fungi like Aspergillus oryzae, A. niger, and Trichoderma reesei, are a highly

interesting source for hydrolytic enzymes due to their ability to secrete high titres of protein into

298

growth media.” The glycosidases of A. oryzae are known for their tolerance to higher temperatures

225,286,329-332

and lower pHs which can be valuable attributes for synthetic applications. With respect to
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glycosynthases, these properties are quite interesting as our glycosyl donor is a glycosyl fluoride,
which upon reaction with a glycosyl acceptor generates HF, thus decreasing the pH of the system in
the absence of a buffer. Furthermore, as thermostable enzymes are typically more tolerant to organic

solvents,”” this may have the added effect of allowing a broader substrate range.

The B-galactosidase, LacA, has been in use for over 40 years as a supplement for lactose-intolerant
people and it was therefore considered an interesting enzyme to compare to LacZ of E. coli and Lac4
of K.lactis. Furthermore, [B-glucosidases from A. oryzae had previously been shown to be

hydrolytically active for the isoflavones, diadzin (29) and genistin (30).>**

These two compounds are
interesting due to their cardio-protective and anti-cancer effects and an efficient chemoenzymatic

synthesis thereof would be of interest.

Figure 3-22: The structures of the isoflavones diadzin (29) and genistin (30).

3.3.1 Isolation of Genomic DNA from Aspergillus oryzae

Having been identified as proteins of interest, isolation of the genes, bgl] and lacA, from A. oryzae
was attempted in a similar fashion to that of E. coli. To this end, a culture of A. oryzae RIB40 was
obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ; DSM 63303)
and this was grown on potato dextrose agar for 5 days at 30 °C. The first attempt at extracting DNA
was a direct gene extraction of bglJ using colony PCR. Two samples were therefore prepared, in
which a similar mass of mycelia was suspended in H,O, one of which was then incubated at 99 °C for
10 minutes to degrade the cell wall. These two samples were then used as the template for colony
PCR and an annealing temperature screen was performed across the range of 55-70 °C.
Unfortunately, this PCR experiment was unsuccessful and raised two questions: were the cells not

lysed ? Or was it a case of the primers not binding to the DNA properly?

To test this, a DNA extraction was performed following a literature-described method.” This
method returned a small amount of DNA (0.5 ug) as determined spectrophotometrically. Analysis of
the extraction product by agarose gel electrophoresis revealed that a small amount of DNA was
obtained as evidenced by the upper band. The lower band indicated that there was also an amount of

RNA extracted. The extraction of bgl] by PCR was then re-trialled in an identical fashion as
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previously but using the extracted DNA as a template, but this gave the same results. Two questions
again came to mind: is the DNA fragment too long to amplify? Or are the primers not binding
correctly? As the bglJ gene contains introns, it was already planned that these would be excised using
overlap extension PCR (0ePCR). So to answer the question of fragment length, each oe-fragment was

attempted to be isolated separately using the same PCR method as above.

Again, there was no product returned. Digestion of the DNA was then atempted using RNase A and
the restriction enzyme Xbal and incubating for a further 3.5 hours. This was then used as a template
for PCR-based gene isolation using the same method; although one sample was 2% DMSO (v/v).

Despite this, agarose gel electrophoresis indicated that there was no gene isolated (Figure 3-23).

Figure 3-23: Comparison of isolated A. oryzae DNA (A) and the same DNA after digestion with RNase A (B). M -
Marker (GeneRuler™ 1 kb DNA Ladder).

In light of these results, it was decided to attempt to reisolate the DNA using the same method and

comparison to a different method.**®

These two samples were then split into four. The first sample
was the crude genomic extraction. A second sample was digested using RNase A. Sample 3 was
digested using the restriction enzyme Xbal directly following digestion by RNase A. Finally, sample 4
was digested using Dpnl following exposure to RNase A. All samples were then analysed
photometrically to determine the DNA concentration in each and it was found that there was no

DNA extracted using the new protocol.

Regardless, as the gene bglJ proved difficult to isolate using PCR, isolation of another target gene,
lacA, was attempted. Conditions for the PCR-based isolation of lacA was then screened using a
temperature gradient, with and without DMSO, and three DNA polymerases. The isolation of DNA
using this method of Prabha et al.”>> appeared then to be the biggest problem. Thus, isolation was
once again tried using the method of Bir et al.*® and this time, 4.8 pg of DNA was isolated. A sample

of this was then treated using RNase A analogously to previous extractions, and then was used as the
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template for further screening of lacA isolation methods. Despite extensive testing for optimal PCR
conditions, we were unable to return a product. Because of this, it was decided to optimise and

obtain a synthetically-created gene.

3.3.2 Optimisation and Subcloning of the lacA Gene

As bgl] and lacA were frustratingly difficult to isolate via PCR, it was determined to proceed only
with a synthesised version of the B-galactosidase gene, lacA. It was determined that in order to
directly compare results, and therefore lacA should also be expressed in E. coli ER2566. Similar to
that of the lac4 gene, it was decided to optimise the lacA gene using a codon-harmonised, rather than
most-used-codon approach. As the natural gene has 3 introns, as identified by sequence

alignment,*”

these regions were removed prior to optimisation. Following optimisation, the gene
was analysed for undesired restriction sites and repetitious regions and these were manually altered
following the same harmonious pattern where possible. The gene was then submitted for synthesis

and arrived in the pUC57 vector having been cloned into it using EcoRV.

As with the synthetically-ordered lac4 gene, the synthetic lacA gene was also designed with a 5° Ndel
restriction site and a 3’ Xhol site in order to clone it into the pET22b(+) vector. Restriction of the
pUC57::lacA construct was performed by Ndel and Xhol and the restriction pattern was as expected.

The gene was then cloned into the pET22b(+) vector.

3.3.3 Mutation of lacA and Activity

Now that the pET22::lacA plasmid had been obtained, site-directed mutagenesis was required to
generate the library of galactosynthases. In an identical fashion to lac4, five mutations were chosen:
gly, ala, leu, ser, and gln. Due to the previous successes with qcSDM, it was decided to apply this
method to the lacA constructs. This approach was ultimately successful and the mutants were
analysed by agarose gel electrophoresis, and a restriction analysis using Ndel and XhoI (Figure 3-24).

The mutant genes were then confirmed by sequencing.
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Figure 3-24: Restriction analysis of the triplicate clones produced from the qcSDM of each lacA mutant. M - Marker
(GeneRuler™ 1 kb DNA Ladder); E298G (A-C); E298A (D-F); E298L (G-I); E298S (J-L); E298Q (N-P).

The hydrolytic activity of the wild type galactosidase was tested using a dilute sample of the crude
lysate and exposing it to X-gal (Figure 3-25, left). Previous studies into native LacA have shown that
it has an optimal pH of 4.5 and the crude lysate was thus diluted into a citrate-phosphate buffer
adjusted to this pH. Unfortunately, this experiment showed no observable B-galactosidase activity.
The presence of enzyme was checked via SDS-PAGE, which showed that although the enzyme was
being overexpressed, it was located within the pellet fraction and absent from the supernatant
fraction (Figure 3-25, right). This indicated the presence of inclusion bodies. This was a

disappointing result and it was decided to shift focus to the two enzymes, which displayed hydrolytic

activity, LacZ and Lac4.

Figure 3-25: Left - X-Gal hydrolysis analysis of the crude lysate of LacA heterologously expressed in E. coli ER2566. Right
- SDS-PAGE analysis of the expression of LacA in E. coli ER2566. M - Marker (Roti®-Mark 10-150); A - Culture; B —

M A B CD M

Culture Supernatant; C — Disrupted Pellet; D — Cell-free crude lysate.
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3.4 Quantification of Synthase Activity

Glycosynthases need two components for a reaction: a glycosyl acceptor and a glycosyl donor
(Figure 3-26). The donors come in many forms, but in this work, we used exclusively a
galactopyranosyl fluoride donor (galF, 1). The acceptors are a much broader class of molecules, but
all require nucleophilic capability. These are therefore limited to heteroatoms, typically oxygen,

sulfur, and nitrogen. This work focussed on the use of alcohols as glycosyl acceptors.

OH OH
HO HO
o galactosynthase o
_— —_—
HO HO—acceptor HO O\
HO | -HF OH acceptor
1

Figure 3-26: General reaction scheme for a galactosynthase using galF (1) as the glycosyl donor.

3.4.1 Photometric Quantification

The ease and success of the spectrophotometric determination of hydrolytic activity of the [-
galactosidases made this method interesting for investigating the activity of the reverse-hydrolysis
reaction. As our hydrolytic assay used p-nitrophenyl B-D-galactopyranoside (gal-pNP), it seemed
therefore logical to attempt to measure the synthase activity by reacting p-nitrophenol (pNP) with

galF in a 96-well plate and measuring a decrease in absorbance at A = 405 nm in pH 7.5 buffer.

This methodology was attempted using the Lac4 library of galactosynthases and were tested at pH
7.5 at 25 °C and 40 °C, the optimal temperature of the wild type enzyme for hydrolysis of lactose.””
Background reactions between pNP and galF were not observed at either of these temperatures. One
sample series with the removal of galF also gave a baseline for the background absorbance of pNP in
the reaction buffer. The hydrolytic activity of the wild type was checked concurrently as both a
control for the spectrophotometer and as a control for the viability of the enzymes, as they had been
harvested a week prior. As the week-old WT enzyme showed hydrolytic activity, and it is known that
the architecture of the active site is unaffected by point mutation, it was taken as evidence that all
enzyme variants were still viable. Each enzyme was added undiluted in triplicates to reaction wells
prepared in triplicate containing pNP and galF in buffer with final concentrations of 0.33 uM and 25
mM respectively. Unfortunately, in all cases, this method showed no decrease in absorbance. As we
were searching for a universal method, and not enzyme-specific, and this method did not appear to

be appropriate for Lac4, the effectiveness of this method was re-assessed.

As a direct measurement of the substrates was not viable, yet colourimetric analysis provided a

convenient method for measuring reaction rates, an indirect method was sought. Furthermore,
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96-well plate-based assays provided a platform for collecting a large number of data points
simultaneously, allowing for rapid assessment of a variety of conditions. Furthermore, by allowing a
large number of reactions on a miniaturised scale, the amount of materials required for each
measurement was vastly reduced. In collaboration with a colleague, Marc Hayes, a discontinuous,
colourimetric fluoride-measuring assay was devised.”*’ This method exploited the lability of silyl
ethers to fluoride and the assay was designed in three parts (Figure 3-27). Firstly, the reaction is
carried out using galF and glc-pNP in various concentrations. After a certain amount of time, a
sample of the reaction is transferred to a second plate containing TIPS-protected pNP in MeCN. This
is allowed to react for a further set period, before a fraction of the MeCN solution is transferred into a

third plate where the absorbance is measured.

A galactosynthase
OH OH
HO buffer
o) HO 0 pH 7.5
HO HO o ©
HOF
1 4 NO, 5

NO,

B ﬁ’
£© >7\5£04©7N02 'k\)/lllef;:e'\:/ s \©\
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Figure 3-27: Two-part reaction schematic for the measurement of the activity of galactosynthases via fluoride
measurement analysis. A - The enzyme-catalysed synthase reaction between galF (1) and glc-pNP (4) generates a
disaccharide and a molecule of HF. B - The fluoride ion reacts with TIPS-pNP (31) to release the p-nitrophenolate anion

(32) which has an absorption maximum at A\ = 405 nm under basic conditions.

The synthesis of TIPS-pNP (31) is described in Section 5.4.8 and analysis via NMR showed only
minor impurities. Firstly, the optimal reaction time for the deprotection of TIPS-pNP was
determined by adding, at various time points, an amount of NaF to wells containing 1 mM solution
of TIPS-pNP in MeCN so that the final concentration of NaF was 5 mMm (Figure 3-28). The result of
this assay showed that a reaction time of 10 minutes was sufficient for deprotection of pNP as

evidenced by the flattened curve between 6 and 11 minutes (slope = 0.0010 + 0.0001, R* = 0.984)
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Figure 3-28: Determination of the optimal reaction time for the deprotection of 1 mM solution of TIPS-pNP (31) in
MeCN by NaF. Absorbance was measured at A = 405 nm. Reaction conditions: TIPS-pNP (1 mM in MeCN, 180 uL), NaF

(agy (10 MM, 20 uL), room temperature

With the reaction time for the deprotection step set, the calibration curve could be constructed. It
was created by adding concentrations of NaF (0-10 mM) in reaction buffer to a 1 mMm solution of
TIPS-pNP (31) in MeCN (Figure 3-29). The calibration was constructed using the data points
between 0.1 and 2.0 mM of stock solution and shows excellent correlation (R> = 0.992). The large
standard deviation of the higher concentrations is concerning, as is the clear deviation in the graph.
The absorbance observed is towards the lower limits of the spectrophotometer, and it was attempted

to increase the sensitivity of the reading.
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Figure 3-29: Calibration curve of the NaF-mediated degradation of various concentrations of TIPS-pNP (31) in MeCN.
Concentrations shown reflect the final concentration of the well, not the concentration of the stock solution used.
Absorbance was measured at A = 405 nm at pH 7.5 (200 mM phosphate buffer). Reaction conditions: TIPS-pNP (1 mM in
MeCN, 180 uL), NaF (o (various concentrations, 20 pL), 10 min, room temperature R® = 0.979 (0.0 mM-1.0 mM); R® =
0.997 (10 uM-200 pM).

As the absorption at A = 405 nm of the p-nitrophenolate anion increases with pH, it was decided to
add a greater volume (100 pL) of the MeCN reaction to a small amount of an aqueous base. Due to
the low absorbance, it was also considered that adding a higher volume of NaF g to a more
concentrated solution of TIPS-pNP would allow for a faster reaction rate. While this theory does not

seem relevant to the calibration curve, it would allow for a higher titre of fluoride from the reactions
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to be transferred to the TIPS-pNP solution, thereby allowing a higher amount of TIPS-pNP to react
and this would hopefully result in measurements that are more sensitive. As such, these two
modifications were implemented in a subsequent calibration using a 100 mM aqueous solution of

Na,COj; as the base (Figure 3-30).
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Figure 3-30: Calibration curve of the deprotection of TIPS-pNP (31) using base-enhancement to improve sensitivity.
Concentrations shown reflect the final concentration of the well, not the concentration of the stock solution used.
Absorbance was measured at A = 405 nm in 100 mM solution of Na,CO,. Reaction conditions: TIPS-pNP (1.20 mM in
MeCN, 160 pL), NaF (,q, (various concentrations, 40 pL), 10 min, room temperature, then 100 uL of MeCN solution
transferred to wells containing Na,CO; () (100 mM, 50 pL). R’ = 0.995 (0.0 mM-5.0 mM).

As hoped, this proof-of-concept experiment did indeed improve the sensitivity of the measurement,
resulting in high correlation of absorbance at A = 405 nm to the concentration of fluoride present in
solution (R = 0.998). These modifications were then applied in the measurement of the kinetic
parameters of the galactosynthases for the substrates galF and glc-pNP. This method was therefore
tested using the literature-known, but as-yet-uncharacterised LacZ E537S mutant in a concentration
of 5 uM of enzyme. The concentrations of the glycosyl donor, galF, were varied between 0 and 20
mM, as were the concentrations of the glycosyl acceptor, glc-pNP, and these were mixed in different
ratios to a final volume of 200 pL in a 96-well plate. They were allowed to react in the presence of the
galactosynthase for 15 minutes, before 100 pL of the reaction mixture was transferred to a new
96-well plate where each well contained 100 yL of TIPS-pNP (2.0 mM in MeCN) and these were
allowed to react for 15 minutes. 100 uL of this solution was then transferred to a new 96-well plate
where each well contained 100 pL of Na,COs (oq) (100 mM) which was then measured using a plate-
reading spectrophotometer. These readings were then compared to concurrently prepared sample
for the enzyme solution was replaced with buffer in order to negate the background reaction of the
two reagents in their various ratios. Disappointingly, this method did not appear to be sensitive
enough for measuring the activity of the enzymes at this concentration. Logically therefore,
subsequent experiments would need to be performed at higher enzyme concentrations. This

approach is limited as the overall enzyme yield of our expression system is low and the amount of
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enzyme available for use in these assays is restricted as a result. As such, this method, while showing

potential, is not applicable to our system and more sensitive methods were explored.

3.4.2 Fluoride-Selective Electrode

Developed concurrently to the TIPS-pNP-based colourimetric assay and inspired by previous

41-34. .
3383 an electrochemical

characterisations of glycosynthases using fluoride-selective electrodes,
approach to fluoride quantification was also assessed for viability. Using a fluoride-selective
electrode coupled to a pH meter, it was hoped to allow for fine measurements of fluoride
concentration in solution. This method would allow for the determination of efficacy and reaction

rates on a scale similar to that of the enzyme-catalysed reactions.

The first step in assessing the validity of the process is the construction of a calibration curve. To this,
NaF dissolved in reaction buffer was used as the fluoride source. The curve was constructed by
measuring fluoride concentrations between the limit of detection, 5 uM, and 500 mMm (Figure 3-31).
As the relationship between the millivoltaic response and the concentration is logarithmic, the base-
10 logarithm of the concentration was measured against the response. After this modification to the

values of concentration, a linear relationship was observed across this range (R* = 0.995).
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Figure 3-31: Calibration curve for the fluoride-selective electrode across a range of 5 UM to 500 mM in reaction buffer

using NaF as the fluoride source.

With the fluoride concentrations now calibrated to the voltaic output of the pH meter, the
background degradation rate of the galF substrate needed to be investigated. As steady-state kinetic
measurements need to be measured at the start of a reaction, it was determined that the stability of
galF would be measured over a 10 minute period at 30 second intervals. To maximise the likelihood
of measuring the degradation of galF, three background measurements were taken at 84.0, 89.5, and
131.1 mM concentrations of galF in reaction buffer (Figure 3-32). In all cases, there was no

observable degradation of galF, indicating that the stability of the compound in the buffered aqueous
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system was stable enough over the measurement period. Any variations in the concentration of

fluoride over the reaction time period could therefore be attributed to the enzyme.
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Figure 3-32: Degradation curve of galF (131.1 mM in reaction buffer) as measured by the fluoride-selective electrode.

As with the 96-well plate assay, LacZ E537S enzyme was taken as a first test. First, the enzyme was
analysed to see if the enzyme reacted with just galF. There are two possible outcomes for this
reaction. One, the enzyme increases the hydrolytic rate of galF (1) in aqueous solutions. Two, the
enzyme can catalyse the formation of homopolysaccharides, although this is dispreferred due to the

. . . 250,269
architecture of the active site.

For this, the enzyme stock solution (1.0 mg mL™, 0.1 mL) was
mixed with a series of stock solutions of galF (1) (0-10 mM, 1.9 mL) and the voltage of the reaction
was measured as for the background degradation, 10 min at 30 s intervals, and the measurements
performed in triplicate. Disappointingly, every measurement returned no observable change in the
concentration of fluoride. This suggested that the enzyme may be too slow a catalyst for any changes
to be observed. The concentrations of galF were well below the inhibition range of galactose and it is
known that the shallow site of LacZ is designed for binding carbohydrates with high specificity.**
Regardless, perhaps glc (6) or glc-pNP (4) would be a better glycosyl acceptor due to the extra
stability afforded it in the shallow site through interactions with Asn102, Ser796, and Glu797. The
experiment was then re-designed in an effort to investigate this. With the final concentration of the
enzyme in each reaction tube identical to the previous experiment (0.45 uM), the concentration of
galF (1) was consistent across all samples as well (1.0 mMm). The variable here was the concentration
of either glc (6) or glc-pNP (4) (1.0, 2.0, and 4.0 mM) and the experiment repeated. Sadly, these
experiments also yielded no observable concentration in the concentration of fluoride. Because of
these experiments, it was determined that the measurement of fluoride in galactosynthase reactions

via an ion-selective electrode was not sensitive enough for our purposes. As a result, more sensitive

methods were investigated.
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3.4.3 NMR Studies

Having used NMR to characterise synthesised molecules, reference spectra were available for the
starting materials, the degradation product, and the two expected disaccharide products.
Determination of enzyme kinetics via "H NMR spectroscopy was attempted. However, during the
synthesis of galF (1), it was observed that deprotection of the per-O-acetylated parent molecule (33)
resulted in product degradation, which raised the question: is galF stable enough for the
galactosynthase reactions? To answer this question, a series of '"H NMR kinetic experiments were
undertaken. It was decided to include an internal standard (IS) to allow for quantification of
degradation rates. The samples were measured at regular intervals over 2 days at 25 °C; as per
conditions outlined by the Withers group.' The desired criteria for an internal standard was that the
signal of the standard must not overlap with any of the peaks in the sugar range of § (ppm) 3.2-5.9.
The first standard chosen was maleic acid which contains two sp’-hybridised protons which resonate
at § (ppm) 6.41. This signal lay outside our range and was therefore investigated as an internal

standard (Figure 3-33).
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Figure 3-33: 'H NMR of maleic acid (MA) and galF (1) in D,O using a solvent suppressed method.

As an internal standard, the maleic acid worked perfectly as the peak was well-defined and distinct
from those of galF (1). What raised concerns, was the sigmoidal nature of the curve which suggested
a mixed reaction type. Furthermore, the degradation of galF proceeded within the span of 18 hours
which conflicted with the claim by the Withers group' that the reaction was allowed to proceed over
48 hours. This suggested there were more factors in play and to this we hypothesised that the internal
standard was interfering somehow with the rate of degradation; possibly by facilitating the
degradation as a result of its acidity. Therefore, investigation of an alternative internal standard was
undertaken. Dimethylsulfone (DMS, 34) was chosen as it has no acidic properties, is readily soluble
in water, and has a resonance outside the sugar range, 8 (ppm) 3.15. Furthermore, as this signal is the
result of geminal methyl groups, the 6-proton resonance meant that less DMS could be used to

obtain a strong peak in the "H NMR spectrum (Figure 3-34).
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Figure 3-34: 'H NMR of dimethylsulfone (DMS) and galF (#) in D,O using a solvent suppressed method.

The use of DMS as an internal standard did decrease the rate of degradation when compared to the
results obtained using the maleic acid IS, but the complete degradation of galF still occurred well
within the 48 hour window as reported for Jakeman and Withers.! Furthermore, the degradation
curve was still sigmoidal. This was attributed to one major factor; pH. As the degradation reaction is
Sn1-type reaction in which the fluoride is displaced by a molecule of water generating the natural
carbohydrate and HF, it would be expected that the degradation follows an exponential decay curve.
In addition, the degradation rate appeared dependent upon the identity of the IS used. With this in
mind, it was decided to measure the degradation rate of galF (1) in deuterated phosphate buffer at

pH 7.5 in the presence of DMS (34) (Figure 3-35).
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Figure 3-35: Comparison of the relative degradation rates of galF (1) over 24 hrs in the presence of the internal standards
in both unbuffered - MA (green) and DMS (orange) - and buffered - DMS in a 200 mm phosphate buffer at pH 7.5

(blue) — systems.
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This showed that the reaction rate of degradation follows the expected first-order, meaning that the
degradation of galF is concentration-dependent. Additionally, the half-life of galF in our pH
7.5-buffered system was 101.4 + 0.4 hours (R” = 0.999); demonstrating the suitability of the substrate
for synthesis. Concerning, was the fact that the enzymes themselves would need to be quite active in
order to return a significant amount of product before the competing autohydrolysis reaction could
consume the substrate. In order to properly demonstrate that the degradation of galF is truly
pH-dependent, an experiment was performed wherein galF was dissolved in phosphate buffers in the
near-neutral pH range of 6.0-8.0 with DMS again being used as the IS (Figure 3-36). Gratifyingly, the
hypothesis was shown to be correct as it was observed that galF was most stable at pH 7.0 and
deviations from neutral pH accelerated the autohydrolysis of the compound. These degradation

experiments also allowed us to determine the lower limit of detection: 2.5 mM.
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Figure 3-36: The half-life of galF (1) in 200 mM phosphate buffer at different pH values.

With the stability of galF (1) had been determined, we used this information to construct a
calibration curve. The curve was then trialled for use in the enzyme-catalysed reactions. Using LacZ
E537S (25 uMm), the reaction was performed and the increase in catalysis was measured as determined
by deviation of the degradation rate from the known background rate over 5 hours (Figure 3-37). It
was observed that there is a significant deviation in the rate of galF conversion in the
synthase-catalysed reaction which equated to this enzyme having a specific activity of 0.58 + 0.05 U
mg . This result was exciting as, to the best of our knowledge, this was the first characterisation of

the activity of this galactosynthase.
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Figure 3-37: Double Y-axis graph of the relative amount of galF in the reaction as normalised to DMS. The left Y-axis
compares the background degradation rate of galF (dotted line) against the degradation of galF in the enzyme-catalysed
reaction (filled circles). The right Y-axis quantifies this deviation (hollow circles) in mM of galF converted by the enzyme

against the amount of galF, which would naturally be degraded without the enzyme present.

When the experiment was repeated using a higher enzyme concentration (80.9 um), a lower overall
activity was observed (0.07 + 0.01 U mg"). Naturally, this led us to question of reproducibility using
this NMR-based method. The reaction was therefore repeated again using the lysate supernatant of
the enzyme in case the enzyme lost activity during purification. This experiment was performed in
duplicate from the same batch of cells, so as to ensure the ratio of the enzyme is statistically identical
in each reaction. The results of these experiments were in disagreement with one another
(0.00 +0.00 Umg "' and 3.35+0.20 Umg, respectively) and this method of determination of the

activity of the glycosynthases was reevaluated.

“F NMR was also considered as an alternative to 'H NMR, as the spectra were cleaner due to the
presence of less different fluorine atoms. The biggest problem encountered when attempting to apply
F NMR in an aqueous solution, was finding a suitable internal standard which is inert under these
conditions and was soluble in water. As it is known that the conjugate base of a strong acid is a weak
base, it was thought that using the salt of a fluoride-containing superacid, such as sodium
trifluoroacetate (Na-TFA), could solve the problem. It was hoped that this would not alter the pH so
significantly as to have noticeable effects on the degradation of galF. This compound was then

trialled as an internal standard against an identical sample containing no IS (Figure 3-38).
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Figure 3-38: "F NMR degradation kinetics of galF in the absence of an internal standard (red) and in the presence of Na-
TFA as an internal standard (blue). Reaction conditions: galF (20.0 mg) in deuterated reaction buffer (pH 7.5, 500 pL). In

the case of the IS-positive sample, 1.0 mg of Na-TFA was added to the reaction tube prior to measurement.

Although the use of Na-TFA as an internal standard in '’F NMR kinetics did appear possible, the
rate of degradation of the galF under these conditions was significantly influenced with the t; was
decreased by more than a day (t, = 86.6 + 3.6 hrs against 57.6 £+ 2.4 hrs) in the presence of the
trifluoroacetate anion. As was earlier demonstrated, the degradation rate of galF is influenced by the
pH and it was presumed that the presence of this increased the pH enough to alter the reactivity of
the glycosyl fluoride. It is worth mentioning here though that the internal standard was added at the
time of the reaction start and the pH of the buffer was unadjusted after the addition of Na-TFA.

3.5 Carbohydrate Synthesis

There is a large range of carbohydrates available from commercial sources, but due to the typically
restrictive costs involved in the mass-production of non-naturally occurring carbohydrates, the costs
involved in purchasing these starting materials can be prohibitive. Therefore, within the scope of this
thesis, methods were devised in order to obtain the starting materials required for the exploration of
the substrate range and scope of the developed glycosynthases. However, once obtained, these
substrates were to be used in glycosynthase reactions and the reaction products subsequently

analysed and purified.

3.5.1 Synthesis of the p-Nitrophenyl Glycosides

In order to measure the hydrolytic activity of the envisaged library of glycosidases, the first test of
their successful expression is typically a hydrolytic screening to examine the activity of the wild type
enzyme. Through this, we aim to gather information of possible glycosyl donor substrates available
to the enzyme as it is known that point mutation of the nucleophilic residue does not affect the

overall architecture of the active site."***” This was envisioned to be achieved through the use of the
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p-nitrophenyl group as it is deprotonated in basic conditions due to the electron-withdrawing nitro
group and the resulting phenolate (32) is a vivid yellow colour (Scheme 3-2). This means that the
concentration of phenolate in a sample can be easily detected using colourimetric methods.
Furthermore, it was envisaged to use these p-nitrophenyl glycosides as glycosyl acceptor molecules
as the UV-active phenyl ring is easily detectable, even in complex mixtures, allowing for easy

detection via UV spectrometry.

HO OH
OH
HO e}
0 HO OH o
HO o) [-galactosidase OH HO (o)
OH > -H*
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22 NO, NO, 32 NO,

Scheme 3-2: Hydrolysis of the p-nitrophenyl glycoside by a glycosidase yields the sugar and p-nitrophenol. In basic
conditions, the phenol is deprotonated to the p-nitrophenolate (32) anion which absorbs strongly at A = 405 nm giving it

a vivid yellow appearance.

A library of p-nitrophenyl glycosides was generated synthetically starting from either the
commercially available sugar or per-acetylated glycoside as appropriate. As the glycosidases to be
examined were all [-glycosidases, the library consisted solely of equatorially-configured
p-nitrophenyl glycosides, which are -configured, with the exception of the a-arabinopyranoside. In
order to achieve this, a synthetic method was required in order to force the reaction to overcome the
anomeric effect, which prefers the axial anomer. It was hoped that this could be achieved via use of
the per-acetylated carbohydrate starting materials by taking advantage of the neighbouring group
directing effect of the acetate group (Figure 3-39).

- AcO" Nu
0 )K o)
WOAC = — W — WNU
OAc \ 0

Figure 3-39: A simplified version of the neighbouring group effect wherein the 2-acetate blocks the axial site from
nucleophilic attack by the incoming nucleophile, forcing the reaction to prefer the formation of the B-anomer. The

remaining hydroxyl groups of the carbohydrate are omitted for clarity.

As previously stated, a library of B-glycosides was required and a selection of carbohydrates was
therefore desired for assay purposes as hydrolytic substrates, reference compounds, or glycosidic

acceptors (Figure 3-40).
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Figure 3-40: Desired p-nitrophenyl glycosides desired for testing of hydrolytic activity of enzymes, reference compounds

for reaction mixture analysis, and as glycosidic acceptors.

For those carbohydrates which were both commercially available and financially viable, these were
ordered as the unprotected sugar (xyl, gal, ara, lac). Per-O-acetylated-P-D-glucopyranoside was
readily available from commercial suppliers and the synthesis of compound 4 was commenced from
this advanced starting material. Initially, per-O-acetylation of the unprotected sugars was performed
overnight using Ac,O in pyridine, which worked well for small-scale reactions, up to 5 g. However,
for larger scale reactions, the reaction workup became too unwieldy due to the large volumes of
solvent, and particularly CuSO, (.q) required for the removal of pyridine from the organic phase, as

l 344

per the protocol outlined by Hoffmann et al.”*" A method of per-O-acetylation for scales over 5 g was

sought, which required no metals. In 2013, Percec and co-workers®*

required per-O-acetylated
galactose for the generation of complex glycan structures and utilised a method which involved the
portion-wise addition of galactose to a refluxing solution of NaOAc in Ac,O (Scheme 3-3). As this
method does not use pyridine as a solvent and required no Cu”* to complex the pyridine to remove it
to the aqueous phase, it was trialled as an alternative method for large scale per-O-acetylations. This
method proved highly effective and resulted in complete conversion of the galactose within 15
minutes. Once obtaining the crude product, it was observed that a complex mix of products was
present and purification via column chromatography was unable to separate the anomeric mixture.
As the commercially-obtained, anomerically-pure per-acetylated glucose was crystalline, it was
attempted to selectively crystallise the f-anomer out of solution. Following the method of Wolfrom
and Groebke,346 after removing the extraction solvent under reduced pressure, the mixture was

triturated using 95% ethanol, which resulted in the B-anomer precipitating out of solution, while the

a-anomer remained soluble, as evidenced by the "H NMR spectrum of the crystalline material. This
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method was modified for xylose, as both anomers remained soluble in ethanol. Instead, the

B-product was triturated instead using methanol.

R2R3 R2R3
R: (6} a R? 0}
HM AcO OAc
OH OH OAc
7: R1=H, R?=0H, R3=CH,OH 41: R=H, R?=0Ac, R3=CH,0Ac (48%)
37: R!=H, R%=0OH, R3=CH, 42: R'=H, R?=0Ac, R3=CH, (45%)
38: R1=H, R?=0H, R3=H 43: R'=H, R2=0Ac, R3=H (quant., o/s mix)
6: R1=0OH, R?=H, R3=CH,OH 44: R1=0Ac, R?=H, R3=CH,0Ac (59%)
39: R1=OH, R2=H, R3=H 45: R1=0Ac, R?=H, R3=H (52%)
2: R'=0-B-gal, R*=H, R3=CH,OH 46: R'=0-B-(Ac,)gal, R?>=H, R3>=CH,0Ac (72%)

Scheme 3-3: The per-O-acetylated, P-configured glycosides were generated from the corresponding unprotected
saccharides. a) NaOAc (1.1 eq.), Ac,O, refl., 15 min.

Having solved the problem of anomeric separation, the next step was to convert the per-acetates to
their corresponding p-nitrophenyl glycosides. In all cases except arabinose, this is the p-anomer.
Using BF;-OEt, as a Lewis acid to form glycosidic linkages with phenols is not a new strategy, having
first been pioneered by Bretschneider and Beran in 1949°* using per-acetylated B-D-glucopyranose.
This method was then investigated further in 1990 by Yamaguchi and co-workers®® who used
tetra-O-acetyl-a-glucopyranosyl fluoride as the starting reagent and coupled this to a number of
different phenols using BF;-OEt,. In their experiments, it was revealed that the use of BF;-OEt; as a
Lewis acid in the glycosylation reaction, the B-anomer was preferred when the reaction was
performed in the presence of 1,1,3,3-tetramethylguanidine, an organic base. When performed in the
absence of this base, the a-anomer dominated. Our desired 4-nitrophenol is a poor nucleophile as a
result of the strongly electron-withdrawing nitro functionality in the para position to the hydroxyl
group, thus reducing the electron density and subsequently nucleophilicity of the hydroxyl moiety.
As a result, the reaction using 4-nitrophenol as a glycoside acceptor is retarded when compared to

other phenolic nucleophiles, as observed by Lee et al.**’

Analysis of the reaction after 3 days via TLC
showed two distinct spots when run in an EtOAc/PE system and appeared as though all starting
material had been reacted. The reaction was then worked up and the products separated using
column chromatography. However, analysis of the isolated compounds by 'HNMR showed
impurities which were unable to be removed by our chromatographic method. An elution system
screen was run using a number of common solvents and to our surprise, when Et,O was the major
component in the mobile phase, a third spot was visible. Column chromatography was then
implemented and the third spot was revealed to be unreacted starting material. It should be noted,

that after 3 days of reaction time, the per-acetylated starting material was not fully converted to the
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phenyl glycoside. Extension of this reaction time did not increase the conversion amount nor the

yields obtained.

It was observed that the desired p-phenyl compound was crystalline and inspired by our previous
success of anomeric separation via trituration, we also applied this method to this compound.
Fortunately, selective recrystallisation of the B-product was possible from hot ethanol. However,
considering that the starting material would co-crystallise in ethanol, the crude mixture was first
triturated in Et,O to remove the per-acetylated glycoside prior to recrystallisation. It was on occasion
observed that the B-glycoside did not triturate from Et,O as previously. In these cases, analysis of the
ethereal solution revealed high concentrations of free p-nitrophenol still in solution. These mixtures
were rewashed with saturated hydrogen carbonate solution to remove the excess phenol and
subsequently triturated as had been previously done. This method of trituration and recrystallisation
was only applicable to the galactopyranoside and the glucopyranoside. The pentoses, disaccharides,

and D-fucopyranoside required separation via chromatographic methods.

With the successful purification of the [P-glycoside, the tetra-O-acetylated compounds were

deacetylated under Zemplén conditions and were obtained in quantitative yields (Scheme 3-4).

R2R3 R2R3 R2R3
R 0 _a ., Rt 0 _ b _ g 0
AcO OAc ACMO H&/O

OAc OAc OH
NO, NO,

41: R'=H, R?=0Ac, R®*=CH,0Ac  47: R'=H, R?=0OAc, R3=CH,0Ac (88%) 22: R'=H, R?=OH, R3=CH,OH (quant.)
42: R'=H, R?=0Ac, R3=CH, 48: R=H, R?=0Ac, R3=CH; (19%) 25: R!=H, R%=0H, R3=CH;, (quant.)
43: R1=H, R2=0Ac, R3=H 49: R=H, R2=0Ac, R3=H (3%) 26: R'=H, R>=0H, R3=H (quant.)
44: R'=0Ac, R*=H, R®>=CH,0Ac  50: R'=0Ac, R?>=H, R3=CH,0Ac (77%) 4: R'=OH, R?=H, R®=CH,OH (quant.)
45: R1=0Ac, R%=H, R3=H 51: R'=0OAc, R?=H, R3=H (29%) 27: R'=0H, R?=H, R3=H (quant.)
46: R'=0-B-(Ac,)gal, R*=H, 52: R'=0-B-(Ac,)gal, R’=H, 36: R1=0-B-gal, R?=H, R3=CH,OH

R3=CH,0Ac R3=CH,0Ac (27%)

Scheme 3-4: Reaction scheme for the generation of 4-nitrophenyl p-glycosides* from their per-acetylated precursors.
Reaction conditions: a) pNP (1.5 eq.), BF;-OEt, (2.5 eq.), Et;N (0.5 eq.), anh. CH,Cl,, room temperature, 3 d (1-67%); b)
NaOMe/anh. MeOH (0.5 M), anh. MeOH/CH,Cl, (2:1), r.t, 16 h (quant.). *in the case of arabinopyranose, the final

conformation is a-L-.
3.5.2 Synthesis of Glycosyl Fluorides as Glycosyl Donors

Glycosylation requires two components: a glycosyl acceptor, which is usually in the form of a
nucleophilic alcohol, amine, or thiol; and a glycosyl donor, which takes the form of an
anomerically-protected glycoside where the protecting group is a suitable leaving group (Scheme

3-5). For the purposes of our research, we focussed on the use of glycosyl fluorides as our donor
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substrates. Due to the small size of the fluorine atom, this was ideal as a leaving group for use with
the glycosynthase biocatalysts because it is able to fit into the pocket easily and the steric interactions
between the axial fluorine and the two hydrogen atoms under the ring would be minimal.

Furthermore, as the fluoride anion is stable in aqueous solutions, it is a useful leaving group.

0 0 [ lati 0
HO%‘ HON—~\_R gycosyia -~ HONA_ 0 N=\_R

LG LG

Scheme 3-5: An overall schematic of the glycosylation reaction wherein the anomeric functional group (red) also acts as a
leaving group, allowing coupling of the glycosyl donor (black) to the acceptor (blue).

In a similar fashion to the p-nitrophenyl glycosides, it was decided to use the per-O-acetylated
glycosides as the starting material for the fluoridation reaction. As the optimal conditions for the
per-acetylation of the sugars was determined when optimising the reaction conditions for the
generation of the B-phenyl glycosides, we already had the ideal conditions at hand. Thus, the next
step was the anomeric fluoridation of the sugars. The conversion of per-O-acetylated glycosides to
their anomerically-fluoridated counterparts using hydrofluoric acid is a technique which dates back
nearly 100 years to experiments first performed by Brauns using freshly-distilled HF.* Recently,
Zacharia and Hayashi® used 70% HF in pyridine at room temperature to achieve the fluoridation of
per-acetylated galactopyranoside. They found this reaction to go to completion with an o/p ratio of
96:4. As the axially-configured a-anomer was our target due to the use of galactosynthases expected
to invert the configuration at the anomeric centre, this result was ideal for our purposes. A range of
per-O-acetylated glycosides were fluoridated at this position and the anomeric product ratio is given

in Table 3-11. Following fluoridation, the products were separated using column chromatography.

Table 3-11: Anomeric ratio of the fluoridation reaction. *for L-arabinopyranoside, the $-anomer is the axially- and the a

is equatorially-configured.

R2R3 R2R3
R! 0 R? 0
ACO&‘ ACMF
AcOF OAc
o B
Compound R R’ R’ a:p

33 D-gal H OAc CH,0Ac 10 : 90
53 D-fuc H OAc CH, 24 : 76
54 L-ara H OAc H 71 : 29*
55 D-glc OAc H CH,0Ac 16 : 84
56 D-xyl OAc H H 17 : 83
57 D-lac 0-B-(Ac),gal H CH,0Ac 6 : 94

For the synthesis of reference compounds, the deacetylated sugar fluorides were not desirable as the

presence of free hydroxyl groups would result in undesired polymer formation. Furthermore, as the
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per-O-acetylated glycosyl fluorides were stable, these compounds were stored at room temperature
until deprotection was required. It was expected that deprotection using the previously implemented
Zemplén conditions using NaOMe in MeOH would proceed smoothly. However, after leaving the
reaction for the deprotection of 2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl fluoride (33) overnight,
it was observed that no fluoridated product could be obtained as observed by "H NMR. The reaction
conditions were modified after a procedure outlined by Steinmann and co-workers™" wherein they
performed the reaction at 0 °C and for only 2 hours. The solvent, dichloromethane, was then
removed under reduced pressure at 0 °C and the remaining solvent, MeOH, was then flash frozen
using N, oy and removed via lyophilisation. The resulting white powder was then stored at -20 °C and
the product appeared stable under these conditions for up to 3 months as observed by "H NMR
(Scheme 3-6).

R2R3 R2R3 R2R3
AF\:o%OAC — Alaclo% — 510%
OAc AcO E HO E
47: R'=H, R?=0Ac, R3=CH,0Ac  33a: R'=H, R?=OAc, R3=CH,0Ac (56%) 1:R!=H, R?=OH, R3=CH,OH (quant.)
48: R'=H, R>=0Ac, R3=CH, 53a: R’=H, R?=0Ac, R3=CH, (26%) 15: R'=H, R?=0H, R3=CH,
49: R=H, R?=0Ac, R3=H 54b: R!=H, R2=0Ac, R3=H (25%) 16: R1=H, R?=0H, R3=H
50: R'=0OAc, R>=H, R3=CH,0Ac  55a: R'=OAc, R?=H, R3=CH,0Ac (91%) 17: R'=OH, R?=H, R3=CH,OH
51: R'=0Ac, R?=H, R3=H 56a: R'=0Ac, R?=H, R3=H (43%) 18: R'=OH, R2=H, R3=H
52: R'=0-B-(Ac,)gal, R?=H, 57a: R'=0-B-(Ac,)gal, R%=H, 58: R'=0-B-gal, R?=H,
R3=CH,0Ac R3=CH,0Ac (36%) R3=CH,OH

Scheme 3-6: Synthesis of the axially-configured glycosyl fluorides. Reaction conditions: a) 70% HF/py (1 mL mmol ),
N,, 0 °C - room temperature, 4 h (25-42%); b) NaOMe/MeOH (0.5 M), anh. CH,Cl,/MeOH (1:2), 0 °C, 2 h (quant.).

3.5.3 Synthesis of 1,2,3,4-Tetra-O-acetyl-p-D-fucopyranose

At over 100 € g (Sigma Aldrich, Nov 2016), the testing of fucose as a substrate for expressed
glycohydrolases and glycosynthases was expensive considering that the reactions for the generation
of fluoride or p-nitrophenyl derivatives were relatively low yielding. Instead, and with the assistance
of Vera Ophoven (IBOC), we decided to access this group of compounds by synthesis from
6-hydroxyfucose, more commonly known as galactose. Starting from the readily available and
inexpensive D-galactose (7), the plan was to generate the per-acetylated D-fucopyranoside (42) via

the 6-O-tosylated galactose intermediate (59) (Scheme 3-7).
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PGO OPG OH ©OH

Scheme 3-7: Proposed synthetic route towards per-acetylated D-fucopyranoside (42) from D-galactopyranoside (7) via a
6-tosylated intermediate (59).

It was planned that by selectively tosylating the 6-hydroxyl group of galactose and subsequent
reduction of this moiety would generate a 5-methyltetrahydropyran scaffold, rather than the
5-hydroxymethyltetrahydropyran of the galactose. To achieve this, selective protection of the
secondary hydroxyl groups of galactose would need to be implemented before tosylation can be
performed. To this end, it was decided to proceed using the acetonide acetal which prefers 1,2-diols

over 1,3- and 1,4-systems.”>>>*

It was expected that this selectivity would lead to the formation of
the 1,2:3,4-di-O-isopropylidene compound (60) leaving the primary alcohol free. Using conditions
outlined by Sennari and co-workers,”* galactose (7) was successfully diisopropylidenated to return
the expected a-anomer in quantitative yields as evidenced by the 3 peaks with an integral of 12
protons in the range 1.3-1.6 ppm and the *J;, coupling constant of 1.6 Hz (Scheme 3-8). With the
secondary alcohols protected, C-6 could now be dehydroxylated via a 6-O-tosyl intermediate. The
tosylation of the primary 6-hydroxyl group was carried out in a straight-forward manner using a
catalytic amount of DMAP to increase the electrophilicity of the tosyl group and the 6-tosyl
galactoside (61) was returned in good yields. Subsequently, compound 61 was reduced to 62 using a
1M solution of lithium triethylborohydride. The use of LiBHEts, or ‘super hydride’, as outlined by
Weigel and Liu,”> increased the yield of deoxygenation from 67% over two steps using Nal then
NaBH,, to 88% in a single transformation. Unfortunately, Weigel and Liu did not report specific
reaction conditions for the conversion using super hydride and thus reaction conditions were

l 356

adapted from papers by Denmark et al. 177

and Taber et al.””" Despite claims by both of the authors
that the reaction should proceed rapidly at room temperature within a matter of hours, it was found
that overnight reaction at room temperature was insufficient for the reaction to proceed. A number
of experiments into the reactivity of LiBHEt; have shown that the reaction takes place at a slower

o 8,
reaction in carbohydrate compounds™**

compared to other, less polar alcohols such as those used
by Denmark and Taber. It has also been shown that the reaction takes place at a slower rate in THF
compared to other solvents, such as 1,4-dioxane.’® It was decided to reflux the reaction for 1h
subsequent to the overnight, room temperature reaction, which returned compound 62 in an
excellent yield of 94%. Following the reduction of C-6, the isopropylidene protecting groups were
removed to return D-fucose (37) in quantitative yields. The carbohydrate 37 was then per-acetylated
using Ac,O in pyridine to return the desired per-O-acetylated fucose compound, 42, in an overall

yield of 28% over five steps.
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HO 0 0
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Scheme 3-8: Synthetic approach to the generation of per-O-acetylated p-D-fucopyranoside (42). Reaction conditions: a)
ZnCl, (1.5 eq.), H,SO, (3.3 %o0), acetone, room temperature, 16h, quant.; b) TsCl (1.5 eq.), DMAP (0.1 eq.), py/CH,Cl,,
room temperature, 5 h, 66%; c) LiBHEL, (6.0 eq.), THF, refl,, 16 h, 94%; d) AcOH,q, (80%), 80 °C, 6 h, quant.; e) Ac,0
(6.0 €q.), py, r.t, 16 h, 45%.

3.5.4 Synthesis of p-Nitrophenyl p-D-Allolactoside

The glycosynthases chosen were created from galactohydrolases which hydrolyse lactose (2) and can
perform the transglycosylation reaction to generate allolactose (3). Therefore, reference compounds
were required in order to analyse galactosynthase reactions properly and to assist in the development
of methods for reaction product analysis. The proposed synthesis of 3 was therefore envisaged using
the building blocks already available to us, namely the tetra-O-acetyl-a-D-galactopyranosyl fluoride
(33a) and a 4-nitrophenyl tri-O-protected-p-D-glucopyranoside (Scheme 3-9). The glycosylation was
expected to proceed via the existing BF;-OEt,/amine method. A protocol published by Wang and
co-workers®™" inspired the creation of a universal glucoside to create the series of possible
B-disaccharides formed between a galactosyl donor and the glucoside acceptor. The use of this
method would allow the synthesis of new references in the event that our galactosynthases were able
to use different glycosyl donor molecules, such as D-galactofuranose, D-fucopyranose, or
L-arabinopyranose. In their paper, Wang and co-workers produced fully-protected glucopyranosides
using orthogonal protecting groups allowing for selective deprotection of hydroxyl groups. Thus, it
was attempted to generate a 4-nitrophenyl B-D-glucopyranoside which could be selectively opened

to give the free 4-OH or the 6-OH leaving the other groups protected.
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Scheme 3-9: Our desired galactosyl glucopyranoside references can be generated from differently tri-O-protected

glucopyranosides and per-O-acetylated galF (33a).

In order to achieve this, our method hinged on the use of a 4,6-O-benzylidenyl acetal and selective
acetal opening. Selective protection of 1,3-diols using arylidene acetals is not new in carbohydrate
chemistry with extensive studies done into 1,3-dioxolane rings and selective cleavage thereof
beginning in 1951 with Doukas and Fontaine.””* Since then, a number of studies have generated a
variety of methods for regioselective ring opening of benzylidenyl-protected glycosides to generate
either 6-aryl-4-hydroxyl->*7% 367,368
3-10).

reducing agents, Bronsted acids, and Lewis acids to affect selective opening. These conditions though

or 4-aryl-6-hydroxyl- 2,3-di-O-protected glycosides (Scheme

369,370 . . . I
7% These reactions take place under reductive conditions and employ a combination of

have been shown to be affected by the choice of solvent,>®® the choice of acid,****”' and by the

identity of the protecting group on the 3>-hydroxyl.365’368

OBn OH
HO 0 _aon P2 o _60H_  gno 0
RO OR RO OR RO OR
OR OR OR

Scheme 3-10: Regioselective ring opening of a benzylidenyl acetal can free either the 4- or the 6-hydroxyl group

depending on the reaction conditons used.

Starting with compound 4 (Scheme 3-11), the reaction with benzaldehyde dimethyl acetal in the
presence of CSA to return the desired 4,6-benzylidenyl acetal 63 in an 87% yield. This product was
then subsequently diacetylated to protect the 2- and 3-OH groups to return a fully-protected
glucoside, 64. At this point, it was decided to attempt the regioselective dioxolane opening to return

the free 6-OH compound. This reaction was performed using Et;SiH activated by PhBCl, as outlined
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by Rising et al.”’”” However, it was observed that under these conditions, the nitro functionality of the
aglycone was also reduced to the amine. It was decided to use the p-methoxybenzylidene as this
should allow for oxidative opening as a result of the electron-donating methoxy group. This should
activate the benzylic position by making it more electrophilic rendering it more susceptible to
nucleophilic attack. The p-methoxybenzaldehyde dimethyl acetal (65) was synthesised and isolated
by distillation. This was then subsequently used to protect the 4- and 6-OH groups and returned the
acetal 66 in an 86% yield. Again, the 2- and 3-OHs were acetylated to return the fully-protected
glucoside, 67. Fortunately, compound 67 precipitated out of solution during the course of the
reaction and was collected in a 78% yield. However, this blessing turned sour when it was discovered
that this compound was insoluble in most solvents with the exception of MeCN. For the oxidative
acetal opening, a number of different oxidative conditions were trialled such as: metal salts with
tert-butyl hydrogen peroxide,”® sodium bromate/sodium dithionite,””* CAN,” and DDQ.””
Disappointingly, these reaction conditions resulted in either no reaction, or the generation of a large
number of unwanted by-products, which when observed by 'H NMR, appeared to be mostly
over-oxidised as attested to by the large number of aldehyde signals. In light of this, our attempts to

synthesise a universal glucoside were abandoned.

OH
Ar—X-0 Ar—X-0
HO (0] a 0 (0] b o) (0]
°0 OpNp T HO OpNP  — g AcO OpNP
OH OH OAc
4 63: Ar = Ph 65: Ar = Ph

66: Ar = PMP 67: Ar = PMP
Scheme 3-11: The synthesis of 4-nitrophenyl 4,6-arylidenyl-2,3-di-O-acetyl-B-D-glucopyranoside. Reaction conditions:
a) ArCH,(OMe), (4.0 eq.), CSA (20 mol%), anh. MeCN, 50 °C, 4 h (69-88%); b) Ac,O (3.0 eq.), py, room temperature, 16
h (55-78%).

As our attempts to synthesise a soluble and selectively-deprotectable glucopyranosyl acceptor were
unsuccessful, we turned our attention to a direct synthesis of a glucoside possessing a free and stable

6-hydroxyl moiety (Scheme 3-12).

OH OR

OH
PGO 0 — T 0 ——>  Ho 0
PGO OpNP PGO OpNP HO OpNP
OH
4

OPG OPG

Scheme 3-12: Retrosynthetic analysis of a 4-nitrophenyl 2,3,4-tri-O-protected-p-D-glucopyranoside from glc-pNP (4) via

a selectively removable protecting group, (R), on the primary hydroxyl group.

Starting from 4-nitrophenyl f-D-glucopyranoside (4), we endeavoured to first selectively-protect the

primary 6-hydroxyl group using a large protecting group, such as the trityl (Tr) and the
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tert-butyldiphenylsilyl (TBDPS) groups. These two groups have strong preference for the primary
hydroxyl group over the secondary groups, a result of their steric bulk.”” For the protection of the
secondary hydroxyl groups, a benzoate ester (Bz) was chosen as, unlike acetate esters, the Bz group
has a lower tendency for migration.””® In addition to this, the Bz protecting group can be cleaved
under similar conditions as Ac groups, which are present on the glycosyl fluoride donors. This
translates to a one-step deprotection for the entire disaccharide, which should result in higher yields

as there is one less workup and purification step.

With this synthetic approach, primary hydroxyl of compound 4 was first protected using TBDPS. It
was decided to use this silyl ether, as the silyl ethers are well known for being selectively cleavable
using fluorides under mild conditions and stable under the conditions required for the subsequent

3793% Using a procedure developed by Fylaktakidou and co-workers,*®' compound 4

benzoylation.
was selectively silylated under inert conditions using TBPDSCI, Et;N, and DMAP in anhydrous
DMEF. This reaction was quite slow, but after 24 h and column chromatography, a good yield of
product 68 was obtained (60%, Scheme 3-13). Following isolation, product 68 was benzoylated using
BzCl and DMAP and refluxed in dichloromethane overnight. The target compound 69 was then
isolated via column chromatography. Repetition of this reaction on a larger scale indicated a total
conversion to the desired product by TLC. Isolation using the same chromatographic conditions and
purity analysis by '"H NMR indicated a large impurity in the fraction containing our product. A
number of conditions were trialled for separation using TLC which eventually led to a second spot
appearing underneath the product spot. This spot, although not isolated, was presumed to be a
di-O-benzoylated by-product. A second purification was performed using a strongly non-polar
eluent mixture of PE, toluene, and dichloromethane. The use of this mixture as the first purification
step always led to mixed fractions, which was presumably the result of intermolecular n-m stacking
interactions between the many aromatic rings. A first column using EtOAc/PE was required for a

crude purification before compound 69 could be properly isolated using column chromatography.

The isolated tri-O-benzoyl-6-silyl glucoside required now selective deprotection of the TBDPS
group. Although the use of TBAF as a fluoride source for cleavage of silyl ethers is a well-established
method, TBAF itself is quite corrosive to the mucosa, respiratory tract,”® and the environment in
general ™ Furthermore, the silyl fluoride by-product is wasted.”® The use of recyclable,

1% was trialled as an alternative method

silica-supported triflic acid catalyst as outlined by Yan et a
for selective desilylation. The synthesis of the catalyst required only anhydrous conditions, and once
completely dry, the free-flowing powder was stable at room temperature. In addition, work-up of the
reaction required only filtration to remove the SiO,-TfOH which was shown in their research to be
reusable and did not encourage migration of the Bz group. The use of this reagent returned the
6-hydroxy tri-O-benzoyl glucoside 70 in good yields and subsequent galactosylation of this position

using fluoride 33a in the presence of BF;-OEt, returned the disaccharide 71, albeit in a low yield of
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25%; A two-step yield of just 15%. This led to a reconsideration of the methodology behind the
glycosylation. Keeping in mind that silyl ethers can be removed using fluoride sources, it was
considered that direct reaction of the silylated glucoside 69 with the galactosyl fluoride 33a in the
presence of BF;-OEt, may also result in glycosylation as fluoride is released when fluoride 33a is
reacted. Additionally, it has previously been shown that BF;-OEt, can also be used for desilylation.**
Given that there is also literature precedent for the combination deprotection/glycosylation,””**” this
reaction was then trialled using the fluoride 33a and the glucoside 69 in a ratio of 1.1:1.0. This
reaction was successful and although the yield was only 46%, it still provided a better alternative to
the previous two-step method in terms of time and yield. Deacetylation and debenzoylation of the
resulting disaccharide, 71, was performed in one step using Zemplén conditions and generated the

desired allolactoside 5 in quantitative yields.

OH OTBDPS OTBDPS
HO 0 a_, HO 0 b _ B0 0
HO OpNP HO OpNP BzO OpNP
OH OH OBz
4 68 69
€ C
OH OAc
(0] AcO
o 0
HO 0 AcO 0] OH
OH . OA g
HO 0 - BzO 0 - BzO 0
HO OpNP BzO OpNP BzO OpNP
OH OBz OBz
5 71 70

Scheme 3-13: The synthesis of 4-nitrophenyl f-D-allolactopyranose (5). Reaction conditions: a) TBPDSCI (1.1 eq.), Et;N
(1.4 eq.), DMAP (0.1 mol%), N,, anh. DMF, room temperature, 24 h (60%); b) BzCl (6.0 eq.), TMP (4.0 eq.), DMAP (10
mol%), anh. CH,CL, reflux, 16 h (60%); ¢) TFOH-SiO, (10 mol%), MeCN, 50 °C, 30 min (61%); d) (Ac),-p-galF (33a, 2.0
eq.), BF;-OFEt, (2.5 eq.), Et;N (0.5 eq.), anh. CH,Cl,, room temperature, 16 h (25%); e) (Ac),-B-galF (33a, 1.1 eq.),
BF,-OFt, (2.2 eq.), Et;N (1.1 eq.), anh. CH,Cl,, room temperature, 30 min (46%); f) NaOMe (0.5 M), anh. MeOH/ CH,Cl,

(2:1), room temperature, 16 h (quant.).
3.5.5 Application of Glycosynthases

Using the work of Jakeman and Withers' as a basis, it was first attempted to replicate their results.
The LacZ E537S/G794D enzyme was expressed and purified according to common procedures and

was added to a reaction tube containing galF (1) and glc-pNP (4) in phosphate buffer (Scheme 3-14).
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Scheme 3-14: Reaction of the galactosyl donor, (1), and the galactosyl acceptor, (4), mediated by a galactosynthase to
generate the desired B-(1,6)-disaccharide (5). Conditions: 200 mM phosphate buffer (pH 7.5), room temperature, 48 hrs.

Following the reaction and removal of solvent, the products were derivatised via per-acetylation to
allow for easy quantification in the absence of the buffering salts. The product mixture was then
visualised using TLC, which revealed a spot that did not correspond to either starting material, pNP,
or galactose. After purification using preparative TLC (pTLC), this product spot was isolated in a
minimal, 2% yield. The product was identified as 4-nitrophenyl hepta-O-acetylallolactose (74) via
NMR and was consistent with those values reported by Jakeman and Withers." This allowed us to be
confident that our enzyme is capable of producing the B-(1,6) disaccharide. However, with a yield of
the per-O-acetylated compound (74) of 0.6 mg (2%), this reaction clearly was not as efficient as the
9.4 mg (12.4 mg per-O-acetylated) allolactoside claimed by Jakeman and Withers." This result was
surprising, as the conditions for the reaction were identical to those reported. The reaction was
repeated using the LacZ E537S enzyme, again under identical conditions to those reported, but after

derivatisation, none of the allolactoside, 74, was isolable.

In order to avoid derivatisation of the product mixtures, it was attempted to exploit the partial
solubility of the sugar in organic solvents to separate them from the salts and enzymes remaining in
the lyophilisate. As a proof-of-theory, a mixture of galactose (7), glc-pNP (4), and lactose (2) was
tested in an attempt to extract them using a small selection of readily-available polar solvents:
acetone, methyl ftert-butyl ether (MTBE), diethyl ether (Et,O), acetonitrile (MeCN), methanol
(MeOH), and ethanol (EtOH) (Figure 3-41). The crystalline carbohydrates were combined and then
extracted using the aforementioned solvents for one hour at reflux before the extraction was stopped
and the solvent removed under reduced pressure. The extract was then compared to the standards

via '"H NMR (Table 3-12).
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Figure 3-41: Compounds tested for extraction using the Soxhlet apparatus.

Table 3-12: Results of the continuous extraction of carbohydrates from various solvents after being refluxed for one hour.
The masses given correspond to the amount of carbohydrate added to the extraction cup. Those masses given in italics
are those which were soluble in the given solvent as determined by "H NMR. The insoluble carbohydrate was excluded

from the yield calculations and as such, the recovery yields are given as percentage of soluble carbohydrate.

Solvent bp gal (7) glc-pNP (4) lac (2) Recovered Mass
[°C] [mg] [mg] [mg] [mg] (yield)
Acetone 56 9.5 7.7 10.8 8.1 (quant.)
Et,O 35 9.9 9.9 11.8 neg.
MTBE 55 10.0 8.7 9.6 7.6 (87%)
MeCN 82 9.7 13.6 13.3 17.9 (77%)
MeOH 65 9.1 10.3 11.0 25.9 (85%)
EtOH 78 9.7 10.1 10.2 25.9 (86%)

Interestingly, the 4-nitrophenyl glucoside 4 was selectively isolable when using acetone and the
ethers. This suggested that this method may be applicable to selective extraction of the phenyl
compound from complex mixtures. Furthermore, MeCN was unable to extract the disaccharide, and
it was considered that sequential extraction could allow for easy separation of the various
compounds. Attempts to up-scale these extractions to 100 mg of each carbohydrate whilst
simultaneously expanding the selection to include maltose (75) and cellobiose (76) using Et,O,
MeCN, and EtOH sequentially were performed. Disappointingly, only mixtures of the saccharides
were extracted and chromatographic separation of products would be required regardless. Therefore,
we turned our focus into developing and investigating methods for monitoring the reaction,

preferably quantitatively.
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3.5.6 Characterisation of Glycosynthase Product Mixtures

Gas Chromatography

The first approach was to use GC-MS to monitor the product mixture. Due to the polar nature of

carbohydrates, it was necessary to first derivatise them before analysis via GC.*** "

It was also hoped
that by using a coupled mass spectrometer we could use the fragmentation patterns generated by the
known standards for analysis of unknown compounds by fragmentation analysis. Monosaccharide
standards were per-O-(trimethyl)silylated according to a known procedure®™ and analysed for

method development (Figure 3-42).

OTMS OTMS
TMSO
TMSO 0 TMSO 0 0
TMSO OR TMSO OR TMSO OR
OTMS OTMS OTMS
xyl: R =TMS glc: R=TMS gal: R=TMS
77: R = 4-NO,Ph 78: R = 4-NO,Ph 79: R = 4-NO,Ph

Figure 3-42: Trimethylsilylated standards used for GC-MS analysis. As the per-O-silylation of unprotected carbohydrates
can result in multiple products (i.e. open chain, furanose, pyranose, and axially- or equatorially-configured anomeric
centres), only the B-pyranose form is shown although a mixture of these products will be obtained, albeit in a predictable
ratio as discussed by Angyal.®

The first GC method used was adapted from literature®® and the individual saccharide samples were
measured (Figure 3-43). This method showed good separation of the compounds and a number of
observations were made. Firstly, the monosaccharides galactose (gal), glucose (glc), and xylose (xyl)
showed multiple peaks which were attributed to various conformers. Secondly, the p-nitrophenyl
B-derivatives of the aforementioned saccharides had quite high boiling points, all eluting around
270 °C. Finally, although the peaks could be clearly observed, no molecular peak could be observed
in the mass spectra associated with them. This result meant that fragmentation analysis for the
determination of the identity of any unknown compounds detected was unsuitable for these

compounds and conditions.
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Figure 3-43: Overlaid chromatogram and temperature gradient of GC method A. Peak information (Compound, R,
(min), Temp. (°C): A - (xyl), 3.32, 204.8; B — (xyl), 3.75, 211.2; C - (gal), 4.31, 219.6; D - (gal), 4.89, 228.4; E - (glc),
5.41,236.2; F — (gal), 5.57, 238.5; G - (glc), 6.92, 258.8; H - (77), 21.23, 283.6; I - (78), 22.58, 284.9; ] — (79), 22.79, 285.1.

In light of this, a new program was developed with a lower starting temperature and gentler
temperature gradient (Figure 3-44). With regard to better separation, this was achieved using this
method. However, the elution of the pNP derivatives was not significantly lowered and their still
occurred in the range of 250 to 260 °C. This raised some concern over the probable elution

temperature of pNP disaccharides which were expected to be higher.
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Figure 3-44: Overlaid chromatogram and temperature gradient of GC method B. Peak information (Compound, R,
(min), Temp. (°C): A - (xyl), 19.17, 180.9; B — (xyl), 20.35, 186.7; C - (gal), 21.70, 193.5; D — (gal), 22.46,197.3; E - (glc),
23.10, 200.5; F - (gal), 23.33, 201.7; G - (glc), 24.90, 209.5; H - (77), 37.97, 250.9; I — (78), 40.56, 258.7; ] — (79), 40.84,
259.5.

The applicability of this method to the analysis of glycosynthase-catalysed reaction mixtures was
determined to be limited, and therefore of no further use. The TMS derivatisation of the reaction
samples would first require lyophilisation, as the TMS group is highly sensitive to water. This meant
that taking regular samples and obtaining information in real-time was not possible. Coupled with
the high temperatures required to elute the pNP monosaccharides and the lack of fragmentation

analysis, the use of this method was reconsidered.

HPLC-DAD

HPLC separation of small molecules is an advanced field of analysis and typically involves only small
quantities of product. Carbohydrates are notoriously difficult to separate using standard columns as
the similarity in their polarities generally lead to inseparable mixtures. To address this, a number of
specialised columns with chiral stationary phases are predominantly used for their separation via
HPLC, namely amine and amide columns. Furthermore, the standard detector on most HPLC
devices, a diode array detector (DAD), which measures the UV-Vis absorbance of analytes in a
sample, is unsuitable for the analysis of carbohydrates as they lack UV-active properties under
standard conditions. Additionally, other standard detectors, such as mass spectrometers, require
post-column addition of solvents to encourage and stabilise ion formation of carbohydrates.”” This

makes the detection of carbohydrates difficult using standard techniques.
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As our model glycosyl acceptor, glc-pNP, contained an aromatic system in the aglycone, it was
thought that this moiety would be visible when analysing using a DAD coupled to the HPLC column.
Due to the high polarity of the glycosyl compounds, derivatisation of the products was also desired
for use with normal phase (np) HPLC columns, particularly as we had access to preparative np
columns with a chiral stationary phase. To this, the glycosides were derivatised via per-O-acetylation

and submitted for analysis (Figure 3-45).
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Figure 3-45: Standard per-acetylated samples used for the development of a HPLC-UV-Vis-based analysis of

glycosynthase reaction mixtures.

Initially, 5 samples were submitted: (Ac),galF (33a), (Ac)sgal (41), (Ac),glc-pNP (50), (Ac),allo-pNP
(74), and a crude sample of (Ac);lac-pNP (52). These were then run individually and thought to be
separable with the disaccharides eluting after nearly two hours. Closer analysis of the samples,
demonstrated that the disaccharides absorbed weakly across all wavelengths when measured by
HPLC-DAD. A further disappointment was when (Ac),allo-pNP (74) was analysed as it overlapped
with the lactose derivative 52. In light of these results, this method was deemed inappropriate for the

analysis of reaction mixtures and was therefore abandoned.

HPLC-MS/MS

Mass spectrometric analysis of small molecules typically requires only minimal amounts of sample
and coupling this with HPLC seemed ideal for following the reactions of galactosynthases. In
collaboration with the Noack working group of the IBG-1 at the Forschungszentrum Jiilich, a method
of HPLC-MS/MS, specifically an ESI/TOF tandem system, was planned for the analysis of the
mixtures of these reactions. ESI-MS, or electrospray ionisation mass spectrometry, is a sensitive and
reliable method of analysis for studying femtomolar amounts of analytes.” This method is
applicable to both large and small molecules with various polarities. In contrast to other mass

spectrometers which measure the charge/mass (m/z) ratio of molecules, TOF (time-of-flight)
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instruments measure the time required for a molecule or fragment to arrive at a plane parallel to the
plane of origin (Figure 3-46). The advantage of this combination is therefore two-fold. The ESI
method generates fragments, allowing us to study both the fragmentation of our analytes whilst
utilising the higher sensitivity of TOF instruments. Furthermore, this method did not require the
derivatisation of samples. Additionally, as this method required only micrograms of sample, this
meant that samples of the reactions should be able to be taken without major disruption of the

reaction, which could occur by depletion of solvent and disruption of the mixing process.
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Figure 3-46: Simplified schematic of time-of-flight (TOF) mass spectrometry. The dotted lines represent the trajectory of
analytes of different mass-charge ratios. The smallest compound impact the detector first (most left) and the largest

impact later (most right).

In order to develop a method, a number of non-derivatised samples were provided (Figure 3-47).
These samples consisted of the two starting materials, the autohydrolysis product of compound 1,
and the two expected 4-nitrophenyl disaccharides. In addition, the proposed internal standard DMS
(34) was also included. As the software allows for mass selection, the compound only needed to be

eluted in the measured range in order for quantities to be measured.
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Figure 3-47: Standards provided for the development of the HPLC-MS/MS method of reaction mixture analysis.
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These samples were then measured using a HILIC (hydrophobic interaction liquid chromatography)
column, a technique used for the separation of polar and hydrophilic compounds.***** Although
compound identity in chromatography is typically determined by the retention time, as our analysis
involved mass spectrometry, we were able to isolate peaks by their m/z from the total ion current
(TIC). Consequently, only compounds with the same mass needed to be separable using this method
rather than all compounds in the sample. This proved successful as 4-nitrophenyl B-D-lactoside (36)
and 4-nitrophenyl B-p-allolactoside (5), which both have the same m/z (465 [M+H]") were clearly
separable using this method and eluted at 8.75 min and 17.44 min, respectively (Figure 3-48).
Additionally, as we had the fragmentation patterns from our standard samples, we could identify

with certainty the analyte.

8.75 17.44
s ]2 C-pNP
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Figure 3-48: Extracted ion chromatogram of m/z = 465 from the HPLC-MS/MS TIC of the separation of 4-nitrophenyl
B-D-lactopyranoside (36, blue) and 4-nitrophenyl B-D-allolactopyranoside (5, red).
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Chapter 4 - Summary and Outlook
4.1 Summary

The importance of carbohydrate-containing molecules for biological systems cannot be understated.
It has been repeatedly shown that these organisms are critical to sustaining life and have a broad
range of important functions. As glycosides are found in many natural food sources, particularly in
plants, and their presence or absence can contribute to the overall taste and flavour of the final
product - for example naringin, a compound responsible for the bitterness in grapefruits, which is
tasteless after cleavage of glycosides® — these compounds are of great importance in the food
processing industry. Additionally, carbohydrate chemistry is of increasing importance within the

pharmaceutical and cosmetic industries as carbohydrate-containing compounds have been linked

98 399,400

with many disease,”*” infection, and ageing processes.*"**> Consequently, researchers are
constantly looking for methods of efficient glycosylation of small and large molecules alike. Since the
advent of carbohydrate chemistry in the late 1870s by Franchimont® and Michael™, many methods
have been developed for the chemical synthesis of glycosides. These methods have the advantage of
being applicable to a broad range of systems, but are limited on large scales due to the extensive
protection and deprotection strategies required for stereo-, regio-, and chemoselective glycosylation.
With the discovery and application of enzymes as tools in carbohydrate synthesis in the latter half of
last century, it was found that enzymes possess high substrate specificity, which allows chemists to
avoid such protection/deprotection strategies. This high specificity, while the biggest strength of
biocatalysts, is also their largest weakness as it can become difficult to create non-natural and
unusual glycosides. It has been found on numerous occasions that a blending of the two synthetic
methods, chemoenzymatic syntheses, can be highly beneficial for the construction of glycosides on
various scales, >4

Three [B-galactosidases were identified as potential galactosynthases: LacZ from Escherichia coli, Lac4
from Kluyveromyces lactis, and LacA from Aspergillus oryzae and constructs and mutants thereof
created (Table 4-1). These all have been demonstrated to have -(1,6) specificity. In the case of LacZ,
the lacZ gene was successfully isolated from the BL21(DE3) strain of E. coli using PCR techniques
and then cloned into the pET22b(+) vector and two mutants, E537S and E537S/G794D, were
generatedusing site-directed mutagenesis, both of which are literature known.' Lac4, to our
knowledge, has not yet been developed and used as a galactosynthase and the gene was optimised
and synthesised and five mutants of the nucleophilic residue, Glu551, were generated: Gly, Ala, Leu,
Ser, and Gln. Isolation of viable genetic material from the fungus, A. oryzae, proved challenging and
ultimately synthesis of the gene, lacA, was required. Analogously to Lac4, the lacA gene was

optimised, synthesised, and subcloned into pET22b(+). The same five nucleophile mutants as Lac4

112



Summary and Outlook

were also created for this enzyme at residue Glu298. When expressed in E. coli, this enzyme proved
to be inactive in solution and further attempts to work with it were abandoned for the purposes of

this work.

Table 4-1: Summary of constructs created during the progress of this work.

Gene Construct

lacZWT pET28a:lacZ WT
pET28a*:lacZ WT
pET22:lacZ WT

lacZ E537S pET28a::lacZ E537S
pET28a*::lacZ E537S
pET22::lacZ E537S

lacZ E537S/G794D pET28a::lacZ E537S/G794D
pET28a*::lacZ E537S/G794D
pET22::lacZ E573S/G794D

lac4 WT pUC57::lac4 WT
pET22::lac4 WT
lac4 E551G pET22::lac4 E551G
lac4 E551A pET22::lac4 E551A
lac4 E551L pET22::lac4 E551L
lac4 E5518 pET22::lac4 E551S
lac4 E551Q pET22::lac4 E551Q
lacAWT pUCS57::lacA WT
pET22::lacA WT
lacA E551G pET22::lacA E551G
lacA E551A pET22::lacA E551A
lacA E551L pET22::lacA E551L
lacA E5518 pET22::lacA E5518
lacA E551Q pET22::lacA E551Q

Initial expressions of these enzymes in E. coli ER2566 resulted in poor titres and an investigation into
optimising the expression conditions was undertaken. Four parameters were therefore varied in
attempts to improve the titre of LacZ and it was also hoped that this could be applied to the
expression of Lac4. By measuring the hydrolytic activity using established colourimetric assays, it
was observed that the concentration of IPTG used to induce the sample had a negligible effect on the
amount of enzyme produced. It was observed that E. coli had a preference for basic growth
conditions as evidenced by high hydrolytic activity from those cultures grown at pH 7.5 and 8.0. The

largest influences came from the time of induction and the growth temperature (Figure 3-8).

The induction time, linked directly to the cell mass, showed that induction was required to take place
at the beginning of the exponential growth phase. Coupled with an increase in the incubation
temperature to 37 °C, we were able to improve the production level by approximately 6-fold as

evidenced by the increased specific activity of the clarified supernatant of lysed cells. In addition, it
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was also attempted to improve the titre by means of a purification table. This table revealed that the
enzyme was not binding very strongly to the column, which is most likely a result of the C-terminal
Hise-tag. This tag could be obstructed from interacting with the immobilised Ni*" due to the bulk of
the enzyme. An investigation into the ideal position of the tag should be pursued. Furthermore, it
was revealed that imidazole is a strong inhibitor of Lac4, and therefore, an investigation into the
identity of the purification tag should also be further explored. This could, by extension, also
improve the activity of the already-slow mutant enzymes. However, after optimising the purification
technique, we were able to increase the yield of purified LacZ 2-fold, from 5 to 11 mg L™, and of

purified Lac4 8-fold, from 6 to 46 mg L™

Attempts were made to characterise the LacZ and Lac4 enzymes using a number of methods.
Characterisation of hydrolysis was readily applicable and easy to follow due to the many well-
established procedures available in literature. However, the characterisation of the reverse reaction,
the formation of O-glycosyl species, proved quite elusive. All attempts to characterise the synthetic
capabilities of these enzymes photometrically were unsuccessful, as were those methods developed
for the detection of the generated fluoride ion. Both of these methods indicated an extremely slow
turnover rate and these methods were not sensitive enough to detect such small changes. 'H NMR
investigations into the stability of galF (1) were performed and it was found that this compound is
the most stable at neutral pH. This provided the base for NMR-based approaches to activity
quantification, which showed promising signs of being applicable to the analysis of these reactions,
particularly when coupled with an internal standard. Unfortunately, the low reproducibility is a
problem that desperately needs to be addressed before continuing with this method of carbohydrate
reaction analysis. Furthermore, a large sample volume (500 pL), the use of deuterated solvent, and
the slow rate of data collection, when compared to plate readers for example, make this method more
applicable for determination of specific activity, rather than Michaelis-Menten kinetic analysis,
which requires many samples to be prepared. Perhaps, with further development in maximising
enzyme titre, by changing host organism for example, or by redesigning the enzyme by changing the

position and identity of the purification tag, the titre can be increased further.

The synthesis of the reference compounds and reagents proved to be for the most part
uncomplicated, although a number of transformations were low yielding. We were able to increase
the time-efficiency of the reactions by avoiding column chromatography and utilising instead
crystallisation techniques for purification of a number of the glycosides. During the synthesis of the
fluoridated glycosyl donors, it was observed that these compounds were instable and had a tendency
to undergo autohydrolysis under normal deprotection reaction and storage conditions. By modifying
the deprotection to react at a lower temperature and for a substantially shorter time, we were able to
successfully isolate the desired glycosyl donor, galF (1). Our hypothesis that the original degradation

was accelerated in unbuffered aqueous systems, including room temperature storage, by the in situ
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generation of HF was given credibility by the results of the 'H NMR stability studies. The stability of
the other generated glycosyl fluorides was not investigated in this manner, but it is expected that they

too would be most stable in dry conditions or neutral, aqueous buffer systems.

In our attempts to generate a selectively-deprotectable glucoside, we were unsuccessful in applying
this strategy to our 4-nitrophenyl system. The literature-known methods of selective, reductive acetal
opening of 4,6-arylidenyl glycosides also resulted in the reduction of the nitro functionality.
Oxidative methods were also unsuccessful in selectively opening our acetal as hoped. While this
method was not applicable to our nitrophenyl compounds, it may be useful in the generation of
other benzylidenyl substrates such as umbelliferonyl glucosides, which can be used in fluorimetric
assays. Regardless, we were able to synthesise the p-nitrophenyl allolactoside, 5, using a more

directed approach wherein the 6-hydroxyl group was selectively protected and deprotected to allow

for specific B-(1,6) coupling with a galactosyl fluoride.

Investigations into the generated galactosynthases is ongoing, but we were unable to replicate the
results presented by Jakeman and Withers."! Though the galactosynthases generated from the
galactohydrolase from Escherichia coli, LacZ, were able to catalyse the formation of a B-(1,6)
glycosidic linkage between galF (1) and glc-pNP (4), the yield of this experiment was much lower
than that reported in literature. These results indicate that further research into the optimisation of
reaction conditions and analytic methods is required. Disappointingly, we were unable to fully
investigate the reactions of our novel galactosynthases generated from the yeast -galactosidase, Lac4

from Kluyveromyces lactis.

Our brief foray into continuous extraction as a method of selective isolation of various glycosides
from complex mixtures appeared promising, but ultimately proved unreliable on larger scales.
Consequently, attention was focussed upon the development and application of techniques to
analyse the product mixtures without prior separation. To this end, we trialled GC-EI-MS and
HPLC-DAD as a method of analysis for per-O-silylated and per-O-acetylated product mixtures,
respectively. Unfortunately, neither of these methods appeared promising. Collaboration with the
Noack working group with regards to the implementation of HPLC-MS/MS for the separation and

identification of carbohydrate mixtures shows promise.

4.2 Outlook

While we were able to generate a number of new glycoside mutants, in the case of LacA, we were
unable to express an active version of the enzyme, which suggests that post-translations modification
of these enzymes is necessary for activity. Investigation into an effective and proven eukaryotic

system, such as Saccharomyces sp., Kluyveromyces sp., Hansenula sp.,” or Aspergillus sp.,*”’ should
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be therefore be explored. These systems all have post-translational glycosylation systems, which

should assist in the solubility of the LacA enzyme.

Isolation of the LacZ and Lac4 enzyme variants showed low titres. This problem could be addressed
and rectified by use of an alternative expression system, such as Burkholderia sp.*”® or Bacillus sp.*’
It would be useful to investigate an organism capable of secreting any enzymes of interest to allow for
easy isolation. Purification of our enzymes could also be improved by assessing and altering both the
position and identity of the purification tag used, particularly as we were unable to reproduce the
results reported by Jakeman and Withers.' This could be achieved by moving the existing C-terminus
Hiss-tags to the N-terminus or by removing the tag completely and instead using a size-exclusion
chromatographic or precipitation method for enzyme purification. Alternative tags could also be
used, such as Strep-*'" or NE tags.*'' Alternatively, the EOI could be coupled to maltose binding
protein,*? which could later be removed through use of a cleavable linker.*”’ The use of such

purification systems would also overcome the identified issue of imidazole inhibition.

One aspect which was touched upon, but not further investigated was the use of alternative glycosyl
fluorides as donors. As we were able to observe hydrolysis of the 4-nitrophenyl fucopyranoside,
arabinopyranoside, and the galactofuranosyl pyranoside, it suggests that these glycosyl scaffolds may
be appropriate for glycosynthase reactions using our LacZ or Lac4 variants (Scheme 4-1). It would
also be desirable to investigate the range of available glycosyl acceptor molecules, but further

development of appropriate and reliable assays is first required.
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Scheme 4-1: Alternative glycosyl fluoride donors could be used in the glycosynthase reaction as hinted at by results of the

hydrolytic assays using 4-nitrophenyl glycosides and the wild type enzyme.

One of the biggest problems frequently encountered was that of analytical techniques for the
quantitative determination of reaction kinetics and reaction product mixtures. We demonstrated
that while colourimetry was appropriate for hydrolytic activity determination, it was not sensitive
enough for the determination of synthase activity. GC-based analysis of product mixtures also
proved unsuitable, as did HPLC-DAD and measurement using a fluoride-ion selective electrode. The
use of 'H NMR did show promise as a method of reaction monitoring and the determination of
kinetic parameters, but large reaction volumes and multiple samples were required rendering this
system appropriate for specific activity determination, rather than determination of
Michaelis-Menten kinetic parameters. Additionally, in collaboration with the Noack group (IBG-1),
we made a promising start on the use of HPLC-tandem mass spectrometry as a method for the
quantification and separation of complex carbohydrate reaction mixtures. Alternative methods to
investigate could include the use of capillary electrophoresis, a well-established method of

carbohydrate and biomolecule analysis.***"
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Chapter 5 - Experimental

5.1 Biological Protocols

5.1.1 General Experimental Conditions

Various recipes, protocols, and procedures herein are taken from or adapted from a collection of

general protocols and procedures used within the IBOC by present and past co-workers.

Equipment
Instrument Supplier Model
Centrifuge Eppendorf AG 5424 R
Centrifuge Hettich Holding GmbH Rotanta 460R
Centrifuge Thermo Fisher Scientific, Inc. Sorvall™ RC6+
Centrifuge Rotor Piramoon Technologies, Inc. FIBERLite® F10-6x500y
Centrifuge Rotor Thermo Fisher Scientific, Inc. Sorvall™ SLC-4000
Chromatography Robot GE Healthcare Life Sciences AKTApurifier™
Column Macherey-Nagel GmbH & Co. KG  Protino® Ni-NTA 5 mL
Column QIAGEN GmbH Ni-NTA Superflow 5 mL

Cartridge

Cuvette ratiolab ratiolab® Q-VETTES semi-micro

Electrophoresis Chamber

Electrophoresis Chamber
Electrophoresis Power Supply
Electrophoresis Power Supply

French Press

French Press

Incubator

Incubator
Incubator
Orbital Shaker
Orbital Shaker
Orbital Shaker
Orbital Shaker

PCR Thermal Cycler
PCR Thermal Cycler
Peristaltic Pump

pH Meter

Bio-Rad Laboratories, Inc.

PEQLAB Biotechnologie GmbH
Bio-Rad Laboratories, Inc.
VWR International

Thermo Fisher Scientific, Inc.

Thermo Fisher Scientific, Inc.
Heidolph Instruments GmbH &
Co. KG

LTF Labortechnik GmbH

New Brunswick Scientific Co, Inc.
Edmund Bithler GmbH
Edmund Bithler GmbH
Eppendorf AG

Heidolph Instruments GmbH &
Co. KG

Biometra GmbH

VWR International

Pharmacia Fine Chemicals
Knick Elektronische Messgerite
GmbH & Co. KG

Mini PROTEAN?® Tetra Vertical
Electrophoresis Cell
PerfectBlue™ Gel System Mini M
PowerPac™ HC

Power Source 300V

French Press cell disruptor FA-
078A-E

French® Pressure Cell FA-032
Inkubator 1000

Incubation Hood RCS
Innova® 42R Incubator Shaker
TiMix

VKS-75 Control
Thermomixer compact

Unimax 1010

TProfessional Basic
Doppio

Pump P-1

766 Calimatic
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pH Meter Knick Elektronische Messgerite Multi-Calimatic®
GmbH & Co. KG
Pipette Eppendorf AG Research® 0.1 - 2.5 uL
Pipette Eppendorf AG Research®1 - 10 pL
Pipette Eppendorf AG Research® 10 - 100 uL
Pipette Eppendorf AG Research® plus, single-channel,
variable, 100 - 1000 pL
Pipette Eppendorf AG Research® plus, 8-channel,
variable, 100 - 1000 pL
Pipette Eppendorf AG Research® plus, 12-channel,
variable, 100 - 1000 pL
Pipette, electronic Eppendorf AG Research® pro, 8-channel,
variable, 50 - 1200 pL
Rotator Bibby Scientific Ltd. Stuart® SB2
Rotator Tube Holder Bibby Scientific Ltd. SB3/1 Micro Tube Holder
Rotator Tube Holder Bibby Scientific Ltd. SB3/4 Culture Tube Holder
Sonicator BANDELIN electronic GmbH & Sonopuls
Co. KG
Sonotrode BANDELIN electronic GmbH & Sonopuls KE76
Co. KG
Spectrophotometer Tecan Trading AG Infinite® M1000 Pro
Spectrophotometer Thermo Fisher Scientific, NanoDrop 2000c¢
Inc./PEQLAB Biotechnologie Spectrophotometer
GmbH
Ultrafiltration Tube Sartorius AG Vivaspin 20
Software
Software Version

Adobe® Photoshop® CS6 Extended*'®

Clone Manager*"’

v 13.0 x64

v 9.4, Professional Edition

GENtle*” v 1.9.4
KriKit*7#' v1.0.3
Origin** v9.1.0
PyMOL*? v13
UCSF Chimera***** v1.8

Web Tools
Tool Function
BLAST**’ Sequence alignment tool
Clustalw2** Multiple sequence alignment tool
Oligo Calc*”*** Oligonucleotide properties calculator
Peptide Properties Calculator*? Polypeptide properties calculator
Phylogeny.fr**** Phylogenic analysis tool
PrimerX*" Primer design tool for q¢cSDM

Sequence Manipulation Suite******

Collection of DNA and protein analysis tools
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Databases
Database Description
BRENDA** Comprehensive enzyme information system
CAZy*” Carbohydrate-active enzyme database
Kazusa** Codon Usage Database
NCBI*’ National Center for Biotechnology Information
PDB***¥ RSCB Protein Data Bank
Kits
Kit Supplier Product Description
DNA Purification Analytik Jena AG innuPREP DOUBLEpure Kit
Gel Extraction QIAGEN GmbH QIAquick® Gel Extraction Kit
Plasmid Isolation Analytik Jena AG innuPREP Plasmid Mini Kit

5.1.2 Growth Media

Media Recipe
2YT 16 g tryptone
10g  yeastextract
5g NaCl
to 1000 mL with dH,0
Lysogeny Broth (LB) 10g tryptone
5g yeastextract
10g NaCl
to 1000 mL with dH,O
Terrific Broth (TB), nutrients 12g tryptone

24 g  yeast extract

5g glycerol

to 900 mL with dH,O
Terrific Broth (TB), buffer (pH 6.5) 095g KH,PO,
053g K,HPO,

to 100 mL with dH,O
Terrific Broth (TB), buffer (pH 7.0) 0.58¢g KH,PO,
1.00g K,HPO,

to 100 mL with dH,O
Terrific Broth (TB), buffer (pH 7.5) 0.26g KH,PO,
141g K,HPO,

to 100 mL with dH,O
Terrific Broth (TB), buffer (pH 8.0) 0.09g KH,PO,
1.62g K,HPO,

to 100 mL with dH,O

After preparation, all media was autoclaved to sterilise. In the case of TB media, the two parts,
nutrients and buffer, were prepared, autoclaved, and stored separately and were combined prior to
use. Any antibiotics were added to the media after sterilisation when the liquid was warm to the

touch.
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For the preparation of LB agar plates, agarose (2% w/v) was added to the above mixture prior to

autoclaving. Unless otherwise stated, the TB buffer was adjusted to pH 8.0 was used for expression.

5.1.3 Buffers and Standard Solutions

Unless otherwise stated, all buffers, solutions, and dyes were prepared in dH,O. Buffers of mixed

phosphate were prepared as a mixture of KH,PO, and Na,HPO,,.

Buffer Recipe
Mcllvaine Buffer 100 mM  citric acid
pH 4.5 (Na,HPO,)
Reaction Buffer 200 mM  mixed phosphate buffer
pH7.5
1mM  MgCl,

The antibiotics and inducing agents used were prepared as 1000x stock solutions and were in all

cases filter sterilised using a 0.2 um cellulose acetate sterile syringe filter (VWR).

Stock Solution Concentration

Ampicillin (x1000) 100 mgmL"  (dH,0)
IPTG (x1000) 1M (dH,0)
Kanamycin (x1000) 10 mg mL™ (dH,0)
Tetracycline (x1000) 10 mg mL™ (EtOH)

5.1.4 Organisms

Escherichia coli

E. coli strains used in this work were supplied by Thermo Fischer Scientific, Inc., New England

Biolabs, Inc., or Agilent Technologies, Inc.

Strain Genotype

BL21(DE3)*" fhuA2 [lon] ompT gal (\ DE3) [dcm] AhsdS \ DE3 =\ sBamHIo AEcoRI-B
int::(lacl::PlacUV5::T7 genel) i21 Anin5

DH5a°” F endA1 glnV44 thi-1 recAl relA1 gyrA96 deoR nupG purB20 ¢80dlacZAM15
A(lacZYA-argF)U169, hsdR17(rg mg"), A~

ER2566%*° fhuA2 lacZ:T7 genel [lon] ompT gal sulA11 R(mcr-73:miniTn10--Tet®)2 [dem] R(zgb-
=Tn10--Tet’) endA1 A(mcrC-mrr)114:1810

MACH1*! F ®80(lacZ)AM15 AlacX74 hsdR(ry my') ArecA1398 endA1l tonA

XL1-Blue*” recAl endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F proAB lacI®ZAM15 Tn10 (Tet")]

Aspergillus oryzae

Aspergillus oryzae 63303 was obtained from the Deutsche Sammlung von Mikroorganismen und

Zellkulturen (DSMZ) as a freeze-dried culture.
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5.1.5 Plasmids, Vectors, and Primers

Empty pET-series vectors were obtained from Novagen. pMI5:T7 and pBBR1MCS3::T7 were kindly

provided by Dr. Anita Loeschke of the Institut fiir Molekulare Enzymtechnologie (IMET) and have

been previously published.””® pUC57 vectors were supplied as carrier vectors for synthesised genes

from GenScript. pET22b(+)::edarc was generously provided by Dr. Thomas Classen of the IBOC and

is previously published.’'® Primers were supplied as desalted lyophilisates from Sigma Aldrich.

The following list is a summary of all gene-containing plasmid constructs used in this work, the full

details of which can be found in Section A-1.

Empty Vector Genotype
pET21a(+) ampR, Py, lacl
pET22b(+) ampR, Py, lacl
pET28a(+) kan", P, lacl
Plasmid Description

pET22b:lacZ

pET22b::lacZ E537S
pET22b::lacZ E537S/G794D
pET28a::lacZ

pET28a::lacZ E537S
pET28a::lacZ E537S/G794D
pET28a*:lacZ
pET28a*::lacZ E537S
pET28a*:lacZ E537S/G794D

pUC57::lac4

pET22a:lac4

pET22a::lac4 E551G
pET22a::lac4 E551A
pET22a::lac4 E551L
pET22a::lac4 E551S
pET22a:lac4 E551Q

pUC57::lacA

pET22a::lacA

pET22a::lacA E298G
pET22a:lacA E298A
pET22a::lacA E298L
pET22a::lacA E298S
pET22a::lacA E298Q

lacZ wild type with C-terminal His-tag

lacZ E537S mutant (via qcSDM) with C-terminal His-tag

lacZ E537S/G794D double mutant (via qcSDM) with C-terminal His-tag
lacZ wild type with C-terminal His-tag

lacZ E537S mutant (via qcSDM) with C-terminal His-tag

lacZ E537S/G794D mutant (via qcSDM) with C-terminal His-tag
pET28a::lacZ with tag(-4)att mutant (via rthSDM)

pET28a::lacZ E537S with tag(-4)att mutant (via rthSDM)

pET28a::lacZ E537S/G794D with tag(-4)att mutant (via rthSDM)

lac4 wild type (codon harmonised)

lac4 wild type (codon harmonised) with C-terminal His-tag
lac4 E551G mutant (via qcSDM) with C-terminal His-tag
lac4 E551 A mutant (via qcSDM) with C-terminal His-tag
lac4 E551L mutant (via qcSDM) with C-terminal His-tag
lac4 E551S mutant (via qcSDM) with C-terminal His-tag
lac4 E551Q mutant (via qcSDM) with C-terminal His-tag

lacA wild type (codon harmonised)

lacA wild type (codon harmonised) with C-terminal His-tag
lacA E298G mutant (via qcSDM) with C-terminal His-tag
lacA E298A mutant (via qcSDM) with C-terminal His-tag
lacA E298L mutant (via q¢cSDM) with C-terminal His-tag
lacA E298S mutant (via qcSDM) with C-terminal His-tag
lacA E298Q mutant (via q¢cSDM) with C-terminal His-tag
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Plasmid Description

pML5::T7*% T7 polymerase

pBBR1MCS3::T7°" T7 polymerase

pET22b::edaEC316 Entner-Douderoff aldolase from E. coli

All primers are presented in the direction 5° > 3’. For those primers used for site-directed

mutagenesis, the mutations are marked.

Primer Sequence

LacZ_Xbal_fwd CGTCTAGAATGACCATGATTACGGATTCAC
LacZ_Xhol_rev CGCTCGAGTTTTTGACACCAGACCAACTG
Lac4_E551A_fwd CTGATCCTGTGTGCTTACGGGCATGCCATG
Lac4_E551A_rev CATGGCATGCCCGTAAGCACACAGGATCAG
Lac4_E551G_fwd CTGATCCTGTGTGGCTACGGGCATGCCATG
Lac4_E551G_rev CATGGCATGCCCGTAGCCACACAGGATCAG
Lac4_E551L_fwd CTGATCCTGTGTTTATACGGGCATGCCATG
Lac4_E551L_rev CATGGCATGCCCGTATAAACACAGGATCAG
Lac4_E551Q_fwd CTGATCCTGTGTCAGTACGGGCATGCCATG
Lac4_E551Q_rev CATGGCATGCCCGTACTGACACAGGATCAG
Lac4_E551S_fwd CTGATCCTGTGTAGCTACGGGCATGCCATG
Lac4_E551S_rev CATGGCATGCCCGTAGCTACACAGGATCAG
LacA_E298A_fwd CGCCGTACTCTTTATTAGCATTTCAAGCTGGCG
LacA_E298A_rev CGCCAGCTTGAAATGCTAATAAAGAGTACGGCG
LacA_E298G_fwd CGCCGTACTCTTTATTAGGTTTTCAAGCTGGCG
LacA_E298G_rev CGCCAGCTTGAAAACCTAATAAAGAGTACGGCG
LacA_E298L_fwd CGCCGTACTCTTTATTACTGTTTCAAGCTGGCG
LacA_E298L_rev CGCCAGCTTGAAACAGTAATAAAGAGTACGGCG
LacA_E298Q_fwd CGCCGTACTCTTTATTACAGTTTCAAGCTGGCG
LacA_E298Q_rev CGCCAGCTTGAAACTGTAATAAAGAGTACGGCG
LacA_E298S_fwd CGCCGTACTCTTTATTAAGCTTTCAAGCTGGCG
LacA_E298S_rev CGCCAGCTTGAAAGCTTAATAAAGAGTACGGCG
LacZ_BspHI_insert_fwd CAATTCCCCTCTATCATGACCATGATTAC
LacZ_BspHI_insert_rev GTAATCATGGTCATGATAGAGGGGAATTG
LacZ_E461S_fwd CGCTGGGGAATAGTTCAGGCCACG
LacZ_E461S_rev CGTGGCCTGAACTATTCCCCAGCG
LacZ_E537S_fwd CGCTGATCCTTTGCAGTTACGCCCACGCGATG
LacZ_E537S_rev CATCGCGTGGGCGTAACTGCAAAGGATCAGCG
LacZ_G794D_fwd GGATAACGACATTGACGTAAGTGAAGCGAC
LacZ_G794D_rev GTCGCTTCACTTACGTCAATGTCGTTATCC
LacZ_Asel_rth_fwd [phos] ATTAATGACCATGATTACGGATTCACTGGCC
LacZ_Asel rth_rev [phos]| GAGGGGAATTGTTATCCGCTCACAATTCC
Lac4_seqfwd_646 GGATCAGTGGTGGCTAAG

Lac4_seqrev_1252 CCATTATCCGAACCATCC
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Lac4_seqrev_2442
LacA_seqfwd_597
LacA_seqrev_1259
LacA_seqrev_2416
LacZ_seqfwd_1254
LacZ_seqfwd_593
LacZ_seqrev_2403

pET_RP*
T7*

CTGCTACCCTCAAATTTC
CGGATAACTACATTGCAAAC
GCTAGTCCGAGCTACTTAAC
GCCATCCATAGCGTAATC
CGCTGTTCGCATTATCC
GCCGTCTGAATTTGACC
CAATCCACATCTGTGAAAG

CTAGTTATTGCTCAGCGG
TAATACGACTCACTATAGGG

*Primers supplied by GATC

5.1.6 Commercial Enzymes

DNA Polymerases
Polymerase Supplier Product Description
Herc II Agilent Technologies, Inc. Herculase IT Fusion DNA Polymerase (1 U uL™)
KAPA HiFi Kapa Biosystems KAPA HiFi HotStart DNA Polymerase (1 U uL™)
Pfu IMET DNA polymerase from Pyrococcus furiosus
Phire I Thermo Fisher Scientific, Inc. Phire Hot Start Il DNA Polymerase (1 U pL™)
Phusion New England Biolabs, Inc. Phusion® High-Fidelity DNA Polymerase (2 U uL™")
Q5 New England Biolabs, Inc. Q5° Hot Start High-Fidelity DNA Polymerase

(2UuLY)

Taq Thermo Fisher Scientific, Inc. Taq DNA Polymerase, native (5 U uL™")
Vent New England Biolabs, Inc. Vent® DNA Polymerase (2 U pL’l)

Restriction Enzymes

Polymerase Supplier Product Description

Asel Thermo Fisher Scientific, Inc. VspI (Asel) (10U uL™)
BspHI Thermo Fisher Scientific, Inc. Pagl (BspHI) (10 U uL™)
Dpnl, FD Thermo Fisher Scientific, Inc. FastDigest Dpnl (1 U uL™)
EcoRI Thermo Fisher Scientific, Inc. EcoRI (10 U uL™)

EcoRV Thermo Fisher Scientific, Inc. EcoRV (10 U uL™")
HindIII Thermo Fisher Scientific, Inc. HindIII (10 U pL™)

Ncol Thermo Fisher Scientific, Inc. NcoI (10 U uL™)

Ndel Thermo Fisher Scientific, Inc. Ndel (10U uL™)

Pael Thermo Fisher Scientific, Inc. Pael (Sphl) (10U pL'l)
RNase A Thermo Fisher Scientific, Inc. RNase A, DNase and protease-free (10 mg mL™)
Xbal Thermo Fisher Scientific, Inc. Xbal (10U pL'l)

Xhol Thermo Fisher Scientific, Inc. Xhol (10 U uL™")
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Other Enzymes

Polymerase Supplier Product Description

Chitinase Zymo Research Corp. Zymolyase — Yeast Lytic Enzyme

FastAP Thermo Fisher Scientific, Inc. FastAP Thermosensitive Alkaline Phosphatase
(1UpL?)

T4 Ligase Thermo Fisher Scientific, Inc. T4 DNA Ligase (5 U uL™)

5.1.7 Culturing Cells

Preculture

The culture was prepared in the desired medium with antibiotic as appropriate. A volume of 5 mL
for gene amplification in E. coli MACH1 and small-scale protein expression, or 10 mL for large-scale
protein expression cultures was used. The culture was then grown overnight at 37 °C on a culture

rotator.

Chemical Competency
Buffer Recipe
TFB1 30mM KOAc
pH 5.8 (AcOH)
100mM RbCl,
10omM CaCl,
50mM MnCl,
15%  glycerol (w/v)
in MilliQ water, filter sterilised

TFB2 10mM MOPS
pH 6.5 (NaOH)
75mM  CaCl,
10mM RbCl,

15%  glycerol (w/v)
in MilliQ water, filter sterilised

A preculture (5 mL) was transferred into fresh LB (50 mL) with antibiotic as appropriate and the
culture incubated on an orbital shaker at 37 °C and 120 rpm. The ODg, of the cultures was
monitored and once the optical density reached 0.6, the culture was split between 2x 50 mL Falcon™
tubes and centrifuged for 10 min at 3000 X g and 4 °C. The supernatant was then discarded and the
cells were gently resuspended in ice-cold TFB1 (10 mL, 0.2 volumes) and incubated on ice for
40 min. The samples were then recentrifuged for a further 10 min at 3000 X g and 4 °C. The
supernatant was again discarded and the pellet was resuspended in ice-cold TFB2 (2 mL, 0.04
volumes) before being incubated on ice for 30 min. The cells were then aliquoted (50 uL) into sterile,
labelled Eppendorf tubes and flash frozen in N, (). The chemically competent cells were then stored

at -80 °C until required.
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Chemically competent cells were tested by transforming two aliquots; one with sH,O, and the other
with an antibiotic resistance-containing vector, and were plated onto LB agar with antibiotic and

incubated for 16 h at 37 °C.

Transformation of Cells

An aliquot of chemically competent E. coli cells was placed on ice and a plasmid sample (2 pL) was
gently swirled through the cell suspension which was then incubated on ice for 30 min. The cells
were then heat-shocked at 42 °C for 35 s (BL21(DE3), XL1-Blue) or 90 s (ER2566, MACH1) before
being returned to ice. Fresh LB (1 mL) was then added and the culture incubated at 37 °Cfor 1 hona

culture rotator. Following this the cells were plated according to standard procedures.

Plating Cells

Following transformation, 100 pL of the cell culture was transferred to a LB agar plate (with desired
antibiotic or screening substance). The cells were then distributed across the plate by addition of
sterile glass beads and gentle shaking of the Petri dish. After the cells had been distributed across the
plate, the beads were removed and the plate incubated for 16 h at 37 °C, or for 3d at room

temperature in the absence of light.

Long-Term Cell Storage

For long-term storage of cell cultures, a 1:1 mixture of the cell culture with sterile glycerol was

created and up to 1 mL is stored in a 1.8 mL Nunc® CryoTube® at -80°C indefinitely.
5.1.8 Genetic Isolation

Isolation of Genomic DNA from E. coli BL21(DE3) Whole Cells

A pipette tip was scraped across a colony of E. coli BL21(DE3) on LB agar and the resulting cells
suspended in 500 pL of sterile H,O to create the template DNA mixture for PCR isolation.

Component Volume
sH,0 35 ul
Qs buffer (5x conc.) 10 puL
dNTPs [10 mM] 1ul
lacZ_Xbal_fwd [10 uM] 1ul
lacZ_Xhol_rev [10 uM] 1 ul
Cell suspension 1ul
Q5 polymerase 1uL

The PCR program was as follows at two different elongation (step 3) temperatures, with steps 2-4

repeated 30x:
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Step T [°C] t
1 95 12.5 min
2 95 1 min
3 55/ 60 45's
4 72 3 min
5 72 5 min
6 10 HOLD

Following the PCR, all reaction product were visualised using agarose gel electrophoresis.
DNA Purification

DNA samples were purified by removal of small nucleotides and primers (<60 bp) using a DNA

purification kit and following the instructions provided.

Plasmid Amplification and Extraction

Plasmids were amplified in vivo using E. coli MACH1 due to its higher-than-average replication
rate.*' Chemically competent E. coli MACH1 cells were transformed using the standard
transformation protocol and this transformed culture was used to inoculate a 5 mL preculture in LB
with the appropriate antibiotic in a 15 mL Falcon™ tube and incubated for 16 h at 37 °C. The cells
were then centrifuged at 12000 rpm for 1 min. The plasmid was then isolated using a plasmid

extraction kit using the provided protocols.

Fragment Extraction from Agarose Gel

The agarose gel after electrophoresis was visualised and the target DNA-containing slice of gel was
carefully removed and weighed. The extraction of genetic material from agarose gel was performed

using a gel extraction kit using the provided protocols.

Codon Optimisation

Codon optimisation was performed using Microsoft Excel. The codon frequency data was manually
added into the document from the online codon usage database, Kazusa. The original coding
sequence was imported from the online database of the NCBI. Once the gene was optimised, the
output was viewed and manipulated with Clone Manager and the proposed gene was analysed for
restriction sites and highly-repetitive sequences. These undesired elements were, where possible,

modified to another codon with a similar usage to prevent unwanted digestion activities.

127



Experimental

DNA Sequencing

DNA samples were sent for sequencing to either SEQLAB Sequence Laboratories Gottingen GmbH
or to GATC Biotech AG. Sequencing samples were prepared according to guidelines provided by the

respective sequencing companies.

5.1.9 Site-Directed Mutagenesis

Following the PCR steps, the products were visualised using agarose gel electrophoresis. The PCR
product was then digested using Dpnl to degrade the template and subsequently used to transform

competent E. coli MACH1 cells and plated onto appropriate antibiotic-selective agar.

QuikChangee Site-Directed Mutagenesis (qcSDM)
Primer Design

qcSDM requires the design of two complementary primers 25-45 bp in length containing a centrally-
located mutation. The mutation is flanked by regions of 10-20 bp so the primer has a Ty, of 278 °C
and the GC content is between 40 and 60%. The design was assisted by the use of the web tool,

PrimerX, and by the primer design function in Clone Manager.
Generation of pET28a::lacZ library

The pET28a:lacZ plasmid was mutated in two-steps; first to the single mutant E537S, then
subsequently the double mutant, E537S/G794D, with pET28a::lacZ E537S being used as the template

for the double mutant.

Component Volume
H,0 39.5 L
5x Phusion HF Buffer 5 uL
DMSO 1L
dNTPs [10 mM] 1 uL
pET28a::lacZ / pET28a::lacZ E537S [50 ng] 1uL
lacZ_E537S_fwd / lacZ_G794D_fwd [10 uMm] 1ul
lacZ_E537S_rev [ lacZ_G794D_rev [10 uM] 1ul
Phusion 0.5 uL

The following program was used for mutagenesis, where steps 2-4 were repeated 17x:
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Step T [°C] t
1 98 30s
2 95 10's
3 60 30s
4 72 8.5 min
5 72 5 min
6 10 HOLD

Generation of pET22b::lac4 library

The plasmid, pET22b::lac4 was used as a template for the generation of all lac4 mutants. The
mutation of the nucleophilic residue E551 was the only mutant considered. Five alternative residues

were chosen, G, A, L, S, and Q.

Component Volume
H,0 35 uL
5x KAPA HiFi GC Buffer 10 uL
lac4_E551X_fwd [10 pM] 1uL
lacA_E551X_rev [10 puM] 1ul
pET22b::lac4 [50 ng] 0.5 uL
dNTPs [10 mM] 1.5 uL
KAPA HiFi 1puL

The mixture was then submitted to PCR where steps 2-4 were repeated 17x.

Step T [°C] t
1 98 4 min
2 98 30s
3 60 30s
4 72 12 min
5 72 10 min
6 10 HOLD

Generation of pET22b::lacA library

The plasmid, pET22b::lacA was used as a template for the generation of all lacA mutants. The
mutation of the nucleophilic residue E298 was the only mutant considered. Five alternative residues

were chosen, G, A, L, S, and Q.

Component Volume
H,0 36.5 uL
5x HF Buffer 10 puL
lacA_E298X_fwd [10 puM] 0.5 uL
lacA_E298X_rev [10 puM] 0.5 uL
pET22b::lacA [50 ng] 0.5 uL
dNTPs [10 mM] 1ul
Phire II 1uL
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The mixture was then submitted to PCR where steps 2-4 were repeated 17x.

Step T [°C] t
1 98 4 min
2 98 30s
3 60 30s
4 72 12 min
5 72 10 min
6 10 HOLD

Round-the-Horn Site-Directed Mutagenesis (rthSDM)
Primer Design

Two primers were designed with the desired mutation located at the 5’-end only one of the primers.
The other primer is fully complementary to the plasmid. The primers were designed with a
Tm=60+1°C and a length of 30-35 bp. Furthermore, the primers must be phosphorylated at the
5’-terminal to allow for subsequent ligation with T4 DNA ligase.

pETZ28b::lacZ » pET28b*:lacZ

rthSDM was used to install an Asel restriction site 4bp upstream (-4) of the lacZ gene to allow for

excision and religation of the gene into a new vector. An identical protocol was followed for all three

lacZ variants.
Component Volume
H,0 35 uL
5x KAPA HiFi Fidelity buffer 10 uL
pET28a::lacZ constructs [50 ng] 0.5 puL
lacZ_Asel _rth_fwd [10 pM] 1ul
lacZ_Asel_rth_rev [10 uM] 1ul
dNTPs [10 mM] 1.5 uL
KAPA HiFi 1uL

The mixtures was prepared in PCR tubes where the following program was used, where steps 2-4

were repeated 17x.

Step T [°C] t
1 98 2 min
2 98 20s
3 65 30s
4 72 5 min
5 72 5 min
6 10 HOLD
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5.1.10 Digestion

To check the correct insertion of a GOI into a vector, a sample of the DNA was digested by one or
more restriction enzymes. These enzymes were selected based on the expected size of the resulting
DNA fragments; the size of which is checked via gel electrophoresis. The enzymes also needed to be
checked for compatibility (DoubleDigest tool; Thermo Scientific). Should the enzymes not be
compatible with one another, subsequent digestion steps are required. The sample mixtures are then
prepared according to guidelines supplied by the enzyme supplier. Subsequent digestion, the
products were visualised using agarose gel electrophoresis. In the case that fragments required

isolation, they were isolated from the gel using the Gel Extraction kit.

Template Digestion of a PCR Amplicon

Following SDM, the template DNA was digested by addition of FD DpnI (1 uL), which was added
directly to the PCR product mixture and subsequently incubated at 37 °C for 1 h. Following

incubation, the mixture was then treated at 80 °C for 10 min to inactivate the FD Dpnl.
Double Digest of pET21a(+) for Subcloning

The empty vector, pET21a(+), was opened for subcloning. FastAP, a phosphatase, was added to

sample B to check whether re-ligation of the cut genes presented a problem in terms of subcloning.

Component Volume A Volume B
dH,0 3uL 2 uL
10x ‘O’ Buffer 1ul 1ul
pET28a(+):lacZ 4 uL 4 uL
Xbal 1uL 1ul
EcoRI 1ul 1pul
FastAP -- 1pul
Digestion of pET22b(+)

The empty vector was digested for the insertion of the synthetic lac4 and lacA genes using Ndel and
Xhol.

Component Volume
sH,O 8 uL
‘O’ Buffer 2 uL
pET22b(+) 8 uL
Ndel 1uL
Xhol 1ul
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Digestion of pET28a(+)

pET28a(+) was digested using Xbal and Xhol for insertion of lacZ into the vector using the following

mixture:
Component Volume
pET28a(+) 4 uL
10x Tango Buffer 2L
Xbal 1yl
Xhol 1L
dH,O 2 uL

Digestion of Isolated lacZ WT

The DNA sample isolated from E. coli BL21 (DE3) by whole-cell isolation was digested using Xbal

and Xhol using the following mixture:

Component Volume
lacZ 10 uL
10x Tango Buffer 6 uL
Xbal 1ul
Xhol 1yl
dH,O 12 uL

Double Digest of pET28a::lacZ: confirmation of transformation

Following the transformation of pET28a::lacZ into MACHI1, the vector was amplified and purified
using the standard protocol and digested.

Component Volume
dH,0 2 uL
10x Tango Buffer 2 pL
pET28a(+):lacZ 3 uL
Xbal 2 uL
EcoRI 1ul

Double Digest of pET28a::lacZ Library: confirmation of gene

Prior to the introduction of a restriction site at the head of the gene for subcloning, the pET28a::lacZ

library was confirmed via digestion with restriction enzymes.

Component Volume
dH,O 5uL
10x Tango Buffer 1 uL
pET28a(+):lacZ library 2 uL
Xbal 1ul
Xhol 1ul
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Digestion of pET28a*:lacZ

Following the rthSDM insertion of the -4 Asel restriction site into the pET28a:lacZ mutants, the
pET28*::lacZ constructs were all digested using Asel, Xhol, and BspHI in an identical fashion and the

following protocol was identical for the three variants.

Component Volume
sH,O 7 uL
‘O’ Buffer 5uL
pUC57::lac4 35uL
Asel 1uL
Xhol 1L
BspHI 1L

Digest of pET22b::lacZ Subclones

After subcloning the lacZ library into pET22b(+), three colonies were picked from each plate and the
plasmid amplified and extracted. The resulting DNA was then digested to confirm insertion of the

pET22b::lacZ plasmid.

Component Volume
dH,O 1.2 uL
10x Tango Buffer 0.5 uL
pET22b:lacZ 3 uL
EcoRV 0.3 uL

Digestion of pUC57 Constructs Using FastAP

The synthetic gene constructs, pUC57::lacA and pUC57:lac4, were digested for subcloning. The
digestions were performed identically for each gene, one digestion using an alkaline phosphatase,

FastAP, and one without.

Component Volume A Volume B
sH,O 15 uL 14 pL
‘O’ Buffer 3puL 3puL
FastAP -- 1ul
Ndel 1 uL 1 uL
Xhol 1uL 1ul
pET22b(+) 10 uL 10 uL

Digestion of pUC57::lac4

The synthetic gene construct, pUC57::lac4 was digested for insertion into pET22b(+) using Ndel and
Xhol.
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Component Volume
sH,O 39 uL
‘O’ Buffer 5uL
pUC57::lac4 4 uL
Ndel 1yl
Xhol 1yl

Digestion of pUC57::lacA

The synthetic gene construct, pUC57::lacA was digested for insertion into pET22b(+) using Ndel
and Xhol in an identical fashion to that of the lac4 gene.

Double Digest of pETZ21a(+) Constructs: confirmation of vector identity

To check the success of the ligation and subsequent transformation of pET21a:lacA and

pET21a:lac4, the plasmids were amplified and purified using a standard protocol and subsequently

digested.
Component pET21a:lacA  pET21a:lac4
dH,0 6.5 uL 6.5 uL
10x ‘O’ Buffer 1ul 1uL
template DNA 0.5 uL 0.5 uL
Ndel 1ul 1l
Xhol 1ul 1l

Double Digest of pET22b::lac4: confirmation of transformation

To confirm successful transformation of pET22b::lac4 into E. coli MACHI1 after subcloning, eight
clones from each plate were picked and the vector amplified for plasmid extraction. Two separate
mixtures were made depending upon whether or not the DNA concentration was

less-than-or-equal-to 50 ng uL ™" or whether it was greater than 50 ng uL ™.

Component <50 ng >50 ng
sH,O 5uL 7 uL
‘B’ Buffer 1ul 1ul
template 4 uL 1ul
Pael 1ul 1uL

Double Digest of pET22b::lac4 E551 Mutants

After q¢cSDM of pET22b::lac4, three colonies were picked from each plate and the plasmid amplified
and extracted. The resulting DNA was then digested to confirm insertion of the pET22b::lac4 E551X

plasmid.
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Component Volume
dH,0 3.4 uL
10x Tango Buffer 2 uL
pET22b::lac4 E551X 4 uL
Ndel 0.3 uL
Xhol 0.3 uL

Double Digest of pET22b::lacA: confirmation of transformation

To confirm successful transformation of pET22b::lac4 into E. coli MACHI1 after subcloning, eight
clones from each plate were picked and the vector amplified for plasmid extraction. Two separate
mixtures were made depending upon whether or not the DNA concentration was

less-than-or-equal-to 50 ng uL ™" or whether it was greater than 50 ng uL ™.

Component <50 ng >50 ng
sH,O 4 uL 6 uL
‘R’ Buffer 1 uL 1uL
template 3uL 1ul
HindIIl 1 uL 1uL
Xhol 1ul 1l

Double Digest of pET22b::lacA E298 Mutants

After qcSDM of pET22b::lacA, three colonies were picked from each plate and the plasmid amplified
and extracted. The resulting DNA was then digested to confirm insertion of the pET22b::lacA E298X

plasmid.
Component Volume
dH,O 3.4 uL
10x Tango Buffer 2 uL
pET22b::lacA E298X 4 uL
Ndel 0.3 uL
Xhol 0.3 uL

5.1.11 Ligation

Following ligation, the product mixture was used to transform chemically competent E. coli MACH1

cells and then plated onto antibiotic-selective LB agar.

Ligation of rthSDM Products

After purification of DNA generated from round-the-horn SDM, the linear DNA was circularised

using the following protocol:
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Component Volume
H,O 7 uL
T4 DNA Ligase Buffer 2 uL
linearised DNA 10 uL
T4 DNA Ligase 1ul

Ligation of lacZ into pET28a(+)

After purification of the digested DNA from the agarose gel, the lacZ gene and the cut plasmid were

ligated using the following procedure:

Component Volume
H,O 1ul
T4 DNA Ligase Buffer 1ul
pET28a(+) 2 uL
lacZ 5uL
T4 DNA Ligase 1ul

Ligation of lacZ into pET22b(+)

After purification of digested lacZ, lacZ E537S, and lacZ E537S/G794D and pET22b(+) from an
agarose electrophoresis gel, the two fragments were ligated. They were ligated against a control and

mixed with an excess of the gene fragment (molar ratio given) to minimise self-religation of the cut

vector.
Component control 1:5
sH,O 7 uL 3uL
T4 DNA Ligase Buffer 1ul 1uL
pET22b(+) 1uL 1uL
lacZ -- 4 uL
T4 DNA Ligase 1ul 1ul

Ligation of lacA and lac4 into pET21b(+)

After purification of the digested lacA, lac4, and pET21b(+) from an agarose electrophoresis gel, the

two fragments were ligated in a 1:8 molar ratio of vector:gene to minimise self-ligation of the vector.

Component Volume
sH,O 3ulL
T4 DNA Ligase buffer 1 uL
pET21b(+) 1uL
purified gene 4 uL
T4 DNA Ligase 1ul
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Ligation of lac4 into pET22b(+)

After purification of the digested lac4 and pET22b(+) from an agarose electrophoresis gel, the two
fragments were ligated. They were ligated against a control (addition of sH,O instead of gene) and

mixed with an excess of the gene (molar ratios given) to minimise self-religation of the cut vector.

Component control 1:8 1:16
sH,O 7 uL 5uL 3ul
T4 DNA Ligase buffer 1ul 1ul 1uL
pET22b(+) 1uL 1uL 1uL
lacq -- 2L 4 uL
T4 DNA Ligase 1uL 1ul 1ul

Ligation of lacA into pET22b(+)

After purification of the digested lacA and pET22b(+) from an agarose electrophoresis gel, the two

fragments were ligated in an analogous fashion as for lac4.
5.1.12 Protein Expression

All expression cultures were inoculated from a preculture which had been grown overnight. The
shaking cultures were performed in sterile, baffled, 500 mL Erlenmeyer flasks, or sterile, 3 L
Fernbach flasks. Unless stated otherwise, the cultures were incubated at 37 °C and shaken at
120 rpm. They were induced at various time points using IPTG and incubated for a total of 24 hours
before being harvested via centrifugation at 4 °C and 10000 rpm for 30 min. The supernatant was

decanted off and the pellet collected. Pellets were stored at -20 °C until required.

96-Well Deep Well Plate Expression

This method was developed for the screening of growth conditions for the expression of LacZ WT in
E. coli ER2566. The temperature, pH of KP;, time of induction, and concentration of IPTG used for

induction was varied according to the reaction parameters described in Section 3.1.4 .

To a sterile 96-well deep well plate (2 mL capacity) was added LB expression media containing
ampicillin (0.1% v/v, 990 uL). Each well was the inoculated with a diluted sample of the preculture
(ODggo = 0.01, 10 pL) and the plate transferred to an orbital shaker. The cells were then grown over a

24 h period at 1000 rpm and induced with IPTG at various time intervals.

Small-scale Shaking Culture for Growth Optimisation

The best-performing growth conditions from the 96-well deep well plate assay were assessed for their

improvement over the initial conditions by scaling up to a 100 mL expression.
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Control

The control replicates the pre-optimisation growth conditions. TB (pH 7.5, 100 mL), ampicillin
stock (100 pL), and preculture (1 mL) were combined and incubated at 25 °C for 8 h at which point it
was induced with IPTG (10 uL).

Optimisation

TB (100 mL), ampicillin stock (100 uL), and preculture (1 mL) were incubated until the ODg = 1.2
(t = 4.5 h), at which point it was induced with IPTG.

Large-scale Expression
Original 24-Hour Method

TB (pH 7.5, 1 L), antibiotic stock (1 mL), and preculture (10 mL) were incubated at 25 °C for 8 h
before induction with IPTG stock (100 pL).

Improved 24-Hour Method

TB (1 L), antibiotic stock (1 mL), and preculture (10 mL) were combined in a sterile, baffled, 3L
Fernbach flask. The culture was incubated for 4.5 h before induction with IPTG stock (600 pL).

5.1.13 Lysis
Buffer Recipe
Lysis Buffer 50 mM  mixed phosphate buffer
300mM NaCl
pH7.5
Lysozyme Buffer 50mM  K-phosphate buffer
pH 8.0
25mM NaCl

Mechanical Cell Lysis

Cell Lysis via French-Press

Cells were resuspended in Lysis Buffer (20% w/v) and cooled in an ice-bath. They were opened by
passing the cells three times through a French-press at 800 psi. The resulting cell slurry was then

centrifuged at 10000 rpm for 30 min at 4 °C.
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Cell Lysis via Sonication

Cells were resuspended in Lysis Buffer (20% w/v) and cooled in an ice-bath. They were opened by
sonication for 2x 10 min at 50% power. After which time, the cells were centrifuged at 10000 rpm for

30 min at 4 °C.

Enzymatic Cell Lysis

Cells were weighed into a 50 mL Falcon™ tube and resuspended in Lysozyme Buffer (20% w/v) and

placed in an ice-bath. A solution of lysozyme in Lysozyme Buffer (10 mg mL™) was then pipetted

into the Falcon™ tube so the final concentration of lysozyme was 1 mg mL™". This was then left to
react for between 30 min and 1 h. After which time, the cells were centrifuged at 10000 rpm for 30

min at 4 °C.
5.1.14 Protein Purification
Cell cultures used for expression can either be used fresh or stored at -20 °C until required.

Ni-NTA Affinity Chromatography

The columns used for NiNTA chromatography packed with Ni-NTA Agarose from QIAGEN GmbH
and are stored wet in 20% EtOH,q) at 4 °C.

Column Regeneration

Buffer Recipe

Stripping Buffer 50mM  Na-phosphate buffer
pH 8.0
300mM NaCl
100mM EDTA
pH 8.0 (NaOH)

The columns were first stripped of nickel and trace metal residues using Stripping Buffer (8 CV,
5.0 mL min™'). The column was then regenerated using a 100 mum solution of NiCl, (,q) (8 CV, 2.7 mL

min"') and subsequently washed of any unbound nickel with dH,O (4 CV, 5.0 mL min™).

Column Loading

Buffer Recipe
Equilibration Buffer 50 mM  mixed phosphate buffer
pH 8.0
1M NaCl

10mM  imid.
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The column was connected to a peristaltic pump and the crude lysate was stored on ice. Onto a
column which had been equilibrated using Equilibration Buffer or Akta Buffer A (6 CV,
4.1 mL min™) was loaded the crude lysate. For loading, the column was placed directly above the
Falcon™ tube containing the crude lysate so as to create a circuit; ensuring no loss of enzyme during

the loading process. The loading was performed at 0 °C for 45 min at 1.8 mL min .

Enzyme Purification (Manual)

Buffer Recipe
Woash Buffer 50mM mixed phosphate buffer
pH 8.0
1M NaCl
20mM  imid.
Elution Buffer 50 mM  mixed phosphate buffer
pH 8.0

300 mM  NaCl
250 mM  imid.

Cleanse Buffer 50mM mixed phosphate buffer
pH 8.0
300mM  NaCl
1M imid.

After loading, the column was washed with Wash Buffer (6 CV, 4.1 mL min™) to elute any unbound
and non-specifically bound proteins. The POI was eluted from the column using Elution Buffer
(2.5CV, 4.1 mL min™') and collected and the buffer changed using a PD10 column. The NiNTA
column was then washed with Cleansing Buffer (3 CV, 5.0 mL min™), then with dH,O (6 CV, 5.0 mL
min’') and 20% EtOH(,q (6 CV, 5.0 mL min™).

Enzyme Purification (Akta)

Buffer Recipe
Akta Buffer A 50mM Na-phosphate buffer
300mM  NaCl
10mM  imid.
pH 8.0
degassed and filtered
Akta Buffer B 50mM  Na-phosphate buffer
50mM NaCl
2M  imid.
pH 8.0
degassed and filtered

After loading, the column was attached to the Akta and the column was exposed to the following

conditions:
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Step CV Flow Rate Akta Buffers [imid.]
A:B
1 5 5 mL min™ 100:0 10 mM
2 6 5 mL min™ 98.5:1.5 40 mM
3 6 5 mL min™ 87.5:12.5 259 mM
4 2 5 mL min™ 0:100 2M

The absorption of the solution at A=280 nm was measured and indicated the elution of protein-
containing fractions. Fractions were collected from step 3, and these were found to contain the POL
The POI-containing fractions were then pooled and concentrated and the buffer exchanged using a
PD10 column. The NiNTA column was then washed with dH,O (6 CV, 5.0 mL min™") and 20%
EtOH(q) (6 CV, 5.0 mL min ™).

PD-10 Desalting Columns

Following equilibration of the PD-10 columns (Disposable PD-10 Desalting Column, GE Life
Sciences) with 8 CV of Reaction Buffer, no more than 2 mL of the POI-containing solution. The POI

was then eluted from the column using 3.5 mL of Reaction Buffer and collected in a 15 mL Falcon™

tube and stored at 4 °C until required.

Concentrating Protein

Concentration of the POI was obtained by ultracentrifugation (Vivaspin 20 MWCO 50000, GE
Healthcare Life Sciences). Centrifugation at 8000 rpm for 20 minutes at 10 °C typically resulted in
concentration of the POI-containing solution to ca. 1 mL. If the sample was not concentrated to the
desired volume after this step, it was re-centrifuged using the same settings until the desired volume

was achieved.
5.2 Biological Analytical Protocols

5.2.1 DNA Concentration

Az60 Assay for DNA Concentration Determination

The concentration of DNA in an isolated sample was determined by absorption at 260 nm using a

NanoDrop spectrophotometer.
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5.2.2 Cell Density

ODGOO

The cell density in a culture sample was determined by absorption at 600 nm using a NanoDrop

spectrophotometer.

96-Well Plate-based ODggo Measurement

This assay was designed to allow for high-throughput determination of the ODg, of a cell culture.

A culture of E. coli ER2566 with the pET22b(+) plasmid was grown at 37 °C on a culture rotator
overnight. The culture was then removed, and the ODgy, measured using a NanoDrop
spectrophotometer to generate the “true” ODggo. From this culture of known optical density was
created a series of dilutions using H,O. This allowed for the generation of a calibration curve for

measurement of OD in a 96-well plate with the Tecan spectrophotometer at 600 nm.
5.2.3 Protein Concentration

Bradford Assay for Protein Concentration Determination

The concentration of protein in a solution was measured by the ratio of absorbance of the enzyme-
dye complex at 594 nm to the absorbance of the free dye at 466 nm, shown to increase sensitivity of

the assay.**’

A calibration curve was constructed using BSA at various concentrations and a linear
relationship between concentration and absorbance ratio 594/466 for enzyme concentrations of up

to 300 ug mL ™" was observed (R* = 0.9926).

Azgo Assay for Protein Concentration Determination

The concentration of a sample of purified enzyme was determined using the absorbance at 280 nm,
which corresponds to the absorbance of aromatic residues in a protein. The concentration of the

solution is then determined using Beer’s law:

A280

C =
exl

Where [ is the pathlength of the spectrophotometer in cm.

The extinction coefficient (¢) and the MW of the POI (Da) were estimated using the online tool,
Peptide Property Calculator. These values were then entered into the NanoDrop’s automated protein

concentration program and the concentration of the protein was subsequently measured.
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5.2.4 Colony PCR

Colony PCR of pETZ28a::lacZ

Colony PCR was performed to check if lacZ was correctly inserted into the vector, pET28a(+) and
that the vector-gene construct was taken up by the cell. For this, 7 colonies were selected and

suspended in 10 pL sH20 and the PCR samples were prepared as follows:

Component Volume
sH,0O 4 uL
RedTaq 5puL
lacZ_Xbal_fwd [10 uM] 0.3 uL
lacZ_Xhol_rev [10 puM] 0.3 uL
Colony Suspension 0.4 pL

The following PCR program was used with steps 2-4 repeated 30x:

Step T [°C] T
1 95 12.5 min
2 95 30s
3 60 30s
4 72 3 min
5 72 4.5 min
6 10 HOLD

The PCR products were then visualised by agarose gel electrophoresis.
5.2.5 Agarose Gel Electrophoresis

All agarose gels used GeneRuler™ 100 bp DNA Ladder (Thermo Fisher Scientific), GeneRuler™ 1 kb
DNA Ladder (Thermo Fisher Scientific), or 1 kb DNA Ladder (New England Biolabs, Inc.) as

markers.

Sample Preparation

Samples for gel electrophoresis are easily prepared by mixing 5 parts of target DNA solution with 1
part DNA Loading Dye (6x conc., Thermo Fisher Scientific, Inc.). The sample, once thoroughly

mixed, is then ready for electrophoresis.

Gel Preparation

Buffer Recipe
Tris-Acetate Buffer 40mM  Tris
19mM AcOH
1mM EDTA

pH 8.0
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Agarose gels for electrophoresis should be freshly prepared before use. A 0.8% agarose gel was

prepared in tris-acetate buffer using the following method:

Component Concentration
Agarose 0.8% w/v
GelRed™ 0.1%o v/v

Once homogeneously mixed (may require warming), the mixture was poured carefully into a gel
mould sealed at each end with masking tape, and a well-comb inserted at one end. It is important
during gel pouring not to allow air bubbles to form, as this will disturb the separation of the nucleic
acids. The gel is then left at room temperature until it is properly set. Once the gel is set, the masking

tape is removed before carefully lowering the gel into the electrophoresis chamber.
Running a Gel and Visualisation

A 0.8% w/v agarose gel was prepared and placed into the electrophoresis chamber oriented so that
the wells were at the cathode end of the chamber, as the negatively charged DNA will migrate to the
positive anode. The electrophoresis buffer is then gently poured into the chamber until the gel is
completely submerged. It is at this point the DNA sample, as well as any markers, are carefully added
to each well with a Hamilton syringe, taking care not to overfill the wells. The gels were subsequently
run at 180 V for 25 min, at which point the current was switched off, and the gels visualised using

under UV light.
5.2.6 SDS-PAGE

All SDS-PAGEs used Roti®-Mark 10-150 (Carl Roth) and/or PageRuler™ Prestained Protein Ladder

(10 to 180kDa, Thermo Fisher Scientific) as markers.

SDS-PAGE Preparation
Buffer Recipe
Collection Gel Buffer 0.5M Tris/HCl
pH 6.8
SDS Collection Gel (4.5% mixture) 27.4mL  SDS (10% w/v)
66.7 mL  Collection Gel Buffer
to 250 mL with dH,O
Separation Gel Buffer 1.5M Tris/HCI
pH 8.8
SDS Separation Gel (12% mixture) 4.1mL  SDS (10% w/v)
102.2mL  Separation Gel Buffer
to 250 mL with dH,O

The SDS-PAGE gel is made in two parts. The first part, the lower part of the gel, is the separation gel.
The separation properties of the gel can be modified by altering the polyacrylamide content, whereby
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thinner gels allow for better separation of higher MW proteins, and inversely, higher acrylamide

contents separate low MW proteins better. The separation layer is made as follows (makes 4 gels):

Component 10% 12%

acrylamide/bisacrylamide (30%) 6.68 mL 7.93 mL
SDS Separation Gel (12% mix.) 13.21 mL 11.96 mL
TEMED 50 L 50 L
APS [10% w/v] 100 uL 100 uL

It is important to work quickly whilst preparing these gels as the polymerisation reaction occurs
readily upon addition of the APS solution. The separation gel is carefully pipetted into the SDS-
PAGE mould, ensuring a 1.5 cm at the top for the collection gel (ca. 4 mL for each gel). After

addition of the separation gel to the mould, it is covered in 'PrOH and allowed to set.

Once set, the collection gel is prepared. The collection gel has a low acrylamide content and a high
SDS content, as this allows for the well contents to collect at the top of the separation gel, allowing for
samples of different volumes to be directly comparable to one another and reduces sample spreading.

The collection gel is made according to the following method (makes 4 gels):

Component Volume

acrylamide/bisacrylamide (30%) 1.2 mL
SDS Collection Gel (4.5% mix.) 6.84 mL
TEMED 50 L
APS [10% w/v] 100 puL

After removal of 'PrOH from the top of the now-set separation gel, the collection gel is added to the
top of the SDS-PAGE mould, followed by quick, yet careful insertion of the well comb. Once the
comb has been inserted, the gel is again left to set. Once the gel is set, it can be used freshly, or stored

in a sealed, moist container at 4 °C. The gel remains viable for up to 2 weeks under these conditions.

SDS-PAGE Sample Preparation

Stock Solution Recipe
Loading Dye (5x) 1oomM EDTA
43%  glycerol (v/v)
0.05%  Bromophenol blue (v/v)

Samples for SDS are prepared in a volume of 75 uL, with 20% (v/v) of the mixture being the SDS

loading dye. The remaining sample is a mix of the sample diluted in dH,O; as follows:

Component Volume
protein sample x L
dH,O 60-x uL
Loading Dye (5x) 15 uL
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The mixture is then thermally denatured at 99 °C for 20 min and it is at this point ready for SDS-
PAGE analysis.

Running an SDS-PAGE
Buffer Recipe
SDS Running Buffer 25mM  Tris

192mM  glycine
0.1% SDS (w/v)

The electrophoresis chamber is prepared firstly by firmly attaching the SDS-PAGE to the cell. SDS
Running Buffer is then added to the chamber so it is just overflowing the cell. The area of the
chamber surrounding the cell is filled to the line marked on the exterior of the chamber. The sample
comb is then carefully removed from the gel, ensuring there is no tearing of the wells. A small aliquot
of the sample(s) (ca. 10 uL) was then added to the well using a Hamilton syringe and run against a

protein marker.

Once all samples have been loaded in the wells, the SDS-PAGE was run at 150 V for 18 min, then
directly again at 200 V for 45 min. The loading dye contains bromophenol blue, which is eluted
before proteins under SDS-PAGE running. This tracking dye allowed for visual determination of

when the current to the gel should be switched off — when the dye reaches the bottom of the gel.

After running, the gel was removed from the chamber and the mould removed. The collection gel
was removed from the separation gel, and the separation gel was carefully rinsed with dH,O. After

rinsing with water, the gel was ready for staining.

Staining with Coomassie Brilliant Blue G-250

Standard Solution Recipe
Fixing Solution 30% EtOH (v/v)
10% AcOH (v/v)
Colloidal Coomassie Solution 5% Al,(SO,);-16H,0 (w/v)

0.02%  Coomassie brilliant blue G250 (w/v)
10%  EtOH (v/v)
2% H,PO, (v/v)

After running the SDS-PAGE, the gel was first submersed in Fixing Solution and incubated at room
temperature for 10 min on an orbital shaker at low speed and subsequently rinsed with dH,O. The
gel was then submersed in Colloidal Coomassie Solution and incubated overnight at room
temperature on an orbital shaker at low speed. The Coomassie solution was the carefully poured off

and the gel was once more rinsed with dH,O. A digital image of the gel was then created.
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Staining with Silver Stain

Standard Solution Recipe

Fixing Solution 30% EtOH (v/v)
10%  AcOH (v/v)

Incubating Solution 30% EtOH (v/v)

0.5% NaOAc (w/v)
0.2%  Na,S,0; (W/v)

Silver Nitrate Solution 0.1%  AgNO, (w/v)
Developing Solution 2.5% Na,CO,; (w/v)
Stop Solution 2.3M citricacid

After running the SDS-PAGE, the gel was submerged in Fixing Solution and incubated for 10 min at
room temperature on an orbital shaker at low speed. After fixing, the gel was rinsed with dH,O
before being incubated in Incubating Solution for 10 min at room temperature on an orbital shaker
at low speed. The gel was subsequently rinsed with dH,O before being incubated 3x in dH,O for 10
min each time at room temperature with gentle shaking. After removal of the water, the gel was
submerged in Silver Nitrate Solution containing 0.2% CH,O (v/v) which was added prior to use. This
was incubated for 10 min at room temperature with gentle shaking before the AgNO; solution was
removed and the gel rinsed with water. The gel was then developed for 10 min at room temperature
with gentle shaking on an orbital shaker using Developing Solution containing 0.2% CH,O (v/v)
which was added prior to use. After development, Stop Solution (1V) was added to the developing
tray. After removal of the liquid, the gel was digitally imaged.

5.3 Enzyme Activity Assays
5.3.1 X-gal Assay (Blue-White Screening)

Standard Solution Concentration
X-gal Mix 2%  X-gal (DMSO)

Plate-based Assay

A sterile LB agar plate with the desired antibiotic selection is taken and, whilst ensuring sterility,
IPTG stock (20 puL) and X-gal Mix (100 uL) were added to the plates. The IPTG/X-gal mixture was
then evenly spread across the surface of the agarose and the plate then incubated upside-down at
37°C for 1 h. The plate was then inoculated normally and the cells allowed to grow overnight at

37 °C.

E. coli transformed with pET22b::edagc was used as a negative control, which would mimic the stress
the cell undergoes during protein overexpression. E. coli transformed with either pET28a(+) or

pET22b(+) containing the respective WT gene was used as the positive control.
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Eppendort® tube-based Assay

This qualitative test is scalable and works with both purified enzyme solutions and crude lysate
mixtures. The results are always compared against a blank sample whereby the enzyme sample is

substituted for an appropriate buffer in the following ratio:

Component Volume
dH,O 890 pL
Enzyme sample 100 uL
X-gal Mix 10 uL

The samples are then incubated for 2 h and room temperature

E. coli transformed with pET22b::edaEC was used as a negative control which would mimic the stress
the cell undergoes during protein overexpression. E. coli transformed with either pET28a(+) or

pET22b(+) containing the respective WT gene was used as the positive control.

5.3.2 96-Well Plate-based pNP Hydrolysis Assay

The hydrolysis assay was performed using a plate-reading spectrophotometer and was used to
qualitatively determine the hydrolytic activity of an enzyme by measuring the increase in absorption
at 405 nm, which corresponds to the absorption maxima of the para-nitrophenolate anion. Each well
contained the following mixture: POI-containing solution (40 uL), gal-pNP (20 uL, 10 mM), and
Reaction Buffer (140 uL). These were measured in triplicate and referenced to calibration standards

and controls.

Ten measurements at 12 s intervals were then taken at 405 nm at 25+1 °C. This yielded an
absorption gradient whereby a positive gradient indicated hydrolytic activity. The results were
converted from A.U. to uM using a calibration curve which was constructed using pNP in Reaction
Buffer at various concentrations which showed a linear correlation between absorbance at 405 nm
and the concentration of pNP” for concentrations up to 500 uM (R* = 0.9996). This allowed for

determination of activity in the form uM min ™.

When the concentration of the POI-containing solution is also known, the specific activity (nmol

min” mg" or Umg ') can also be determined using the following equation:

m X Vwell

SA= —mF———
[enz.] x Venz.

Where m is the gradient (uMm min™), V. is the total volume of the well (mL), [enz.] is the concentration of the POI-

containing solution (mg mL™), and V,,, is the volume of POI-containing solution in the well.

The approximate error of the S.A. was calculated using the following equation:
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(m+ merr) X Vwell —S. A
[enz.] X Ven,.

St =

The slope and associated error were determined by standard linear regression using Microsoft Excel

2010.

This method was also used to determine the Michaelis-Menten kinetic parameters of an enzyme by
varying concentrations of the substrate in each well triplicate and plotting the slope against substrate

concentration. The following formula was used for the standard determination of Ky and Vpay:

Vinax X X

Y= Ky +x

Where y is the slope in pM sec” and x is the concentration of the substrate in uM.

The following formula was used for the determination of Ky and V. with a modifier for substrate

inhibition:***

Vmax

Y= X %
v, X
1+

Where y is the slope in uM sec ' and x is the concentration of the substrate in yM.

The values for slope and concentration were entered into Origin®*’ and the parameters Ky, K;, and

Vmax Were determined by the program.

5.3.3 96-Well Plate-based pNP Synthase Assay

The activity of the synthase enzymes was determined via use of a non-continuous assay. By
determining the amount of F released through autohydrolysis of the substrate, galF, and comparing
that to the amount of F released when the enzyme is present over a set time period, the difference is
then taken to be the enzyme activity. The concentration of F is determined colourimetrically by
measurement at 405 nm, the wavelength corresponding to the para-nitrophenolate anion, which is
protected by the fluoride-labile TIPS group. As the enzyme-catalysed reaction is disubstratic, the Ky
is dependent upon the concentrations of both. Therefore, this assay is performed as a mixture of two
substrate gradients — one gradient for the acceptor, galF, and the other for the donor, glc-pNP - and

the output is a 3-dimensional plane from which the Ky for both substrates is determined.

Each sample was measured in triplicate and contained the two substrates in various concentrations.
These were compared to the background rate of reaction. To these wells was added either enzyme

(reaction) or buffer (background) with the total volume for each well being 200 uL. The plate was
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incubated at 25 °C for 15 min, after which time, 100 uL was transferred to another 96-well plate. To
each well was added TIPSpNP in MeCN (2 mM, 100 pL) and this was allowed to react for a further 15
min. 100 pL of the MeCN/buffer mixture was then carefully transferred to a new 96-well plate and to
each well was subsequently added Na,COj; (5q) (100 mM, 100 uL) and the plate was measured at 405
nm using a spectrophotometer. The values were entered into Origin** and the 2D Michaelis-Menten

kinetics were determined.

5.3.4 '"H NMR Reaction Kinetics

To an NMR tube was added galF and glc-pNP in various concentrations. To this was added DMS
(1.0 mg) as an internal standard. The components were then dissolved in deuterated Reaction Buffer
and enzyme dissolved in non-deuterated Reaction Buffer so that the total volume was 500 uL. The
samples were then measured at 25 °C using a solvent-suppressing 'H method (64 scans, D1=4 s). The
integral of the anomeric peak of galF (8ppm =5.73) was compared to the integral of DMS
(Oppm = 3.16) and this ratio was used to determine the concentration of galF in solution for any given

time point. Kinetic measurements were recorded over 3 h.
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5.4 Chemistry Protocols

5.4.1 General Experimental Conditions

All chemicals and general equipment used in this work were purchased from Sigma-Aldrich Co.

LLC., Carl Roth GmbH & Co. KG, Merck KGaA, Carbosynth Ltd., or VWR International.

According to standard procedures, all solvents were either: dried and distilled either immediately

5

prior to use,"” obtained after distillation by a solvent drying system from MBraun

(Trocknungssystem MB SPS-800), or stored appropriately.

Nuclear Magnetic Resonance (NMR) Spectroscopy

'H NMR spectra were recorded at 298 K on a Bruker Avance/DRX 600 operating at 600 MHz, or a

Bruker ARX 300 operating at 300 MHz. Chemical shifts are reported in ppm (8) and the experiments
run in deuterated solvents and are referenced to the central, residual proton resonance (Table 5-1).
'H resonance multiplicities are described using the following abbreviations; s (singlet), d (doublet), t

(triplet), q (quartet), m (multiplet), and combinations thereof for systems of higher coupling. 'H

signals are described by chemical shift § (ppm) (multiplicity, |/ (Hz)|, integration, assignment).

C NMR spectra were recorded at 298 K on a Bruker Avance/DRX 600 operating at 151 MHz. The
proton-uncoupled signals are described by chemical shift 8§ (ppm) (multiplicity, |[J (Hz)|,
assignment), relative to the central peak of the solvent-dependent reference. Multiplicity is only

included for °C-""F coupled signals.

"”F NMR spectra were recorded at 298 K on a Bruker ARX 300 operating at 282 MHz. The signals are

described by chemical shift § (ppm) (assignment).

Signal assignment was assisted with the following 2D-NMR experiments: 'H-'H COSY, 'H-'H
NOESY, 'H-"C HSQC, 'H-"C HMBC. NMR kinetics experiments were referenced to the internal

standards rather than the solvent signal.
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Table 5-1: NMR reference data with values given in § (ppm).446

Solvent 'H BC YE

CDCl, 7.26 77.16 -

CD,0D 3.31 49.00 -

dg-DMSO 2.50 39.52 -

d;-MeCN 1.94 1.32 -
118.26

D,O 4.79 - -

Internal Standards

DMS 3.16 - -

NaC(O)CF, - - -75.55

High-Performance Liquid Chromatography (HPLC)

HPLC-MS/MS (tandem mass spectrometry)

Samples were measured using an Agilent 1260 Affinity liquid chromatography system using a
SeQuant® ZIC®-pHILIC column (5 uM, polymeric, 150 x 2.1 mm) and acetonitrile/NH,Ac (10 mM,
pH 9.2) as the eluent. Tandem mass spectrometry data was recorded on an AB Sciex TripleTOF™
6600 system using positive ion detection. Mass spectra are recorded in mass/charge ratios (m/z) and

relative abundance (% base peak intensity).
HPLC-UV-Vis

Samples were measured using a Dionex™ UltiMate” 3000 liquid chromatography system using a
Chiralpak® IC column (250 x 4.6 mm) and "Hept/PrOH (7:3) as the eluent. UV-Vis spectra were

recorded using a Dionex™ UltiMate™ 3000 Diode Array Detector at 288 nm.

Infrared (IR) Spectroscopy

IR spectra were recorded on a PerkinElmer SpectrumOne IR spectrometer and peaks given in
wavenumbers, ¥ (cm™'). Samples were measured neat and peak strength is described using the

following abbreviations: s (strong), m (medium), w (weak), br (broad).

Optical Rotation

Optical rotation was measured on a PerkinElmer Model 341 Polarimeter at 298 K. Concentrations

are expressed as g dL' in the indicated solvent.
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Melting Point

Melting points (m.p. (°C)) are uncorrected and were recorded on a Stuart® SMP3 melting point

apparatus.

Gas Chromatography (GC)

GCEI-MS samples were measured using a Hewlett-Packard HP 6890 Series gas chromatography
system using an Optima-5-MS column (30 m x 0.25 mm, 5% diphenyl, 95% dimethylpolysiloxane,
0.25 um) with He as the carrier gas (1 mL min™') using positive ion detection. Mass spectra were
recorded on a HP 5973 Mass Selective Detector using electron impact (EI) ionisation at 70 eV. Mass
spectra are recorded in mass/charge ratio (m/z) and relative abundance (% base peak intensity). Two
methods were used, denoted either R (A) or (B). Method A is based upon a literature-published

protocol®®

— initial temperature: 200 °C, initial time and solvent delay: 3 min. Oven ramp at 15 °C
min"' to 270 °C; then oven ramp at 1 °C min "' to 290 °C; then oven ramp at 15 °C min" to 325 °C for
5 min. Method B - initial temperature: 100 °C, initial time and solvent delay: 3 min. Oven ramp at
5°C min ' to 215 °C; oven ramp at 3 °C min~ to 300 °C; oven ramp at 10 °C min™ to 325 °C for

5 min.

Other Chromatography

Thin-layer chromatography (TLC) was run on either normal phase or reversed-phase (RP) TLC
plates and run in the eluting system described for each plate. Unless otherwise stated, it is assumed
that TLC analysis was performed on normal phase plates. Normal phase TLC was run on
POLYGRAM?"® SIL G/UV,s, pre-coated polyester sheets (40 x 80 mm; 0.2 mm silica gel with
fluorescent indicator) and RP-TLC run on ALUGRAM® RP-18 W/UVs,, pre-coated aluminium
sheets (40 x 80 mm; 0.15 mm silica gel C,s with fluorescent indicator). Plates were viewed under UV
light (254 nm) and then developed in ceric phosphomolybdic acid (12.5 g phosphomolybdic acid,
5.0 g Ce(SO,)»-4 H,O in 6% H,SO,/H,O (v/v, 500 mL)) or vanillin (12 g in 1% H,SO,/EtOH (v/v,
200 mL)).

Preparative thin-layer chromatography (pTLC) was run on pre-coated TLC plates silica gel 40 F-254
(20 x 20 cm, glass backed) in the eluting system described for each plate and visualised under UV
light (254 nm).

Column chromatography were run on Silica gel 60 (Merck KGaA; 0.040-0.063 mm, 230-400 mesh)

using the eluent system described for each separation.
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Software
MestReNova*"’ v 8.0.1-10878
ChemDraw**® v 15.0.0.106
Origin** v 9.1.0 (64-bit) Sr2

5.4.2 General Procedures

General Procedure A for the Per-O-Acetylation of Carbohydrates (GPA)

This procedure is based on a previously published protocol.***

To a stirring solution of carbohydrate (1.00eq.) in pyridine (1.00 mL/mmol carbohydrate) was
added Ac,O (1.50eq./carbohydrate OH-group). This was allowed to stir for 16h at room
temperature. The mixture was then diluted with EtOAc and washed sequentially with H,O
[1x reaction volume (RV)], sat. NaHCOj; (oq) (3x RV), H,O (1x RV), sat. CuSO, () (3x RV), H,O
(2xRV), and brine (1x RV). The organic phase was then dried with MgSO,, filtered, the filtrate
collected, and the solvent was removed under reduced pressure. The products were then purified

either by recrystallisation or column chromatography (see individual entries).

General Procedure B for the Per-O-Acetylation of Carbohydrates (GPB)

This procedure is based on a previously published protocol.**

To a stirring, refluxing solution of NaOAc (1.10 eq.) in Ac,O (1.00 mL/mmol carbohydrate) was
added carbohydrate (1.00 eq., min. 100 mmol) portionwise taking care not to allow the reaction to
boil over between addition of portions. Concluding complete addition of carbohydrate to reaction, it
was allowed to react for 15 min before being poured into a vigourously-stirring flask of ice-water
(7RV) and was left until no ice remained. The product was then extracted into CH,Cl, (2RV) and the
organic phase was sequentially washed with ice-cold water (6x 2RV), sat. NaHCOj (,q) (4x 2RV), and
brine (1x 2RV). The organic phase was then dried with MgSO,, filtered, the filtrate collected, and the
solvent removed under reduced pressure. The products were then purified either by recrystallisation

or column chromatography (see individual entries).

General Procedure C for Anomeric 4-Nitrophenylation of Per-O-Acetylated
Glycosides (GPC)

This procedure is based upon a previously published protocol.**

To a dry flask containing per-O-acetylated glycoside (1.00 eq.) and pNP (1.20 eq.) dissolved in anh.
CH,Cl, (2.00 mL/mmol glycoside) was added Et;N (0.50 eq.). BF;-OEt, (2.50 eq.) was then added

using a syringe pump over 1 h, following which, the reaction was left to stir at room temperature for
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3 d. The reaction was then quenched by the addition of sat. NaHCO; (o) (0.5RV) and the CH,Cl,
removed under reduced pressure. The products were then extracted into EtOAc (2RV) and the
organic phase was washed sequentially with sat. Na,CO; (5q) (4x RV) and brine (1x RV). The washing
step was then repeated until the aqueous phase remained pale yellow upon addition of base. The
organic phase was then dried with MgSO,, filtered, the filtrate collected, and the solvent removed
under reduced pressure to yield a yellow oil. The product was then triturated from hot Et,O, the solid
collected and washed with n-pentane and H,O. The products were then purified either by

recrystallisation or column chromatography (see individual entries).

General Procedure D for Deacetylation of Protected Glycosides (GPD)

This procedure is based upon a previously published protocol.**"**’

Acetylated glycoside (1.00eq.) was dissolved in an anh. mixture of MeOH and CH,Cl, (2:1,
10 mL/mmol glycoside). To this stirring mixture was added a suspension of NaOMe in anh. MeOH
(0.50 M, 0.67 mL/mmol glycoside) and the reaction left for 4 h, monitoring by TLC. After complete
consumption of the acetylated starting material, the reaction was quenched by addition of a
cation-exchange resin, Dowex™ Monosphere™ 650C, and the mixture was left stirring a further
15 min until no longer cloudy. The mixture was then filtered, the filtrate collected, and the solvent

removed under reduced pressure. No further purification was performed.

General Procedure E for Anomeric Fluorination of Glycosides (GPE)

This procedure is based on a previously published protocol.”

Per-acetylated glycoside (1.00 eq.) was dissolved in 70% HF/py (1.00 mL/mmol glycoside) at 0 °C
and the reaction was stirred at 0 °C for 30 min before being allowed to warm to room temperature
and monitored by TLC. After complete consumption of the starting material, the reaction was
diluted with EtOAc (2RV) and H,O (2RV), and the reaction quenched by careful addition of Na,CO;
(s) until the pH is between 7 and 8. Once neutralised, the mixture was then diluted with a further 3RV
of EtOAc, and the organic phase was isolated and sequentially washed with H,O (2x RV),
sat. CuSOy (aq) (5% 2RV, or until aqueous phase doesn’t change colour upon mixing), H,O (2x RV),
and brine (1x RV). The organic phase was then dried with MgSO,, filtered, the filtrate collected, and
the solvent removed under reduced pressure. Products were purified using column chromatography

(see individual entries).

General Procedure F for Deacetylation of Protected Glycosyl Fluorides (GPF)

. . . . 1
This procedure is a modified version of the above procedure.’
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Acetylated glycosyl fluoride (1.00 eq.) was dissolved in an anh. mixture of MeOH and CH,Cl, (2:1,
10.0 mL/mmol glycosyl fluoride) at 0 °C. To this stirring mixture was added a suspension of NaOMe
in anh. MeOH (0.50 M, 0.67 mL/mmol glycosyl fluoride) and the reaction left stirring at 0 °C for 2 h.
After complete consumption of the starting material, the reaction was quenched by addition of a
cation-exchange resin, Dowex™ Monosphere™ 650C, and the mixture left stirring a further 15 min
until no longer cloudy. The mixture was then filtered, the filtrate collected, and the CH,Cl, removed
under reduced pressure at 0°C. Following complete removal of CH,Cl, from the mixture, the

methanolic residue was then flash frozen in N, ) and the methanol removed via lyophilisation. No

further purification was performed.

5.4.3 Synthesis of Glycosyl Fluorides

R
R (0}
ﬁ&%

OH OH

7:R.=H; R, =0H; R=CH,0H
37:R,=H; R, =0H; R=CH,4
38:R,=H;R,=0H;R=H
6: R, =0OH; R, =H; R=CH,0H
39:R,=0OH;R,=H;R=H
2: R, = O-(B-D-gal); R, = H;
R =CH,0OH

1: R, = H; R, = OH; R = CH,OH
15:R, = H; R, = OH; R = CH,
16:R, = H; R, =OH; R=H
17:R, = OH; R, = H; R = CH,OH
18:R, = OH;R,=H;R=H
58: R, = O-(Ac)4-B-D-gal)

R, = H; R = CH,0Ac

Proc. B

Proc. F

Experimental

41: R, =H; R, = OAc; R=CH,0Ac
42:R,=H; R, =0Ac; R=CH;
43:R,=H;R,=0Ac;R=H
44: R, =OAc; R, =H; R=CH,0Ac
45:R_=OAC;R,=H;R=H
46: R, = O-(Ac)4-B-D-gal)

R, = H; R = CH,0Ac

33a: R, = H; R, = OAc; R = CH,0Ac
53a: R, = H; R, = OAC; R = CH,
54b: R, =H;R,=O0Ac;R=H
55a: R, = OAC; R, = H; R = CH,0Ac
56a: R, = OAC; R, = H; R=H
57a: R, = O-(Ac)4-3-D-gal)

R, = H; R = CH,0Ac

1,2,3,4,6-Penta-O-acetyl-B-D-galactopyranoside (41)

Carbohydrate 7 (20.0 g, 111.0 mmol) was reacted according to GPB and the desired product
crystallised from the crude mixture using hot EtOH (200 mL). The crystals were then collected via

filtration and washed with PE to return product 41 as colourless, amorphous crystals in a yield of

48% (20.7 g, 53.1 mmol).
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Data was in agreement with that previously published.**’

OAc

AcO
5.0
AcO 1_OAc
3

OAc

R¢ = 0.38 (ethyl acetate/petroleum ether 6:4)
m.p. (°C) = 143.0 — 143.7 °C (lit.>** 142 - 143 °C)
'H NMR (600 MHz, CDCl,):

8 (ppm): 5.70 (d, ’J,, = 8.3 Hz, 1 H, 1-H), 5.43 (dd, *J,; = 3.4 Hz, ’J,s = 1.0 Hz, 1 H, 4-H), 5.33 (dd,
3,5 = 10.4 Hz, ’J,, = 8.3 Hz, 1 H, 2-H), 5.08 (dd, *J5, = 10.4 Hz, *J,, = 3.4 Hz, 1 H, 3-H), 4.16 (dd,
YJsash = 11.3 Hz, *Jsus = 6.8 Hz, 1 H, 6-H,), 4.12 (dd, *Jsp6a = 11.3 Hz, *Jsp5s = 6.4 Hz, 1 H, 6-Hy), 4.05
(ddd, *Js60 = 6.7 Hz, *J5.p = 6.6 Hz, ’J5., = 1.2 Hz, 1 H, 5-H), 2.16 (s, 3 H, 4-OC(O)CHj,), 2.12 (s, 3 H,
1-OC(O)CHj,), 2.04 (s, 3 H, 2-OC(O)CH,;), 2.04 (s, 3 H, 6-OC(O)CHj;), 1.99 (s, 3 H, 3-OC(O)CH,).

BCNMR (151 MHz, CDCL):

§ (ppm): 170.5 (6-OC(O)CHs;), 170.3 (4-OC(O)CHj3;), 179.1 (3-OC(O)CHj), 169.5 (2-OC(O)CHs),
169.1 (1-OC(O)CHj;), 92.3 (C-1), 71.9 (C-5), 71.0 (C-3), 68.0 (C-2), 66.9 (C-4), 61.2 (C-6), 21.0
(1-OC(O)CHj;), 20.8 (6-OC(O)CHs;, 2-OC(O)CH3;), 20.8 (4-OC(0O)CH,3), 20.7 (3-OC(O)CH,).

HRMS (ESI, +ve): 413.10494 [M+Na] (C,6H,,0,:Na, calc. 413.10598)
IR (neat): 1756, 1739, 1376, 1213, 1079, 1053 cm
[@]2(c, solv.): +23.4 (c 1.04, CHCL), lit.** [a@]5®: +23.0 (c 1.0, CHCL,)

Elem. Analysis (%) calc. for C;6H,,0,,: C 49.23, H 5.68. Found: C 49.44 + 0.07, H 5.74 £ 0.01.

1,2,3,4-Tetra-O-acetyl-B-D-fucopyranoside (42)

Carbohydrate 37 (10.0 g, 60.6 mmol) was reacted according to GPA and the desired product purified
via column chromatography (ethyl acetate/petroleum ether 1:1) to give 42 in a yield of 45% (9.0 g,

27.1 mmol).
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Data was in agreement with that previously published.*”

AcO

5.0
AcO 1 _0OAc
3

OAc

'"H NMR (600 MHz, CDCl,):

8 (ppm): 5.66 (d, ’J, . = 8.3 Hz, 1 H, 1-H), 5.29 (dd, °’J,,; = 10.4 Hz, *],, = 8.3 Hz, 1 H, 2-H), 5.25 (dd,
*T,5 = 3.6 Hz,’J,s = 1.1 Hz, 1 H, 4-H), 5.05 (dd, ’J;, = 10.4 Hz, °J;, = 3.5 Hz, 1 H, 3-H), 3.94 (dq, 'Js
=6.4Hz, ], = 1.0 Hz, 1 H, 5-H), 2.17 (s, 3 H, 4-OC(O)CH,), 2.09 (s, 3 H, 1-OC(O)CHj), 2.02 (s,
3 H, 2-OC(O)CH,), 1.97 (s, 3 H, 3-OC(O)CHj), 1.20 (d, ’Js s = 6.5 Hz, 3 H, 6-CH3).

BCNMR (151 MHz, CDCL):

S (ppm): 170.6 (4-OC(O)CHj), 170.1 (3-OC(O)CHs;), 169.6 (2-OC(O)CHj3), 169.3 (1-OC(O)CHs),
92.3 (C-1), 71.4 (C-3), 70.4 (C-5), 70.0 (C-4), 68.0 (C-2), 20.9 (1-OC(O)CHj;), 20.8 (2-OC(O)CHj;),
20.7 (4-OC(O)CH,3), 20.7 (3-OC(O)CHj;), 16.0 (C-6).

HRMS (ESI): 355.09995 [M+Na] (C,,H,,0,Na, calc. 355.09995)

1,2,3,4,6-Penta-O-acetyl-B-D-glucopyranoside (44)

Carbohydrate 6 (20.0g, 111.0 mmol) was reacted according to GPB and the desired product
crystallised from the crude mixture using hot Et,O (150 mL). The crystals were then collected via
filtration and washed with ice-cold Et,O to return product 44 as colourless, amorphous crystals in a

yield of 59%. (25.4 g, 65.1 mmol).

Data was in agreement with that previously published.*’
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OAc

6
o)
AcAcéo 1_OAc
> 0Ac

'"H NMR (600 MHz, CDCl,):

8 (ppm): 5.72 (d, ’J,, = 8.3 Hz, 1 H, 1-H), 5.25 (dd, °J;, = 9.4 Hz, ’J;, = 9.4 Hz, 1 H, 3-H), 5.14 (dd,
3,5 =9.6Hz, *J,, = 8.3Hz, 1 H, 2-H), 5.13 (dd, *J,; = 10.1 Hz, *J,; = 9.4 Hz, 1 H, 4-H), 4.29 (dd,
Ysasp = 12.5 Hz, *Jeas = 4.5 Hz, 1 H, 6-H,), 4.11 (dd, *Jep6a = 12.5 Hz, *Jos = 2.2 Hz, 1 H, 6-Hy), 3.84
(ddd, *Js, = 10.1 Hz, ;60 = 4.6 Hz, *Jsp = 2.2 Hz, 1 H, 5-H), 2.10 (s, 3 H, -OC(O)CHs,), 2.07 (s, 3
H, -OC(O)CH,), 2.02 (s, 3 H, -OC(O)CH3), 2.02 (s, 3 H, -OC(O)CHjy), 2.00 (s, 3 H, -OC(O)CHj;).

BCNMR (151 MHz, CDCL):

§ (ppm): 170.7 (6-OC(O)CHj), 170.2 (3-OC(O)CHs;), 169.5 (4-OC(O)CHj3), 169.4 (2-OC(O)CHs),
169.1 (1-OC(O)CHs;), 91.8 (C-1), 72.9 (C-3), 72.9 (C-5), 70.4 (C-2), 67.9 (C-4), 61.6 (C-6), 21.0
(1-OC(0O)CHy3;), 20.8 (6-OC(O)CHs;), 20.7 (2-OC(O)CH,, 4-OC(O)CHj;), 20.7 (3-OC(O)CHs;).

[a]?(c, solv.): +4.1 (c 1.03, CHCL), lit.**° [a]3%: +3.9 (c 1.00, CHCl,)

1,2,3,4-Tetra-O-acetyl-B-D-xylopyranoside (45)

Carbohydrate 39 (20.0g, 133.2 mmol) was reacted according to GPB and the desired product
crystallised from the crude mixture using hot EtOH (200 mL). The crystals were then collected via
filtration and washed with PE to return product 45 as colourless, amorphous crystals in a yield of

52% (22.1 g, 69.5 mmol).

Data was in agreement with that previously published.*"**?

5

(6]
ACAOCMOAC
3

OAc

R¢ = 0.47 (ethyl acetate/petroleum ether 1:1)

452

m.p. (°C) = 126.1 - 127.4 °C (lit.”" 126 — 127 °C)
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"H NMR (600 MHz, CDCl,):

8 (ppm): 5.72 (4, ’J,. = 6.9 Hz, 1 H, 1-H), 5.21 (dd, ’J;, = 8.3 Hz, ’J;,= 8.3 Hz, 1 H, 3-H), 5.04 (dd,
*T,; = 8,4 Hz, °I,; = 6.9 Hz, 1 H, 2-H), 4.98 (ddd, *J, s, = 8.3 Hz, *J,; = 8.3 Hz, *J,s, = 5.0 Hz, 1 H,
4-H), 4.15 (dd, *Jsa5p = 12.0 Hz, *Js0, = 5.0 Hz, 1 H, 5-H,), 3.53 (dd, *Jsp.sa = 12.1 Hz, *J5, = 8.4 Hz,
1 H, 5-Hy), 2.11 (s, 3 H, -OC(O)CHj;), 2.06 (s, 3 H, -OC(O)CHj;), 2.05 (s, 3 H, -OC(O)CHj,), 2.05 (s,
3 H, -OC(O)CH,).

BCNMR (151 MHz, CDCL,):

S (ppm): 169.9 (3-OC(O)CHj), 169.9 (4-OC(O)CHs;), 169.4 (2-OC(O)CHj3), 169.1 (1-OC(O)CHs),
92.2 (C-1), 71.1 (C-3), 69.6 (C-2), 68.5 (C-4), 62.9 (C-5), 20.9 (1-OC(O)CHj;), 20.8 (4-OC(O)CHj;),
20.8 (-OC(O)CH3;), 20.7 (-OC(O)CHj;).

HRMS (ESI, +ve): 341.08387 [M+Na] (C,;3H,;30¢Na, calc. 341.08430); 357.05791 [M+K]
(C13H1304K, calc. 357.05824)

[a]%(c, solv.): -32.2 (¢ 0.53, CHCL,), -26.3 (c 1.03, CHCL,); lit.** [a]3°: -38.5 (c 2.3, CH,Cl,)

Elem. Analysis (%) calc. for C;3H,30: C 49.06, H 5.70. Found: C 49.18 + 0.02, H 5.74 £ 0.01.

1,2,3,6-Tetra-O-acetyl-4-0-(2,3,4,6-tetra-O-acetyl)--D-galactopyranosyl-B-D-glucopyranoside
(46)

Disaccharide 2 (12.7 g, 35.2mmol) was reacted according to GPB and the desired product
crystallised from the crude mixture using hot Et,O (200 mL). The crystals were then collected via
filtration and washed successively with ice-cold EtOH (2x 100 mL) and H,O (2x 100 mL) to return
product 46 as colourless, amorphous crystals which were dried in a desiccator in a yield of 72%

(17.1 g, 25.2 mmol).

Data was in agreement with that previously published.’*
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Aco ,OAC . OAc
é-‘:’ 0
1 (0]
AcO— Aoco/éSLOAc
OAc 3

'"H NMR (600 MHz, CDCl,):

8 (ppm): 5.67 (d, *J,. = 8.2 Hz, 1 H, 1-H), 5.35 (d, *J,.; = 3.6 Hz, 1 H, 4°-H), 5.24 (dd, ’J;, = 9.2 Hz,
T2 =9.2Hz, 1 H, 3-H), 5.11 (dd, *J,-5 = 10.4 Hz, °],.;» = 7.9 Hz, 1 H, 2-H), 5.04 (dd, ’J,; = 8.9 Hz,
I, = 8.9 Hz, 1 H, 2-H), 4.94 (dd, *J;» = 10.4 Hz, “J;4- = 3.4 Hz, 1 H, 3°-H), 4.47 (d, ’J;-»- = 7.9 Hz,
1 H, 1°-H), 4.45 (dd, *Jssep = 12.0 Hz, *Jsus = 2.0 Hz, 1 H, 6-H,), 4.17-4.09 (m, 2 H, 6-Hy, 6°-H,), 4.07
(dd, *Jspsa = 11.2 Hz, o5 = 7.3 Hz, 1 H, 6°-Hy), 3.90-3.85 (m, 1 H, 5°-H), 3.84 (dd, ’J,s = 9.9 Hz,
T3 = 9.1 Hz, 1 H, 4-H), 3.75 (ddd, ’Js, = 9.9 Hz, *Js.6 = 4.9 Hz, *Js6, = 2.0 Hz, 5-H), 2.15 (s, 3 H,
4°-OC(O)CHs;), 2.12 (s, 3 H, 6-OC(O)CH,3), 2.09 (s, 3 H, 1-OC(O)CH,3), 2.06 (s, 3 H, 6°-OC(O)CHs),
2.05 (s, 3 H, 3-OC(O)CH,3), 2.04 (s 3 H, 2°-OC(O)CHs;), 2.03 (s, 3 H, 2-OC(O)CHj;), 1.96 (s, 3 H,
3°-OC(O)CH,).

BCNMR (151 MHz, CDCL):

§ (ppm): 1705 (6°-OC(O)CH;), 170.4 (6-OC(O)CH;), 170.3 (3-OC(O)CH;), 170.2
(4°-OC(O)CH3), 169.8 (2-OC(O)CHj), 169.7 (3-OC(O)CHj3), 169.1 (2°-OC(O)CHj), 169.0
(1-OC(O)CHj,), 101.1 (C-1), 91.7 (C-1), 75.8 (C-4), 73.6 (C-5), 72.8 (C-3), 71.1 (C-2), 70.9 (C-5°),
70.6 (C-3%), 69.1 (C-2°), 66.7 (C-4°), 61.9 (C-6), 61.0 (C-6°), 21.0 (-OC(O)CHj;), 21.0 (-OC(O)CH,;),
20.9 (-OC(O)CHs;), 20.8 (-OC(O)CHs,), 20.8 (-OC(O)CH,;), 20.8 (-OC(O)CHj), 20.8 (-OC(O)CH,),
20.7 (-OC(O)CHy3;).

2,3,4,6-Tetra-O-acetyl-a-D-galactopyranosyl fluoride (33a)

Glycoside 41 (7.83 g, 20.1 mmol) was reacted as outlined in GPE. The crude mixture was purified via
column chromatography (ethyl acetate/petroleum ether 4:6) to give 33a in a yield of 56% (3.96 g,

11.3 mmol).

Data was in agreement with that previously published.”
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AcO OAc
5.0
AcO 1
3
AcOF

R¢ = 0.53 (ethyl acetate/petroleum ether 1:1)

"H NMR (600 MHz, CDCl,):

8 (ppm): 5.80 (dd, *J,z1..r = 53.2 Hz, *J,» = 2.7 Hz, 1 H, 1-H), 5.53 (dd, *J,; = 3.4 Hz, ¥, = 1.4 Hz,
1 H, 4-H), 5.36 (dd, ’J;, = 10.8 Hz, °J;, = 3.2Hz, 1H, 3-H), 5.19 (ddd, *J,,.r = 23.8 Hz, ’],; =
10.8 Hz, °J,, = 2.8 Hz, 1 H, 2-H), 4.41 (ddd, *Js.¢ = 6.6 Hz, °Js 6, = 6.5 Hz, ’J;, = 1.3 Hz, 1 H, 5-H),
4.16 (dd, *Jsaep = 11.4 Hz, *Js5 = 6.3 Hz, 1 H, 6-H,), 4.12 (dd, *Jepea = 11.4 Hz, *Jos = 6.8 Hz, 1 H,
6-Hy), 2.15 (s, 3 H, 4-OC(O)CHj,), 2.12 (s, 3 H, 2-OC(O)CHj,), 2.06 (s, 3 H, 6-OC(O)CHj,), 2.01 (s,
3 H, 3-OC(O)CHj,).

BCNMR (151 MHz, CDCl,):

8 (ppm): 170.5 (-OC(O)CHj3), 170.4 (-OC(O)CH3), 170.1 (-OC(O)CHj3), 170.0 (-OC(O)CHj), 104.5
(d, 228.5, C-1), 69.0 (d, 3.5, C-5), 67.6 (d, 23.8, C-2), 67.5 (C-4), 67.1 (C-3), 61.4 (C-6), 20.8
(2x -OC(O)CHs;), 20.8 (-OC(O)CHj;), 20.7 (-OC(O)CH,).

F NMR (282 MHz, CDCl;): § -150.8 (F-1).

[a]% (c, solv.): +91.3 (c 1.04, CHCLy), 1it.>*' [a]3+100 (c 1, CHCl,)

2,3,4-Tri-O-acetyl-a-D-fucopyranosyl fluoride (53a)

Glycoside 42 (3.59 g, 10.8 mmol) was reacted as outlined in GPE. The crude mixture was purified via
column chromatography (ethyl acetate/petroleum ether 3:7) to give 53a in a yield of 26% (0.83 g,
2.80 mmol).

Data was in agreement with that previously published.”
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AcO 1
3 AcO

F

"H NMR (600 MHz, CDCl,):

S (ppm): 5.75 (dd, Iimer = 53.7Hz, ’J,, = 2.8 Hz, 1 H, 1-H), 5.40-5.32 (m, 2 H, 3-H, 4-H), 5.17
(ddd, ’Jo.py,.r = 23.8 Hz, °J,; = 11.6 Hz, °J,; = 2.7 Hz, 1 H, 2-H), 4.34 (q, ’J56 = 6.5 Hz, 1 H, 5-H), 2.17
(s, 3 H, 4-OC(O)CHs), 2.11 (s, 3 H, 2-OC(O)CHjy), 2.00 (s, 3 H, 3-OC(O)CH,), 1.19 (d, *Js.s = 6.5 Hz,
3 H, 6-CH;).

BCNMR (151 MHz, CDCL):

8 (ppm): 170.5 (-OC(O)CH;), 170.4 (-OC(O)CH;), 170.1 (-OC(O)CH;), 104.7 (d, Jeir: =
226.5 Hz, C-1), 70.5 (C-4), 67.6 (d, *Je.o.p.1 = 24.3 Hz, C-2), 67.6 (C-3), 67.4 (d, *Jc.s.61 = 3.5 Hz, C-5),
20.8 (-OC(0O)CH,), 20.8 (-OC(O)CHj;), 20.7 (-OC(O)CH,), 15.9 (C-6).

F NMR (282 MHz, CDCl;): § -150.0 (F-1).

[a]% (c, solv.): +113.3 (c 1.03, CHCLy), 1it.>*' [a]2+100 (c 1, CHCl,)

2,3,4-Tri-O-acetyl--L-arabinopyranosyl fluoride (54a)

Carbohydrate 38 (20.0 g, 134.8 mmol) was reacted according to GPB and was isolated an inseparable
crude mixture of isomers. The crude form was obtained in a quantitative yield (46.9 g, 147.5 mmol).
A sample of crude glycoside 43 (3.33 g, 10.5 mmol) was directly reacted as outlined in GPE. The
crude mixture was purified via column chromatography (diethyl ether/n-pentane 3:7) and
subsequently recrystallised from hot diethyl ether/n-pentane (1:2). The crystals were washed with

n-pentane to give 54a in a yield of 25% (0.71 g, 2.60 mmol).
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AcO
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AcO 1
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AcO E

"H NMR (600 MHz, CDCl,):

8 (ppm): 5.78 (dd, *J,.p1.r = 53.6 Hz, ], » = 2.7 Hz, 1 H, 1-H), 5.41 (ddd, *J,; = 3.4 Hz, *J, 5. = 1.6 Hz,
T.so = 1.6 Hz, 1 H, 4-H), 5.36 (dd, ’J;, = 10.8 Hz, °J;, = 3.4 Hz, 1 H, 3-H), 5.22 (ddd, *Jo.p.r =
23.7Hz, .5 = 10.8 Hz,°J,; = 2.7 Hz, 1 H, 2-H), 4.13 (dd, *Js055 = 13.3 Hz, *Js00 = 1.2 Hz, 1 H, 5-H,),
3.88 (dd, YJspse = 13.3 Hz, 'Jo, = 1.9Hz, 1H, 5-Hp), 2.16 (s, 3 H, 4-OC(O)CH3), 2.12 (s, 3 H,
2-OC(O)CHj;), 2.03 (s, 3 H, 3-OC(O)CH,).

BCNMR (151 MHz, CDCL,):

8 (ppm): 170.4 (2-OC(O)CH;), 170.3 (4-OC(O)CHj;), 170.1 (3-OC(O)CH;), 105.0 (d, Jopry =
227.8 Hz, C-1), 68.4 (C-4), 67.8 (d, *Jo.o.1.r = 24.2 Hz, C-2), 66.7 (C-3), 62.7 (d, *Jc.s.1.r = 3.9 Hz, C-5),
21.0 (4-OC(O)CHS), 20.8 (2 -OC(O)CHs), 20.8 (3 -OC(O)CH).

F NMR (282 MHz, CDCl;): § -153.3 (F-1).

[a]f,s (¢, solv.): +138.7 (¢ 0.67, CHCl;); +147.9 (c 1.01, CHCl;)

2,3,4,6-Tetra-O-acetyl-a-D-glucopyranosyl fluoride (55a)

Glycoside 44 (3.90 g, 10.0 mmol) was reacted as outlined in GPE. The crude mixture was purified via
column chromatography (ethyl acetate/petroleum ether 7:3) to give 55a in a yield of 91% (3.20 g,

9.1 mmol).

Data was in agreement with that previously published.*"****%°

6 OAc

AcO 0
AcO 1

3 AcO

F

R¢=0.51 (ethyl acetate/petroleum ether 1:1)
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"H NMR (600 MHz, CDCl,):

8 (ppm): 5.75 (dd, *Jop..r = 52.8 Hz, *J,, = 2.7 Hz, 1 H, 1-H), 5.50 (dd, *J;, = 9.9 Hz, *J;, = 9.9 Hz,
1 H, 3-H), 5.16 (dd, *J,5 = 9.9Hz, *J,; = 9.9Hz, 1H, 4-H), 4.96 (ddd, *Jop,r = 242 Hz, *[,; =
10.2 Hz, ’,; = 2.8 Hz, 1 H, 2-H), 4.29 (dd, *Jsass = 12.5 Hz, *Jsus = 4.1 Hz, 1 H, 6-H,), 4.19 (ddd, °J, ,
= 10.3Hz, *Js6s = 4.1 Hz, ’Js e = 2.2 Hz, 1 H, 5-H), 4.15 (dd, YJep60 = 12.5Hz, *Jes = 2.3 Hz, 1 H,
6-Hy), 2.11 (s, 3 H, 2-OC(O)CHj,), 2.11 (s, 3 H, 6-OC(O)CHj,), 2.05 (s, 3 H, 4-OC(O)CHj,), 2.03 (s,
3 H, 3-OC(O)CH).

BCNMR (151 MHz, CDCL,):

§ (ppm): 170.7 (6-OC(O)CHj;), 170.1 (-OC(O)CHj;), 170.1 (-OC(O)CHj;), 169.6 (4-OC(O)CHs),
103.9 (d, 'Joup1 = 229.6 Hz, C-1), 70.4 (d, Jeaps = 24.6 Hz, C-2), 69.9 (d, *Josr1 = 4.3 Hz, C-5),
69.5 (C-3), 67.5 (C-4), 61.3 (C-6), 20.8 (-OC(O)CHj;), 20.8 (-OC(O)CHj), 20.7 (-OC(O)CHj).

"F NMR (282 MHz, CDCL,): 8 -149.8 (F-1)

2,3,4-Tri-O-acetyl-a-D-xylopyranosyl fluoride (56a)

Glycoside 45 (3.18 g, 10.0 mmol) was reacted as outlined in GPE. The crude mixture was purified via
column chromatography (ethyl acetate/petroleum ether 4:6) to give 56a in a yield of 43% (1.21 g,

4.3 mmol).

Data was in agreement with that previously published.**

5

AcO 0
AcO 1
3 AcO E

"H NMR (600 MHz, CDCl,):

8 (ppm): 5.69 (dd, *J;.p1.r = 53.0 Hz, °J;, = 2.7 Hz, 1 H, 1-H), 5.49 (dd, *J;, = 9.9 Hz, °J;, = 9.9 Hz,
1 H, 3-H), 5.04 (ddd, *J,5 = 10.7Hz, *J,; = 9.8 Hz, *J,5. = 5.9 Hz, 1 H, 4-H), 4.89 (ddd, ’J,,.r =
24.1 Hz, ’J,; = 10.1 Hz, ’J,,; = 2.8 Hz, 1 H, 2-H), 3.98 (dd, *J50.55 = 11.2 Hz, 5,4 = 6.0 Hz, 1 H, 5-H,),
3.78 (dd, *Jspsa = 11.1Hz, I3, = 11.1Hz, 1H, 5-Hp), 2.10 (s, 3H, -OC(O)CH;), 2.05 (s,
3 H, -OC(O)CHs,), 2.04 (s, 3 H, -OC(O)CHs).
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BCNMR (151 MHz, CDCL,):

8 (ppm): 170.2 (-OC(O)CH;), 170.0 (-OC(O)CH;), 170.0 (-OC(O)CH;), 104.1 (d, Jepr; =
229.2 Hz, C-1), 70.6 (d, *Jc 5,51 = 24.8 Hz, C-2), 69.1 (C-3), 68.4 (C-4), 60.4 (d, *Jc.5.5-1 = 4.7 Hz, C-5),
20.8 (-OC(O)CHs;), 20.8 (-OC(O)CHj;), 20.7 (-OC(O)CH,3).

F NMR (282 MHz, CDCL,): § -151.5 (F-1)

2,3,6-Tri-O-acetyl-4-0-(2,3,4,6-tetra-O-acetyl)-B-D-galactopyranosyl-a-D-glucopyranosyl fluoride
(57a)

Glycoside 46 (3.39 g, 5.00 mmol) was reacted as outlined in GPE. The crude mixture was purified via
column chromatography (ethyl acetate/petroleum ether 3:7) to give 57a in a yield of 36% (1.13 g,

1.80 mmol).

Data was in agreement with that previously published.***

OAc

AcO 6 OAc
g-":" o
1' (o) (0]
AcO } AcO 1

3
OAc 3 AcO !

'"H NMR (600 MHz, CDCl,):

8 (ppm): 5.67 (dd, *J,p.r = 53.0 Hz, ’J,, = 2.8 Hz, 1 H, 1-H), 5.49 (dd, *J;.,= 9.8 Hz, *J;, = 9.8 Hz,
1H, 3-H), 5.35 (d, *J,~3 = 3.4 Hz, 1 H, 4°-H), 5.11 (dd, ’J,.3- = 10.4 Hz, *J,.;» = 7.9 Hz, 1 H, 2°-H),
4.96 (dd, *J;,» = 10.4 Hz, °J;+ - = 3.4 Hz, 1 H, 3°-H), 4.88 (ddd, *J,.51,.r = 24.2 Hz, *J,5 = 10.2 Hz, *],,
=2.8Hz, 1 H, 2-H), 4.52 (dd, *Jeue» = 12.3 Hz, *Jous = 1.9 Hz, 1 H, 6-H,), 4.50 (d, *J;» = 7.9 Hz, 1 H,
1°-H), 4.18-4.13 (m, 2 H, 6-Hy, 6°-H,), 4.11 (ddd, *Js¢, = 10.4 Hz, ’J5, = 4.5 Hz, °J5 6, = 1.8 Hz, 1 H,
5-H), 4.07 (dd, *Jss.6a = 11.2 Hz, *Js45° = 7.2 Hz, 1 H, 6-Hy), 3.90-3.82 (m, 2 H, 4-H, 5°-H), 2.15 (s,
3H, 4°-OC(O)CH,), 2.14 (s, 3H, 6-OC(O)CHj;), 2.10 (s, 3 H, 2-OC(O)CH,3), 2.06 (s, 6 H,
3-OC(O)CHj,;, 6°'-OC(O)CHj,), 2.04 (s, 3 H, 2°-OC(O)CHs;), 1.96 (s, 3 H, 3°-OC(O)CHj,).

BCNMR (151 MHz, CDCL,):

S (ppm): 170.5 (-OC(O)CHj;), 170.4 (-OC(O)CH3;), 170.3 (-OC(O)CHj3), 170.3 (-OC(O)CHj;), 170.2
(-OC(O)CH,), 169.5 (3-OC(O)CH3), 169.1 (2°-OC(0O)CHj), 103.8 (d, 'Je.1 5.1 = 229.6 Hz, C-1), 100.9
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(C-19, 75.2 (C-4), 71.1 (C-3°), 70.9 (C-5°), 70.8 (d, *Jo.5.0-1 = 4.2 Hz, C-5), 70.6 (d, *Jc 051 = 24.4 Hz,
C-2), 69.2 (C-2), 69.1 (C-3), 66.8 (C-4°), 61.4 (C-6), 61.0 (C-6°), 21.0 (-OC(O)CH;), 20.9
(-OC(O)CH,;), 20.8 (-OC(O)CHs;), 20.8 (-OC(O)CHj;), 20.7 (-OC(O)CHs;), 20.7 (-OC(O)CHj;).

F NMR (282 MHz, CDCl;): § -149.1 (F-1).

a-D-Galactopyranosyl fluoride (1)

Fluoride 33a (1.22 g, 3.50 mmol) was reacted as outlined in GPF. The crude mixture was not purified

further and stored at -20 °C. Product 1 was obtained in quantitative yield (0.67 g, 3.70 mmol).

Data was in agreement with that previously published.”

HO

R¢=0.70 (RP-TLC, methanol/ethyl acetate/water 7:2:1)

'"H NMR (600 MHz, D,0):

8 (ppm): 5.73 (dd, ’J;.n1.r = 53.7 Hz, °J,, = 2.8 Hz, 1 H, 1-H), 4.11 (dd, *J56, = 7.7 Hz, ’J5 6o = 4.5 Hz,
1 H, 5-H), 4.06 (4, ’J,; = 3.1 Hz, 1 H, 4-H), 3.92 (dd, °J;, = 10.3 Hz, ’J;, = 3.2 Hz, 1 H, 3-H), 3.86
(ddd,’J,,.r=26.0Hz, ’J,; = 10.3 Hz,’],, = 2.9 Hz, 1 H, 2-H), 3.81-3.74 (m, 2 H, 6-H,, 6-Hy).

BC NMR (151 MHz, D,0):

S (ppm): 107.5 (d, 222.8, C-1), 73.4 (d, 2.7, C-5), 68.9 (C-4), 68.8 (C-3), 67.9 (d, 24.5, C-2), 61.0
(C-6).

F NMR (282 MHz, CDCl,): § -152.3 (F-1).
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5.4.4 Synthesis of para-Nitrophenyl Glycosides

Ra Ra Ra

Re&/ Proc. C Re&/ Proc. D Re&/
AcO OAc AcO 0 HO 0

OAC AcO Q HO Q

NO, NO,

41: R, = H; R, = OAc; R = CH,0Ac 47:R, = H; R, = OAc; R = CH,0Ac 22: R, =H; R,=0OH; R=CH,0OH
42: R, =H; R, =0Ac; R=CH;, 48: R, =H; R, = OAc; R=CH;, 25:R,=H; R, =0H; R=CH,4
43:R,=H;R,=0Ac;R=H 49:R,=H;R,=0Ac;R=H 26:R,=H;R,=0H; R=H
44: R, = OAc; R, = H; R=CH,0Ac 50: R, = OAc; R, = H; R = CH,0Ac 4:R,=0H; R, =H; R=CH,0OH
45:R,=0Ac;R,=H;R=H 51:R,=0Ac;R,=H;R=H 27:R,=0H;R,=H;R=H
46: R, = OAc; R, = H; 52: R, =0Ac; R, = H; 36: R, =OAc; R, = H;

R = CH,0-((Ac),-b-D-gal)

R = CH,0-((Ac),-b-D-gal)

R = CH,0-((Ac),-b-D-gal)

4-Nitrophenyl 2,3,4,6-tetra-O-acetyl-p-D-galactopyranoside (47)

Glycoside 41 (19.5 g, 50.0 mmol) was reacted as outlined in GPC. The desired product was then
crystallised from hot EtOH as colourless filaments. The crystals were then collected by filtration and
washed with ice-cold dH,O and dried in a desiccator to obtain 47 in a yield of 88% (20.7g,

44.1 mmol)

Data was in agreement with that previously published.*”****"

OAc

AcO
50
AcO Lo
3

1
OAc
2

NO,
m.p. (°C) = 143.6 — 144.5 °C (lit.*” 141 - 143 °C)
'"H NMR (600 MHz, CDCl,):

8 (ppm): 8.21 (d, J;:»» = 9.2 Hz, 2 H, 3°-H), 7.09 (d, ’J,3 = 9.2 Hz, 2 H, 2°-H), 5.52 (dd, ’,; =
10.4 Hz, °J,;, = 7.9 Hz, 1 H, 2-H), 5.48 (dd, ’J,; = 3.5Hz, °J,s = 1.0 Hz, 1 H, 4-H), 5.17 (d, ’J.
7.9 Hz, 1 H, 1-H), 5.14 (dd, ’J;, = 10.5 Hz, °J;, = 3.4 Hz, 1 H, 3-H), 4.22 (dd, “Jsaer = 11.3 Hz, *Js5
7.0 Hz, 1 H, 6-H,), 4.16 (dd, *Jep.a = 11.3 Hz, *Jas = 5.9 Hz, 1 H, 6-Hy), 4.13 (ddd, *Js.6. = 7.1 Hz,
Tsep = 6.0 Hz, °J5, = 1.1 Hz, 1 H, 5-H), 2.19 (s, 3 H, -OC(O)CHj), 2.07 (s, 3 H, -OC(O)CH3), 2.07 (s,
3 H, -OC(O)CH,3), 2.02 (s, 3 H, -OC(O)CHj;).
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BCNMR (151 MHz, CDCL,):

S (ppm): 170.4 (-OC(O)CHj3), 170.2 (-OC(O)CHj3;), 170.2 (-OC(O)CHs;), 169.4 (-OC(O)CHj;), 161.3
(C-1), 143.4 (C-4°), 125.9 (C-3), 116.7 (C-2°), 98.8 (C-1), 71.6 (C-5), 70.7 (C-3), 68.4 (C-2), 66.8
(C-4),61.5(C-6), 20.8 (-OC(O)CH,), 20.8 (-OC(O)CHs;), 20.8 (-OC(O)CHj,), 20.7 (-OC(O)CH,).

HRMS (ESI): 492.11084 [M+Na] (C,,H,;NO;,Na, calc. 492.11179)
IR (neat): 1734, 1591, 1516, 1345, 1220, 1044 cm ™
[a]?’ (c, solv.): -9.3 (c 2.03, CHCL,); -9.8 (c 1.01, CHCLy), lit.*** [a]3°-9.7 (CHCL,)

Elem. Analysis (%) calc. for C,0H,;NO;,: C 51.18, H 4.94, N 2.98. Found: C 50.39 + 0.21, H 4.90 +
0.03, N 3.07 + 0.02.

4-Nitrophenyl 2,3,4-tri-O-acetyl-B-D-fucopyranoside (48)

Glycoside 42 (1.69 g, 5.1 mmol) was reacted as outlined in GPC. The desired product was isolated via
column chromatography (Et,O/n-pentane 4:6) to obtain 48 in a yield of 19% (0.39 g, 0.90 mmol).

"H NMR (600 MHz, CDCl,):

8 (ppm): 8.22 (d, /5> = 9.2 Hz, 2 H, 3-H), 7.16 d, ’J,3 = 9.2 Hz, 2 H, 2-H), 5.85 (d, .., = 3.6 Hz,
1 H,1-H), 5.56 (dd, J3, = 10.9 Hz, T3, = 3.4 Hz, 1 H, 3-H), 5.37 (dd, "], = 3.4 Hz, "5 = 1.4 Hz, 1 H,
4-H), 5.31 (dd, *J,; = 11.0 Hz, °J,; = 3.6 Hz, 1 H, 2-H), 4.18 (dq, ’Js6 = 6.4 Hz, ’J;, = 1.4 Hz, 1 H,
5-H), 2.20 (s, 3 H, 4-OC(O)CHy), 2.07 (s, 3 H, 3-OC(O)CHs), 2.04 (s, 3 H, 2-OC(O)CHs), 1.13 (d,
35 = 6.5 Hz, 3 H, 6-CHy).
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BCNMR (151 MHz, CDCL,):

S (ppm): 170.6 (4-OC(O)CHj;), 170.5 (3-OC(O)CHj;), 170.2 (2-OC(O)CH3), 161.3 (C-1°), 143.0
(C-4%), 126.0 (C-3%), 116.5 (C-2), 94.9 (C-1), 70.7 (C-4), 67.8 (C-3), 67.6 (C-2), 66.3 (C-5), 20.9
(3-OC(0O)CH3;), 20.8 (2-OC(O)CHs;), 20.8 (4-OC(O)CH,;), 16.0 (C-6).

4-Nitrophenyl 2,3,4-tri-O-acetyl-a-L-arabinopyranoside (49)

A sample of crude glycoside 43 (1.59 g, 5.00 mmol) was reacted as outlined in GPC. Product 49 was
isolated via column chromatography (diethyl ether/n-pentane 4:6) in a yield of 3% (51.0 mg,

0.10 mmol).

AcO

5.0
AcO 1o N
3
OAc
o

NO,

'"H NMR (600 MHz, CDCl,):

8 (ppm): 8.22 (d, *J;» = 9.2 Hz, 2 H, 3°-H), 7.16 (d, *J,-3 = 9.2 Hz, 2 H, 2°-H), 5.88 (d, °J,, = 3.5 Hz,
1 H, 1-H), 5.57 (dd, ’J;, = 10.8 Hz, *J;, = 3.5 Hz, 1 H, 3-H), 5.42 (ddd, *J,; = 3.4 Hz, *J,5, = 1.9 Hz,
3]s = 1.4 Hz, 1 H, 4-H), 5.36 (dd, *J,; = 10.8 Hz, ’],,; = 3.5 Hz, 1 H, 2-H), 3.97 (dd, *J50.5 = 13.3 Hz,
Toas = 1.4Hz, 1H, 5-H,), 3.79 (dd, *Jspsa = 13.3Hz, *Js, = 2.0Hz, 1H, 5-Hp), 2.18 (s, 3 H,
4-OC(O)CH,3), 2.08 (s, 3 H, 2-OC(O)CH,), 2.06 (s, 3 H, 3-OC(O)CH,).

BCNMR (151 MHz, CDCl,):

S (ppm): 170.5 (-OC(O)CHj3), 170.3 (-OC(O)CH3), 170.2 (-OC(O)CHj;), 161.2 (C-1°), 143.1 (C-4%),
126.1 (C-39), 116.6 (C-2°), 952 (C-1), 68.7 (C-4), 67.8 (C-2), 66.9 (C-3), 61.9 (C-5), 21.1
(-OC(O)CH3), 20.9 (-OC(O)CH,).
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4-Nitrophenyl 2,3,4,6-tetra-O-acetyl-pB-D-glucopyranoside (50)
Glycoside 44 (19.5 g, 50.0 mmol) was reacted according to GPC. The desired product was then

crystallised from hot EtOH as colourless filaments. The crystals were then collected by filtration and
washed with ice-cold dH,O and dried in a desiccator to give 50 in a yield of 77% (18.0 g, 38.3 mmol).

Data was in agreement with that previously published.*”***

OAc

6
AcO 0
AcO Lo,
3 0OAc
"

NO,

458

m.p. (°C) = 177.1 - 177.8 °C (lit.”" 177 - 178.5 °C)

'"H NMR (600 MHz, CDCl,):

8 (ppm): 8.21 (d, *J3»- = 9.2 Hz, 2 H, 3°-H), 7.07 (d, YJ»; = 9.2 Hz, 2 H, 2-H), 5.36-5.28 (m, 2 H,
2-H, 3-H), 5.22 (d, *J., = 7.3 Hz, 1 H, 1-H), 5.18 (dd, *J,; = 9.5 Hz, *J,s = 9.5 Hz, 1 H, 4-H), 4.28 (dd,
Jsach = 12.4 Hz, *Jous - 5.5 Hz, 1 H, 6-H,), 4.18 (dd, *Janea = 12.4 Hz, *Jsp5s = 2.4 Hz, 1 H, 6-Hp), 3.93
(ddd,’Js, = 10.1 Hz, ’Js 6, = 5.5 Hz, *Js 6o = 2.4 Hz, 1 H, 5-H), 2.07 (s, 3 H, 6-OC(O)CHj), 2.07 (s, 3 H,
2-OC(O)CH,3), 2.06 (s, 3 H, 4-OC(O)CH,3), 2.05 (s, 3 H, 3-OC(O)CH,).

BCNMR (151 MHz, CDCl,):

8 (ppm): 170.6 (6-OC(O)CHj,), 170.3 (-OC(O)CH;), 169.5 (4-OC(O)CH;), 169.3 (-OC(O)CHs),
161.3 (C-19), 143.4 (C-4°), 125.9 (C-3°), 116.8 (C-29), 98.2 (C-1), 72.6 (C-5), 72.6 (C-3), 71.1 (C-2),
68.2 (C-4), 62.0 (C-6), 20.8 (-OC(O)CH;), 20.8 (-OC(O)CH;), 20.7 (-OC(O)CH;), 20.7
(-OC(O)CHS,).

[a]%’ (c, solv.): -43.9 (c 1.00, CHCLy), lit.**® [ar] 32-38.6 (CHCL,)

Elem. Analysis (%) calc. for C,0H,3NO;,: C 51.18, H 4.94, N 2.98. Found: C 51.39 + 0.03, H 4.93 £+
0.00, N 3.21 £ 0.01.
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4-Nitrophenyl 2,3,4-tri-O-acetyl-a-D-xylopyranoside (51)

Glycoside 45 (15.9 g, 50.0 mmol) was reacted according to GPC. The desired product was then
crystallised from hot EtOH as colourless filaments. The crystals were then collected by filtration and
washed with ice-cold dH,O and dried in a desiccator to obtain 51 in a yield of 29% (5.80¢g,
14.6 mmol)

Data was in agreement with that previously published.*****

>0
AcO
ACMO
3

7
OAc
o

NO,

459

m.p. (°C) = 136.5 - 137.4 °C (lit."” 138 — 140 °C)

'"H NMR (600 MHz, CDCl,):

8 (ppm): 8.21 (d, *J;»- = 9.1 Hz, 2 H, 3°-H), 7.08 (d, *J» 3 = 9.2 Hz, 2 H, 2-H), 5.33 (d, *J,., = 5.3 Hz,
1H, 1-H), 5.24 (dd, *J;, = 7.2 Hz, °J;, = 7.2 Hz, 1 H, 3-H), 5.19 (dd, *J,; = 7.4 Hz, *J,, = 5.3 Hz, 1 H,
2-H), 5.00 (ddd, *J,; = 6.8 Hz, ’J, 5, = 6.8 Hz, *J, 5, = 4.3 Hz, 1 H, 4-H), 4.23 (dd, *Jss.50 = 12.3 Hz, 5,4
=4.3Hz, 1 H, 5-H,), 3.62 (dd, *Jsp.5a = 12.3 Hz, *J4 = 6.7 Hz, 1 H, 5-Hy), 2.11 (s, 3 H, -OC(O)CH,),
2.10 (s, 3 H, -OC(O)CHs;), 2.10 (s, 3 H, -OC(O)CHs;).

BCNMR (151 MHz, CDCl,):

S (ppm): 169.9 (-OC(O)CHj3;), 169.8 (-OC(O)CHj3), 169.4 (-OC(O)CHj;), 161.1 (C-1°), 143.2 (C-4°),
126.0 (C-3%), 116.7 (C-2°), 97.6 (C-1), 69.9 (C-3), 69.5 (C-2), 68.2 (C-4), 61.9 (C-5), 20.9
(-OC(O)CHj,), 20.9 (-OC(O)CH3;), 20.8 (-OC(O)CHS).

[a]?’ (c, solv.): -69.3 (c 1.03, CHCLy), lit.** [a]3° -74.2 (c 1,00 CHCL,)

4-Nitrophenyl 2,3,6-tri-O-acetyl-4-0-(2,3,4,6-tetra-O-acetyl)-p-D-galactopyranosyl-f3-D-
glucopyranoside (52)

Glycoside 46 (10.2 g, 15.0 mmol) was reacted as outlined in GPC. The desired product was isolated
via column chromatography (ethyl acetate/petroleum ether 3:7) to obtain 52 in a yield of 27%
(3.03 g, 4.00 mmol).
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Data was in agreement with that previously published.**”

OAc

AcO . OAc
o)
ACO%AOC@O *
¥ DAC 3 OAc !
4*

NO,

"H NMR (600 MHz, CDCl,):

8 (ppm): 8.18 (d, *J;+,+ = 9.2 Hz, 2 H, 3*-H), 7.04 (d, *J,«3+ = 9.2 Hz, 2 H, 2*-H), 5.35 (dd, ’J,.5> =
3.5Hz, *J,.s = 1.1 Hz, 1 H, 4°-H), 5.29 (ddd, *Jyn = 8.8 Hz, *Jyn = 6.7 Hz, *Jyn = 2.4 Hz, 1 H, 3-H),
5.21-5.16 (m, 2 H, 1-H, 2-H), 5.11 (dd, *J,-3- = 10.5 Hz, ] ,.;» = 7.9 Hz, 1 H, 2°-H), 4.96 (dd, *J;.,> =
10.4 Hz, ’J;4-= 3.5 Hz, 1 H, 3°-H), 4.51 (d, ’J,-»- = 7.9 Hz, 1 H, 1°-H), 4.50 (dd, *Jsa.ep = 11.1 Hz, *Jsa.5
=2.1Hz, 1 H, 6-H,), 4.17-4.10 (m, 2 H, 6-Hy, 6°-H,), 4.07 (dd, *Jsv.¢w = 11.2 Hz, *Js35° = 7.4 Hz, 1 H,
6-Hy), 3.92-3.87 (m, 2 H, 4-H, 5°-H), 3.84 (ddd, *Js6 = 9.9 Hz, *Js, = 5.8 Hz, *Js6, = 2.2 Hz, 1 H,
5-H), 2.14 (s, 3 H, 4°-OC(O)CH,), 2.07 (s, 3 H, 3-OC(O)CH,;), 2.06 (s, 3 H, 6-OC(O)CHs;), 2.05 (s,
3 H, 6°-“OC(O)CHs;), 2.04 (s, 6 H, 2-OC(O)CHj;, 2°-OC(O)CHs;), 1.95 (s, 3 H, 3*-OC(O)CH,).

BCNMR (151 MHz, CDCL,):

§ (ppm): 170.4 (6-OC(O)CH;), 170.2 (6°-OC(O)CHj), 170.2 (4°-OC(O)CH;), 170.1
(3°-OC(0O)CHj;), 169.8 (3-OC(O)CHj;), 169.6 (2-OC(O)CHs;), 169.2 (2°-OC(O)CHj;), 161.3 (C-1*),
143.3 (C-4%), 125.9 (C-3*), 116.7 (C-2*), 101.3 (C-1°), 97.8 (C-1), 76.1 (C-4), 73.2 (C-5), 72.7 (C-3),
71.3 (C-2), 71.0 (C-3%), 70.9 (C-5°), 69.2 (C-2°), 66.7 (C-4°), 62.0 (C-6), 60.9 (C-6), 20.9
(-OC(O)CH3;), 20.8 (-OC(O)CHy3;), 20.7 (-OC(O)CHj3), 20.7 (-OC(O)CHs;), 20.6 (-OC(O)CHj;).

4-Nitrophenyl B-D-galactopyranoside (22)

Glycoside 47 (4.69 g, 10.0 mmol) was reacted as outlined in GPD. The crude mixture was not
purified any further. Product 22 was obtained as colourless, amorphous solid in a quantitative yield

(3.08 g, 10.2 mmol).

Data was in agreement with that previously published.*”’
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oy OH
>0
HO Loy
> OH
"

NO,
m.p. (°C) = 167.5 - 168.3 °C
'"H NMR (600 MHz, ds-DMSO):

8 (ppm): 8.20 (d, ’J5.»» = 8.9 Hz, 2 H, 3*-H), 7.22 (d, *J»:5 = 8.9 Hz, 2 H, 2°-H), 5.30 (d, *Jo.on21 =
5.2 Hz, 1 H, 2-OH), 5.03 (d, *J,» = 7.6 Hz, 1 H, 1-H), 4.94 (d, *J5.015.6 = 5.7 Hz, 1 H, 3-OH), 4.69
(dd, “Json, 6-ta = 5.5 Hz, *Js.0m, 6. = 5.5 Hz, 1 H, 6-OH), 4.58 (d, *J,-om,4.11 = 4.6 Hz, 1 H, 4-OH), 3.73
(ddd, *J,ns0n = 4.6 Hz, ’J,; = 3.3Hz, *J,5 = 1.0 Hz, 1 H, 4-H), 3.67 (ddd, *Jss = 6.2 Hz, Js6 =
6.2 Hz, ’Js, = 1.0 Hz, 1 H, 5-H), 3.63 (ddd, ’J,3 = 9.5 Hz, ’,, = 7.7 Hz, ", n20n = 5.2 Hz, 1 H, 2-H),
3.56 (ddd, *Jeaeo = 11.3 Hz, *Jeus = 5.7 Hz, *Js.na6.0n = 5.7 Hz, 1 H, 6-H,), 3.50 (ddd, *Jepea = 11.8 Hz,
Jsvs = 5.8 Hz, *Jomwson = 5.8 Hz, 1 H, 6-Hy), 3.45 (ddd, ’J;» = 9.3 Hz, *Jyms.0m = 5.8 Hz, °J3, =
3.3 Hz, 1 H, 3-H).

C NMR (151 MHz, d,-DMSO):

§ (ppm): 162.5 (s, C-1%), 141.6 (s, C-4°), 125.8 (d, 15.6, C-3°), 116.6 (d, 10.0, C-2°), 100.5 (d, 24.6,
C-1),75.8(d, 17.3, C-5), 73.2 (s, C-3), 70.1 (d, 14.4, C-2), 68.1 (d, 23.5, C-4), 60.3 (s, C-6).

'"H NMR (600 MHz, D,0):

8 (ppm): 8.27 (d, *J;, = 9.2 Hz, 2 H, 3°-H), 7.26 (d, °J,-3- = 8.9 Hz, 2 H, 2°-H), 5.22 (d, *J,, = 7.7 Hz,
1 H, 1-H), 4.04 (d, *],; = 3.3 Hz, 1 H, 4-H), 3.95 (dd, *Js6. = 6.2 Hz, *Js6, = 6.2 Hz, 1 H, 5-H), 3.88
(dd, °’J,; = 10.0 Hz, *J,, = 7.7 Hz, 1 H, 2-H), 3.84-3.77 (m, 3 H, 3-H, 6-H,, 6-Hy).

BC NMR (151 MHz, D,0):

S (ppm): 161.8 (C-1°), 142.5 (C-4°), 142.5 (C-3°, C-5°), 116.4 (C-2°, C-6°), 100.0 (C-1), 75.6 (C-5),
72.4 (C-3), 70.3 (C-2), 68.4 (C-4), 60.7 (C-6).

HRMS (ESI): 324.06868 [M+Na] (C,,H,sNO3Na, calc. 324.06899)

[a]3° (c, solv.): -89.2 (c 1.01, H,0); -93.4 (c 0.50, H,0); -84.5 (c 1.00, MeOH), lit.*** [at]Z? -80.6 (c
0.5, H,O)
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Elem. Analysis (%) calc. for C;,H,;sNOs: C 47.84, H 5.02, N 4.65. Found: C 46.84 + 0.16, H 5.13 £
0.02, N 4.67 =+ 0.05.

4-Nitrophenyl B-D-fucopyranoside (25)

Glycoside 48 (116.0 mg, 0.28 mmol) was reacted as outlined in GPD. The crude mixture was not
purified any further. Product 25 was obtained as colourless, amorphous solid in a quantitative yield

(88.0 mg, 0.31 mmol).

Data was in agreement with that previously published.**®

HO

50
HO Lo,
3 OH
A

NO,

'"H NMR (600 MHz, D,0):

8 (ppm): 8.27 (d, *J;»» = 8.9 Hz, 2 H, 3°-H), 7.26 (d, *J, 3 = 8.9 Hz, 2 H, 2°-H), 5.21 (d, *J,, = 7.2 Hz,
1 H, 1-H), 4.06 (q, 3]5,6 = 6.6 Hz, 1 H, 5-H), 3.85 (d, 3]4’3 =3.4Hz, 1 H, 4-H), 3.84-3.78 (m, 2 H, 2-H,
3-H), 1.30 (d, *Js5s = 6.5 Hz, 3 H, 6-CH;).

BC NMR (151 MHz, D,0):

8 (ppm): 161.8 (C-1°), 142.4 (C-4%), 126.1 (C-3%), 116.3 (C-2°), 99.7 (C-1), 72.5 (C-3), 71.5 (C-5),
71.1 (C-4), 70.1 (C-2), 15.3 (C-6).

'"H NMR (600 MHz, ds-DMSO):

8 (ppm): 8.21 (d, ’J5.» = 9.2 Hz, 2 H, 3*-H), 7.21 (d, *Jo.5 = 9.3 Hz, 2 H, 2°-H), 5.24 (d, Joom2n =
5.2 Hz, 1 H, 2-OH), 5.03 (d, *J,», = 7.7 Hz, 1 H, 1-H), 4.87 (d, *J;-013-4 = 5.9 Hz, 1 H, 3-OH), 4.60 (d,
Vyoman = 48 Hz, 1H, 4-OH), 3.84 (q, Jss = 6.4 Hz, 1 H, 5-H), 3.58 (ddd, J,, = 9.6 Hz, ., =
7.6 Hz, *J,.52.01 = 5.2 Hz, 1 H, 2-H), 3.49 (ddd, *J, ns.0on = 4.7Hz, °J,; = 3.4 Hz, *J,s = 1.1 Hz, 1 H,
4-H), 3.44 (ddd, *J;, = 9.4 Hz, *J; 5300 = 5.9 Hz, °J;, = 3.3 Hz, 1 H, 3-H), 1.14 (d, ’Js5s = 6.4 Hz, 3 H,
6-CHs).

C NMR (151 MHz, d,-DMSO):

175



Experimental

S (ppm): 162.5 (C-1°), 141.5 (C-4%), 125.7 (C-3%), 116.4 (C-2), 100.2 (C-1), 73.2 (C-3), 70.8 (C-4),
70.6 (C-5), 69.7 (C-2), 16.5 (C-6).

4-Nitrophenyl a-L-arabinopyranoside (26)

Glycoside 49 (51.0 mg, 0.13 mmol) was reacted as outlined in GPD. The crude mixture was not
purified any further. Product 26 was obtained as colourless, amorphous solid in a quantitative yield

(40.0 g, 0.15 mmol).

'"H NMR (600 MHz, D,0):

8 (ppm): 8.28 (d, *J 3., = 9.2 Hz, 2 H, 3*-H), 7.26 (d, ’J,.3- = 9.2 Hz, 2 H, 2°-H), 5.18 (d, *J,, = 7.5 Hz,
1 H, 1-H), 4.05 (ddd, *J,; = 3.6 Hz, ’J, 50 = 2.6 Hz, °J, 55 = 1.3 Hz, 1 H, 4-H), 4.02 (dd, *Js0.5» = 13.0 Hz,
Jsas = 2.2 Hz, 1 H, 5-H,), 3.93-3.87 (m, 2 H, 2-H, 5-Hy), 3.83 (dd, *J;, = 9.7Hz, *J;, = 3.4 Hz, 1 H,
3-H).

C NMR (151 MHz, D,0):

S (ppm): 161.7 (C-1°), 142.5 (C-4°), 126.1 (C-3°), 116.4 (C-2°), 100.1 (C-1), 71.9 (C-3), 70.2 (C-2),
68.0 (C-4), 66.6 (C-5).

'"H NMR (600 MHz, ds-DMSO):

8 (ppm): 8.21 (d, ’J5.» = 9.2 Hz, 2 H, 3*-H), 7.21 (d, ’J,.5 = 9.3 Hz, 2 H, 2°-H), 5.32 (d, Joomon =
5.1 Hz, 1 H, 2-OH), 5.05 (d, *J,», = 6.7 Hz, 1 H, 1-H), 4.90 (d, *J,-0n.4. = 5.6 Hz, 1 H, 4-OH), 4.70 (d,
iomsn = 4.1 Hz, 1 H, 3-OH), 3.78-3.70 (m, 2 H, 3-H, 5-H,), 3.69-3.62 (m, 2 H, 2-H, 5-Hy), 3.49
(ddd,’J,; = 8.8 Hz, ], 5, = 5.6 Hz, ’], 5, = 3.3 Hz, 1 H, 4-H).

C NMR (151 MHz, d,-DMSO):

S (ppm): 162.3 (C-1°), 141.6 (C-4%), 125.7 (C-3%), 116.5 (C-2°), 100.2 (C-1), 72.2 (C-4), 70.1 (C-2),
67.3 (C-3), 65.8 (C-5).
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4-Nitrophenyl B-D-glucopyranoside (4)

Glycoside 50 (2.35g, 5.00 mmol) was reacted as outlined in GPD. The crude mixture was then
recrystallised from hot EtOH to return product 4 as a colourless, amorphous solid in a quantitative

yield.

Data was in agreement with that previously published.****

m.p. (°C) = 166.8 — 167.8 °C (lit.*** 166 — 167 °C)
'"H NMR (600 MHz, D,0):

8 (ppm): 8.28 (d, °J 3., = 9.1 Hz, 2 H, 3*-H), 7.26 (d, °J,.3- = 9.1 Hz, 2 H, 2°-H), 5.28 (d, °J,, = 6.8 Hz,
1 H, 1-H), 3.96 (dd, *Jsass = 12.5 Hz, “Jous = 2.2 Hz, 1 H, 6-H,), 3.77 (dd, Jepea = 12.5 Hz, Jas =
5.7 Hz, 1 H, 6-Hy), 3.71 (ddd, *Js, = 10.0 Hz, *Js.6, = 5.9 Hz, *Js60 = 2.5 Hz, 1 H, 5-H), 3.67-3.62 (m,
2 H, 2-H, 3-H), 3.57-3.50 (m, 1 H, 4-H).

BC NMR (151 MHz, D,O):

8 (ppm): 161.7 (C-1°), 142.6 (C-4%), 126.1 (C-3), 116.4 (C-2°), 99.4 (C-1), 76.2 (C-5), 75.4 (C-3),
72.7 (C-2), 69.3 (C-4), 60.4 (C-6).

"H NMR (600 MHz, de-DMSO):

8 (ppm): 8.21 (d, *J 5.2 = 9.2 Hz, 2 H, 3°-H), 7.22 (d, *J, 3 = 9.3 Hz, 2 H, 2°-H), 5.43 (d, *Js-0n5 =
4.7 Hz, 1 H, 2-OH), 5.14 (d, *Js.0. = 4.6 Hz, 1 H, 3-OH), 5.08 (d, ’J,, = 7.9 Hz, 1 H, 1-H), 5.07 (d,
Toman = 5.4 Hz, 1 H, 4-OH), 4.57 (dd, *Js.on, s.1a = 5.8 Hz, *Js.on 6. = 5.8 Hz, 1 H, 6-OH), 3.69
(ddd, *Jener = 11.8 Hz, *Js.nason = 5.4 Hz, *Jous = 2.0 Hz, 1 H, 6-H,), 3.47 (ddd, *Jssea = 11.8 Hz,
omweon = 59 Hz, Japs = 5.9 Hz, 1 H, 6-Hy), 3.41 (ddd, *Js, = 9.8 Hz, Jse = 5.6 Hz, *J5 6= 2.0 Hz,
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1 H, 5-H), 3.32-3.25 (m, 2 H, 2-H, 3-H), 3.19 (ddd, *J,5 = 9.6 Hz, *J,; = 8.3 Hz, *J,ns.0n = 5.2 Hz,
1 H, 4-H).

3C NMR (151 MHz, d,-DMSO):

8 (ppm): 162.4 (C-1°), 141.6 (C-4°), 125.7 (C-3%), 116.5 (C-2°), 99.8 (C-1), 77.2 (C-5), 76.4 (C-3),
73.1 (C-2), 69.5 (C-4), 60.5 (C-6).

HRMS (ESI): 324.06891 [M+Na] (C;,H;5NOgNa, calc. 324.06899)
[a]?’ (c, solv.): -96.2 (c 1.01, H,0); -91.9 (¢ 1.00, MeOH), lit.*** [a]2°-102.3 (c 1,00 H,0)

Elem. Analysis (%) calc. for C,,H;5NOs: C 47.84, H 5.02, N 4.65. Found: C 45.36 + 0.02, H 5.38 +
0.00, N 4.57 + 0.03.

4-Nitrophenyl B-D-xylopyranoside (27)

Glycoside 51 (1.20 g, 3.00 mmol) was reacted as outlined in GPD. The crude mixture was not
purified any further. Product 27 was obtained as colourless, amorphous solid in a quantitative yield

(1.04 g, 3.8 mmol).

Data was in agreement with that previously published.*****4*

m.p. (°C) = 159.9 - 160.1 °C (lit.*** 158 °C)
"H NMR (600 MHz, D,0):

8 (ppm): 8.27 (d, *J5-» = 9.3 Hz, 2 H, 3-H), 7.25 (d, ’J»-5 = 9.3 Hz, 2 H, 2°-H), 5.23 (d, ’,., = 7.3 Hz,
1 H, 1-H), 4.06 (dd, *Jsas5 = 11.6 Hz, *Jss, = 5.4 Hz, 1 H, 5-H,), 3.74 (ddd, J,5 = 10.3Hz, *J,; =
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8.7Hz, 150 = 5.4 Hz, 1 H, 4-H), 3.63 (dd, °J,5 = 9.3 Hz, ’,, = 7.4 Hz, 1 H, 2-H), 3.59 (dd, °];, =
9.1 Hz,?J;, =9.1 Hz, 1 H, 3-H), 3.55 (dd, *Jsp50 = 11.0 Hz, *Js, = 11.0 Hz, 1 H, 5-Hy).

C NMR (151 MHz, D,0):

8 (ppm): 161.5 (C-19), 142.6 (C-4%), 126.1 (C-3%), 116.4 (C-2%), 99.9 (C-1), 75.3 (C-3), 72.6 (C-2),
68.9 (C-4), 65.3 (C-5).

"H NMR (600 MHz, ds-DMSO):

8 (ppm): 8.21 (d, *J3»- = 9.2 Hz, 2 H, 3°-H), 7.21 (d, *J,.3- = 9.2 Hz, 2 H, 2-H), 5.46 (d, *Jo.oms5 =
4.9 Hz, 1 H, 2-OH), 5.18 (d, *J;.0n3.n = 4.6 Hz, 1 H, 3-OH), 5.11 (d, *J,-on.4.1 = 4.5 Hz, 1 H, 4-OH),
5.08 (d, ’J,» = 7.1 Hz, 1 H, 1-H), 3.77 (dd, *Jsus0 = 9.4 Hz, 504 = 3.4 Hz, 1 H, 5-H,), 3.41-3.34 (m,
2 H, 4-H, 5-Hy), 3.31-3.23 (m, 2 H, 2-H, 3-H).

C NMR (151 MHz, d,-DMSO):

§ (ppm): 162.7 (C-1°), 142.2 (C-4%), 126.2 (C-3°), 117.0 (C-2°), 100.8 (C-1), 76.7 (C-4), 73.3 (C-2),
69.7 (C-3), 66.3 (C-5).

HRMS (ESI): 294.05835 [M+Na] (C;;H;3NO,Na, calc. 294.05824)
[a]% (c, solv.): -57.2 (c 1.02, MeOH), lit.*** []3°-56.8 (c 0.50, H,O)

Elem. Analysis (%) calc. for C,;H,;3NO;: C 48.71, H 4.83, N 5.16. Found: C 48.72 + 0.18, H 4.88 +
0.02, N 5.29 + 0.05.

5.4.5 Synthesis of D-fucopyranose
Ho O o " o/ 0 HO
(Y Y (P . Y
HO - 0 - 0 - 0 — - HO
OH OH 0 0 0 OH OH
%O %O %O

7 60 61 62 37

1,2:3,4-Di-O-isopropylidine-a-D-galactopyranose (60)

This procedure is adapted from a previously published protocol.””*
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In a round-bottomed flask containing ZnCl, (90.0 g, 67.0 mmol, 0.16 eq.) in acetone (900 mL) was
added a catalytic amount of H,SO, (3.00 mL) and D-galactose (7; 75.0 g, 416.3 mmol). The mixture
was allowed to stir at room temperature overnight. Following completion as determined by TLC, the
reaction was cooled to 0 °C and quenched using sat. NaHCOj; (o) (900 mL) and subsequently allowed
to warm to room temperature and stirred a further 2 hrs. The reaction mixture was then filtered over
celite and concentrated under reduced pressure. The product was then extracted using Et,O (3x
300 mL) until no yellow colour was observable in the organic layer. The organic phase was then
dried with MgSO,, filtered, and the solvent removed under reduced pressure to obtain 60 in a

quantitative yield (110 g, 423 mmol).

Data was in agreement with that previously published.***"

R¢ = 0.38 (ethyl acetate/petroleum ether 1:1)

'"H NMR (600 MHz, CDCl,):

8 (ppm): 5.57 (d, ’J,» = 5.0 Hz, 1 H, 1-H), 4.62 (dd, ’J;, = 7.9 Hz, °],; = 2.4 Hz, 1 H, 3-H), 4.34 (dd,
’L1=50Hz, 53 = 2.4 Hz, 1 H, 2-H), 4.27 (dd, ’J,,; = 8.1 Hz, ’J,s = 1.5 Hz, 1 H, 4-H), 3.91-3.83 (m,
2 H, 5-H, 6-H,), 3.79-3.70 (m, 1 H, 6-Hy,), 1.53 (s, 3 H, 1,2-C(CHj),), 1.46 (s, 3 H, 3,4-C(CHj3),), 1.34
(s, 6 H, 1,2-C(CHj3)p, 3,4-C(CHj)p).

BCNMR (151 MHz, CDCl,):

8 (ppm): 109.6 (3,4-C(CHs),), 108.8 (1,2-C(CH;),), 96.5 (C-1), 71.8 (C-4), 70.9 (C-3), 70.7 (C-2),
682 (C-5), 62.6 (C-6), 26.2 (1,2-C(CH;),), 26.1 (3,4-C(CH3),), 25.1 (1,2-C(CH,)y), 24.5
(3,4-C(CHs)y).

HRMS (ESI): 283.11518 [M+Na] (C,,H,,O¢Na, calc. 283.11521)

1,2:3,4-Di-O-isopropylidene-6-O-tosyl-a-D-galactopyranose (61)

This procedure is adapted from a previously published protocol.*****
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Glycoside 60 (108.0 g, 414.9 mmol) and DMAP (5.12 g, 41.5 mmol, 0.10 eq.) were dissolved in anh.
py (800 mL). To this was added dropwise a solution of TsCl (118.6 g, 622.4 mmol, 1.50 eq.) dissolved
in anh. CH,Cl, (80 mL). After complete addition of the TsCl solution, the mixture was allowed to stir
at room temperature overnight. Following complete conversion as monitored by TLC, the reaction
was quenched with water and the reaction concentrated under reduced pressure with toluene. Once
sufficiently concentrated, the residue was redissolved in CH,Cl, (100 mL) and washed with water (3x
50 mL), sat. HCO; (5q) (3x 50 mL), and brine (1x 100 mL). The organic phase was then dried over
MgSO,, filtered, and the solvent removed under reduced pressure to obtain compound 61 in a yield

of 66% (114 g, 275 mmol).

Data was in agreement with that previously published.**®

R¢=0.36 (n-pentane/ethyl acetate 5:1)

'"H NMR (600 MHz, CDCl,):

8 (ppm): 7.81 (d, *J5-» = 8.1 Hz, 2 H, 3°-H), 7.33 (d, ’J,-5- = 8.0 Hz, 2 H, 2°-H), 5.45 (d, ’J,, = 4.9 Hz,
1 H, 1-H), 4.59 (dd, °J;, = 8.1 Hz, °J;, = 2.5 Hz, 1 H, 3-H), 4.29 (dd, °J,,; = 5.0 Hz, °’J,5; = 2.5 Hz, 1 H,
2-H), 4.23-4.17 (m, 2 H, 4-H, 6-H,), 4.09 (dd, *Jsp.62 = 10.2 Hz, *Jsss = 6.8 Hz, 1 H, 6-Hy), 4.04 (ddd,
Toep = 6.6Hz, Js¢a = 6.1Hz, °Js, = 1.7Hz, 1H, 5-H), 2.44 (s, 3H, 4°-CH;), 1.50 (s, 3H,
1,2-C(CH3)a), 1.34 (s, 3 H, 3,4-C(CHs),), 1.31 (s, 3 H, 1,2-C(CHj3)y), 1.28 (s, 3 H, 3,4-C(CHjs)y).

BCNMR (151 MHz, CDCL):

§ (ppm): 144.9 (C-4°), 133.0 (C-1°), 129.9 (C-2%), 128.3 (C-3%), 109.7 (3,4-C(CHj),). 109.1
(1,2-C(CHj3)2), 96.3 (C-1), 70.7 (C-3), 70.6 (C-4), 70.5 (C-2), 68.3 (C-6), 66.0 (C-5), 26.1
(1,2-C(CHj3)a), 26.0 (3,4-C(CHj3),), 25.1 (1,2-C(CH,)y), 24.5 (3,4-C(CH,)y), 21.8 (4°-CH;).

HRMS (ESI): 437.12396 [M+Na] (C,oH,505SNa, calc. 437.12406)

1,2:3,4-Di-O-isopropylidene-a-D-fucopyranose (62)
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This procedure is adapted from a previously published protocol.*>>*

Glycoside 62 (2.00 g, 5.00 mmol) was dissolved in THF (5mL) in a round-bottomed flask. To this
was added a 1 M aqueous solution of Super-Hydride (Li[Et;BH], 20.0 mL, 10.0 eq.) and the reaction
was allowed to stir at room temperature overnight before being heated to reflux for a further 3 hrs.
Following completion, the reaction mixture was poured into water (100 mL) and extracted with
EtOAc (3x 50 mL). The organic phases were then combined and dried over MgSO,, filtered, and the
solvent removed under reduced pressure. The resulting mixture was then purified using column
chromatograpy (ethyl acetate/petroleum ether 2:8) to obtain product 62 in a yield of 94% (1.08 g,

4.7 mmol).

Data was in agreement with that previously published.*”°
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R¢ = 0.62 (ethyl acetate/petroleum ether 4:6)

'"H NMR (600 MHz, CDCl,):

8 (ppm): 5.48 (d, *],, = 5.3 Hz, 1 H, 1-H), 4.55 (dd, *J;, = 7.9 Hz, *J;, = 2.4 Hz, 1 H, 3-H), 4.25 (dd,
T = 5.2Hz, ], ; = 2.4 Hz, 1 H, 2-H), 4.04 (dd, *J,; = 8.0 Hz, ’J, s = 2.0 Hz, 1 H, 4-H), 3.87 (dq, "Js6
= 6.6 Hz, ’J;, = 1.9 Hz, 1 H, 5-H), 1.48 (s, 3 H, 1,2-C(CH3),), 1.43 (s, 3 H, 3,4-C(CH,),), 1.31 (s, 3 H,
1,2-C(CH;)p), 1.29 (s, 3 H, 3,4-C(CH;)p), 1.21 (d, *Js5 = 6.6 Hz, 3 H, 6-CH,).

BCNMR (151 MHz, CDCL):

S (ppm): 109.0 (3,4-C(CHj),). 108.3 (1,2-C(CHjs),), 96.6 (C-1), 73.6 (C-4), 71.0 (C-3), 70.4 (C-2),
63.5 (C-5), 26.1 (1,2-C(CHs;),), 26.1 (3,4-C(CHs;),), 25.0 (1,2-C(CHj)p), 24.5 (3,4-C(CH3)p), 16.0
(C-6).

D-Fucose (37)

This procedure is adapted from a previously published protocol.*”*
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To a round-bottomed flask containing glycoside 62 (17.0 g, 73.8 mmol) was added AcOH (80%,
400 mL) and the reaction was allowed to stir for 3 days at 80 °C. The mixture was subsequently
concentrated under reduced pressure to a crude foam, which subsequently formed a gum under
atmospheric pressure. Compound 37 was obtained in a quantitative yield (11.6 g, 77.0 mmol) and

used in its crude form in further experiments.

HO
50
HO !
3 Ho TOH
5.4.6 Chemical Synthesis of para-Nitrophenyl Allolactose
OTBDPS OTBDPS
o/&/omp — Ho/éS/OpNP — Bzo/éS/OpNP — Bzo/&/owp
OAc OH
AcO o)
1+71 0 0
or AcO AO 0 HO Y 0
1+72 ¢
BzO 0 HO 0
BzO OpNP HO OpNP
OBz OH
73 5

4-Nitrophenyl 6-O-(tert-butyldiphenyl)silyl-B-D-glucopyranoside (70)
This procedure is adapted from a previously published protocol.**’

To a dry round-bottomed flask with a nitrogen atmosphere was added glc-pNP (4; 0.60g,
2.00 mmol) and anh. DMF (40 mL). The stirring solution was then cooled to 0 °C. Et;N (0.39 mL,
2.80 mmol, 1.40 eq.) and DMAP (19.5 mg, 0.20 mmol, 8.00 mol%) were then added. A solution of
TBDPSCI (0.55 mL, 2.10 mmol, 1.10 eq.) was then added via syringe pump over 1 h. Subsequently,
the reaction was heated to 50 °C and reacted for 3 d. The reaction was then diluted with EtOAc
(100 mL) and washed successively with dH,O (4x 100 mL) and brine (2x 100 mL). The organic layer
was then dried over MgSO,, filtered, and the solvent removed under reduced pressure. The crude
material was purified using column chromatography (EtOAc) to obtain 70 in a yield of 60% (0.64 g,

1.20 mmol).
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OTBDPS
5
HO
HO Lo,
> OH
"

NO,
R¢=0.23 (ethyl acetate/petroleum ether 8:2)

'"H NMR (600 MHz, CDCl,):

8 (ppm): 8.13 (d, ’J;»» = 9.2Hz, 2 H, 3-H), 7.67-7.61 (m, 4 H, arom.-CH), 7.45-7.37 (m, 2 H,
arom.-CH), 7.36-7.27 (m, 4 H, arom.-CH), 7.09 (d, ’J,;- = 9.2 Hz, 2 H, 2°-H), 5.01 (d, *J,», = 7.2 Hz,
1 H, 1-H), 3.98 (dd, “Jeass = 11.0 Hz, *Jeus = 4.1 Hz, 1 H, 6-H,), 3.90 (dd, *Jopea = 11.0 Hz, *Jsp5 =
5.5 Hz, 1 H, 6-Hy), 3.75-3.66 (m, 3 H, 2-H, 3-H, 4-H), 3.61 (ddd, *J5, = 9.5 Hz, *Js6 = 5.5 Hz, J560 =
4.1 Hz, 1 H, 5-H), 1.06 (s, 9 H, -SiC(CH3;);).

BCNMR (151 MHz, CDCL):

S (ppm): 161.8 (C-1°), 143.0 (C-4), 135.7 (arom.-CH), 135.7 (arom.-CH), 132.9 (arom-Cips,), 132.6
(arom-Cips), 130.1 (arom.-CH), 127.9 (arom.-CH), 127.9 (arom.-CH), 125.9 (C-3°), 116.7 (C-2°),
100.0 (C-1), 76.4 (C-3), 76.0 (C-5), 73.4 (C-2), 71.3 (C-4), 64.2 (C-6), 26.9 (-SiC(CHj;);), 19.4
(-SiC(CHj)3).

4-Nitrophenyl 2,3,4-tri-O-benzoyl-6-O-(tert-butyldiphenyl)silyl-B-D-glucopyranoside (71)

This procedure is adapted from a previously published protocol.””

To a stirring solution of glycoside 70 (0.54 g, 1.00 mmol) dissolved in anh. CH,Cl, (10 mL) was
added TMP (0.53 mL, 4.00 mmol, 4.00 eq.). BzCl (0.70 mL, 6.00 mmol, 6.00 eq.) was then added
dropwise, followed by DMAP (12.2 mg, 10.0 mol%) and the reaction was left stirring at room
temperature overnight. The reaction was quenched using ice-cold dH,O (5mL) and the product
extracted into CH,Cl, (50 mL). The organic extract was then washed sequentially with dH,O
(40 mL), sat. NaHCOj; (oq) (2x 40 mL), and brine (20 mL) before being dried over MgSO,, filtered,
and the solvent removed under reduced pressure. The crude mixture was purified using column

chromatography (ethyl acetate/petroleum ether 2:8) to give 71 in a yield of 60% (0.51 g, 0.60 mmol).
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Data was in agreement with that previously published.”®

OTBDPS
>-0
BzO
BzO 1.0 N
3 OBz
4

NO,
R¢ = 0.25 (diethyl ether/petroleum ether 4:6), 0.39 (petroleum ether/toluene/CH,Cl, 2:3:5)

"H NMR (600 MHz, CDCl,):

8 (ppm): 8.10 (d, *J5.»» = 9.2 Hz, 2 H, 3-H), 7.96 (dd, *Jopomp. = 8.3 Hz, YJoppp. = 1.4 Hz, 2 H,
arom.-CH,), 7.87 (dd, *J,-5om-5. = 7.5 Hz, 4]0,32,1,,32 = 1.1 Hz, 2 H, arom.-CH,), 7.85 (dd, *Jo-psm-p> =
7.3Hz, *Jopspp: = 1.4 Hz, 2 H, arom.-CH,), 7.61 (dd, *Jophmpr = 8.0 Hz, “Jopnppn = 1.5Hz, 2 H,
arom.-CH,), 7.58-7.50 (m, 4 H, arom.-CH,, arom.-CH,), 7.47 (m, 1 H, arom.-CH,), 7.41-7.33 (m,
5H, arom.-CH,,, arom.-CH,), 7.33-7.28 (m, 3 H, arom.-CH,,, arom.-CH,), 7.29-7.15 (m, 4 H,
arom.-CH,,), 7.14 (d, *J,-3- = 9.2 Hz, 2 H, 2-H), 5.96 (dd, ’J;, = 9.5 Hz, *J;, = 9.5 Hz, 1 H, 3-H), 5.80
(dd, *J,5 = 9.6 Hz, *J,, = 7.7 Hz, 1 H, 2-H), 5.66 (dd, *J,s = 9.7 Hz, *J,; = 9.7 Hz, 1 H, 4-H), 5.50 (d,
T2 =7.6Hz, 1 H, 1-H), 4.11 (ddd, *J5, = 9.9 Hz, *Js 62 = 5.6 Hz, *J5.6» = 2.6 Hz, 1 H, 5-H), 3.92 (dd,
Tsaev = 11.7 Hz, *Jsas = 5.6 Hz, 1 H, 6-H,), 3.89 (dd, *Jsp.6a = 11.7 Hz, *Jes5s = 2.6 Hz, 1 H, 6-Hy), 1.05
(s, 9 H, 6-OSiC(CHs)s).

BCNMR (151 MHz, CDCL,):

§ (ppm): 165.9 (3-OC(O)Ph), 165.2 (-OC(O)Ph), 165.1 (-OC(O)Ph), 161.6 (C-1°), 143.3 (C-4),
135.7 (arom.-CH), 135.5 (arom.-CH), 133.6 (arom.-CH), 133.6 (arom.-CH), 133.5 (arom.-CH),
133.0 (arom.-CH), 132.6 (arom.-CH), 129.9 (arom.-CH), 129.9 (arom.-CH), 129.9 (arom.-CH),
129.2 (arom.-Cjp), 129.0 (arom.-Cjyg), 129.0 (arom.-Cip,), 128.8 (arom.-Cipgo), 128.6 (arom.-Ciyg),
128.6 (arom.-CH), 128.5 (arom.-CH), 128.4 (arom.-Cj), 127.8 (arom.-CH), 127.8 (arom.-CH),
125.9 (C-3°), 117.1 (C-2°), 98.9 (C-1), 76.3 (C-5), 73.0 (C-3), 71.8 (C-2), 69.0 (C-4), 62.8 (C-6), 26.8
(6-OSiC(CHs;)3), 19.3 (6-OSiC(CHj3)3).

4-Nitrophenyl 2,3,4-tri-O-benzoyl--D-glucopyranoside (72)
This procedure is adapted from a previously published protocol.”*

Glycoside 71 (426.0 mg, 0.50 mmol, 1.00 eq.) was dissolved in MeCN (2.50 mL). To this was added
triflic acid-on-silica (TfOH-SiO,, 2.00 mmol/g; 32.0 mg, 10.0 mol%) and the reaction stirred at 50 °C
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for 30 min. The reaction was then filtered and the solid washed with MeCN. The filtrate was
collected and the solvent removed under reduced pressure. The crude mixture was purified using
column chromatography (ethyl acetate/petroleum ether 3:7) to obtain 72 in a yield of 61%
(187.0 mg, 0.30 mmol).

Data was in agreement with that previously published.”®

OH

BzO 2-0
Bzo/%l/o "
3 OBz
"

NO,

'"H NMR (600 MHz, CDCl,):

8 (ppm): 8.18 (d, *J5.»r = 9.2 Hz, 2 H, 3°-H), 7.96 (dd, *Jopoms. = 8.3 Hz, “Jops pp. = 1.4 Hz, 2 H,
arom.-CH,), 7.94 (dd, *Jo smp. = 8.3 Hz, *Jo 5, pp. = 1.4 Hz, 2 H, arom.-CH,), 7.86 (dd, *Jo psm 5. =
8.4Hz, Jops, pp: = 1.4 Hz, 2 H, arom.-CH,), 7.55 (tt, *Jp-ps, m. = 7.5 Hz, ‘] pps, 05 = 1.3Hz, 1 H,
arom.-CH,), 7.52 (tt, 3]1,_32, e = 7.4 Hz, *] p-Bz, o-Bz = 1.3 Hz, 1 H, arom.-CH,), 7.45 (tt, 3]1,_sz m-Bz =
7.5Hz, *] pps, 08 = 1.3 Hz, 1 H, arom.-CH,), 7.41 (dd, *Jo-8s, o5. = 8.3 Hz, *Jnps, pp: = 7.3 Hz, 2 H,
arom.-CH,,), 7.37 (dd, *J -5, 0.5, = 8.3 Hz, *Jn.52, p-8z = 7.4 Hz, 2 H, arom.-CH,,,), 7.31 (dd, 3 n-Bz, 0-Bz =
8.3Hz, *Jyups, pp: = 7.4 Hz, 2 H, arom.-CH,,), 7.10 (d, ’J»3 = 9.2 Hz, 2 H, 2-H), 6.06 (dd, “J;,
9.6 Hz, °J;, = 9.6 Hz, 1 H, 3-H), 5.82 (dd, ’J,; = 9.7 Hz, °J,,; = 7.8 Hz, 1 H, 2-H), 5.60 (dd, ],
9.7Hz, °J,; = 9.7Hz, 1 H, 4-H), 5.55 (d, ’J,, = 7.8 Hz, 1 H, 1-H), 4.02 (ddd, ’J,, = 9.9 Hz, *Js.
4.6 Hz, *J5 60 = 2.3 Hz, 1 H, 5-H), 3.92 (dd, *Jsaes = 13.0 Hz, *Jsus = 2.3 Hz, 1 H, 6-H,), 3.81 (dd, *Jsp.a
=13.0 Hz, *Jo5 = 4.6 Hz, 1 H, 6-Hy).

BCNMR (151 MHz, CDCl,):

S (ppm): 166.2 (4-OC(O)Ph), 165.9 (3-OC(O)Ph), 165.1 (2-OC(O)Ph), 161.4 (C-1°), 143.4 (C-4°),
134.0 (arom.-CH), 133.7 (arom.-CH), 133.6 (arom.-CH), 130.1 (arom.-CH), 129.9 (arom.-CH),
129.9 (arom.-CH), 128.9 (arom.-Cj), 128.7 (arom.-CH), 128.7 (arom.-Ci,), 128.6 (arom.-CH),
128.5 (arom.-CH), 128.4 (arom.-Cis), 126.0 (C-3°), 116.8 (C-2°), 98.7 (C-1), 75.5 (C-5), 72.5 (C-3),
71.6 (C-2), 69.2 (C-4), 61.3 (C-6).
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4-Nitrophenyl 2,3,4-tri-O-benzoyl-6-0-(2,3,4,6-tetra-O-acetyl)--D-galactopyranosyl-p-D-
glucopyranoside (73)

Method A (adapted from a known literature procedure)**’

To a stirring mixture of glycoside 72 (175.1 mg, 0.50 mmol, 1.00 eq.) and fluoride 33a (153.4 mg,
0.25 mmol, 2.00eq.) in anh. CH,Cl, (2. mL) was added Et;N (17.4 uL, 0.13 mmol, 0.50 eq.).
Subsequently, BF;-OEt, (77.1 puL, 0.63 mmol, 2.50 eq.) was added dropwise. The reaction was then
stirred at room temperature overnight and monitored by TLC. Once no more of the glucoside (72)
was observable, the reaction was diluted with CH,Cl, (20 mL) and washed sequentially with sat.
NaHCO; (o) (50 mL) and brine (20 mL). The organic phase was then dried over MgSO,, filtered, and
the solvent remove under reduced pressure. The crude mixture was purified using column
chromatography (ethyl acetate/petroleum ether 2:8) to obtain 73 in a yield of 25% (60.0 mg,

0.06 mmol).
Method B (adapted from a known literature procedure)®*

To a stirring mixture of glycoside 71 (0.60 g, 0.70 mmol, 1.00 eq.), fluoride 33a (0.26 g, 0.80 mmol,
1.10 eq.), and Et;N (0.11 mL, 0.80 mmol, 1.10 eq.) in anh. CH,Cl, (5 mL) was slowly added BF;-OEt,
(0.19 mL, 1.50 mmol, 2.20 eq.). The reaction was monitored by TLC and was diluted with CH,Cl,
(30 mL) after full conversion of 71 was observed. This was then washed successively with sat.
NaHCOj; (o) (50 mL) and brine (50 mL). The organic phase was then dried over MgSO,, filtered, and
the solvent removed under reduced pressure. The crude mixture was purified using column
chromatography (ethyl acetate/petroleum ether 2:8) to obtain 73 in a yield of 46% (0.30g,
0.30 mmol).

OAc
AcO

5.0
AcO Lo

3' AcO
BzO >0,
BZO O 1*
3 0Bz
4%

NO,

"H NMR (600 MHz, CDCl,):

8 (ppm): 8.25 (d, *J;+,+ = 9.2 Hz, 2 H, 3*-H), 7.98-7-79 (m, 4 H, arom.-CH,, arom.-CH,), 7.82 (dd,
Jobompe = 8.3 Hz, *Jo.pspp. = 1.4 Hz, 2 H, arom.-CH,), 7.55 (tt, *Jp 5om 52 = 7.3 Hz, “Jp 50, = 1.3 Hz,
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1 H, arom.-CH,), 7.52 (tt, 3][,_32,,,,,32 = 7.3 Hz, 4]p,Bz,o_Bz = 1.3 Hz, 1 H, arom.-CH,), 7.45 (tt, 3]p,32,m_Bz =
7.4 Hz, “Jp ps0. = 1.3 Hz, 1 H, arom.-CH,), 7.41 (ddt, *J-pz0-8: = 9.0 Hz, o pop-5 = 7.7 Hz, Jonpomps
= 1.5 Hz, 2 H, arom.-CH,,)), 7.37 (ddt, *Jn 520 8. = 8.8 HZ, *Jpop 5. = 7.6 HZ, Jpupoms, = 1.4 Hz, 2 H,
arom.-CH), 7.30 (ddt, *Jnps08: = 8.8 HZ, *Jupop e = 7.5 Hz, Jpoms. = 1.3 Hz, 2 H, arom.-CH,,,),
7.13 (d, *J,5+ = 9.3 Hz, 2 H, 2*-H), 5.96 (dd, ’J5, = 9.6 Hz, ’J;, = 9.4 Hz, 1 H, 3-H), 5.78 (dd, *J,;
9.8 Hz, °J,; = 7.9 Hz, 1 H, 2-H), 5.44 (dd, *J,s = 10.1 Hz, ’J,; = 9.4 Hz, 1 H, 4-H), 5.43 (d, *J...
7.8 Hz, 1 H, 1-H), 5.38 (dd, *J, 3= 3.5 Hz, *J,.s= 1.1 Hz, 1 H, 4°-H), 5.26 (dd, *J,- 3= 10.5 Hz, *J,« ;-
8.0Hz, 1 H, 2°-H), 4.98 (dd, *J3» = 10.5 Hz, *J3.4 = 3.4 Hz, 1 H, 3*-H), 4.52 (d, *J;.»- = 8.0 Hz, 1 H,
1°-H), 4.30 (ddd, s, = 10.3 Hz, ’Js.6 = 8.5 Hz, *J5.60 = 2.0 Hz, 1 H, 5-H), 4.09 (dd, *Js:ass = 11.4 Hz,
Jous = 6.9Hz, 1 H, 6°-H,), 4.05 (dd, “Jsp,sa = 11.4 Hz, “J53,5° = 6.3 Hz, 1 H, 6°-Hy), 4.04 (dd, *Jeae =
11.3 Hz, *Jsus = 2.2 Hz, 1 H, 6-H,), 3.88 (ddd, 5.6 = 7.0 Hz, *Jse63 = 6.2 Hz, °Js., = 1.2 Hz, 1 H,
5°-H), 3.85 (dd, *Jspea = 11.2 Hz, *Jg,5 = 8.5 Hz, 1 H, 6-Hy), 2.18 (s, 3 H, 4°-OC(O)CHj,), 1.99 (s, 3 H,
3°-OC(O)CH,3), 1.91 (s, 3 H, 6°-OC(O)CH3;), 1.85 (s, 3 H, 2°-OC(O)CHs;).

“CNMR (151 MHz, CDCL,):

§ (ppm): 170.4 (6°-OC(O)CH;), 170.3 (4°-OC(O)CH;), 170.2 (3°-OC(O)CHj), 169.4
(2°-OC(0O)CH;), 165.8 (3-OC(O)Ph), 165.5 (4-OC(O)Ph), 165.1 (2-OC(O)Ph), 161.7 (C-1%), 143.4
(C-4*), 134.0 (arom.-CH), 133.7 (arom.-CH), 133.6 (arom.-CH), 130.0 (arom.-CH), 129.9
(arom.-CH), 129.9 (arom.-CH), 128.9 (arom.-Cj), 128.8 (arom.-CH), 128.7 (arom.-Cis,), 128.6
(arom.-CH), 128.5 (arom.-Cjps, arom.-CH), 126.2 (C-3%), 117.0 (C-2*), 101.5 (C-1), 99.0 (C-1),
74.5 (C-5), 72.6 (C-3), 71.5 (C-2), 71.1 (C-5), 70.9 (C-3°), 69.6 (C-4), 68.7 (C-6), 68.7 (C-2°), 67.2
(C-4%),61.5(C-6),20.8 (-OC(O)CHj;), 20.7 (-OC(O)CH,), 20.7 (-OC(O)CHs;), 20.7 (-OC(O)CHj,).

4-Nitrophenyl B-D-galactopyranosyl-B-D-glucopyranoside (5)
Disaccharide 73 (0.23 g, 0.20 mmol, 1.00 eq.) was reacted as outlined in GPD. The crude mixture was
not purified further. Product 5 was obtained in a quantitative yield (130.0 mg).

Data was in agreement with that previously published.*”?
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5.0
o
HO—\=
> OH
HO >0
HO N
> OH
-

188



Experimental

R¢ = 0.64 (ethyl acetate/petroleum ether 4:6, aluminium oxide)

"H NMR (600 MHz, CDCl,):

8 (ppm): 8.30 (d, ’J5+,+ = 9.3 Hz, 2 H, 3*-H), 7.31 (d, *J,«3+ = 9.3 Hz, 2 H, 2*-H), 5.31 (d, ’J,, =
7.7Hz, 1 H, 1-H), 4.42 (d, ’J,»»» = 7.7 Hz, 1 H, 1’-H), 4.24 (dd, *Jsues = 14.4 Hz, *Jss5s = 4.8 Hz, 1 H,
6-H,), 3.95-3-87 (m, 3 H, 5-H, 6-Hy, 4’-H), 3.76 (dd, “Jouss = 11.7 Hz, *Jsas = 7.8 Hz, 1 H, 6’-H,),
3.72 (dd, *Jewea = 11.7 Hz, “Jou5 = 4.4 Hz, 1 H, 6’'Hy), 3.69-3.58 (m, 5 H, 2-H, 3-H, 4-H, 3’H, 5°-H),
3.55(dd, %), = 9.9 Hz, *J,.; = 7.7 Hz, 1 H, 2°-H).

“CNMR (151 MHz, CDCl;):

§ (ppm): 161.6 (C-1%), 142.6 (C-4*), 126.1 (C-3*), 116.6 (C-2%), 103.3 (C-1°), 99.4 (C-1), 75.4
(C-5), 75.3 (C-3), 75.1 (C-5’), 72.7 (C-2), 72.6 (C-3’), 70.7 (C-2’), 69.1 (C-4), 68.6 (C-4’), 68.3 (C-6),
60.9 (C-67).

5.4.7 Enzymatic Synthesis of para-Nitrophenyl Allolactose
This procedure is adapted from a previously published protocol.’

OAc
AcO

OH 0
Ho OH AcO

OA
0 HO 0 . AcO 0
HO + HO 0 AcO 0
Ho | OH Q

Glycoside 4 (8.7 mg, 29 umol, 1.0 eq.) and fluoride 1 (11 mg, 58 umol, 2.0 eq.) were dissolved in
buffer (200 mM mixed phosphate, pH 7.5, 1 mM MgCl,; 1 mL) containing galactosidase. The reaction
was then shaken at 300 rpm on an orbital shaker for 2 days at 25 °C. The reaction products were then
flash frozen using N, () and the solvent was removed via lyophilisation. The carbohydrate/salt
mixture was then derivatised according to GPA and the crude product mixture was then purified

using pTLC (ethyl acetate/petroleum ether 6:4).

Product was only observed for this reaction using the galactosidase variant LacZ E5375/G794D in an

isolable yield of 2% (0.3 mg).

Data obtained was in agreement with the literature."
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OAc
AcO
5.0
AcO L0
3" AcO
AcO 5-0
AcO -0 1
3 OAc
4%
NO,

R¢ = 0.62 (ethyl acetate/petroleum ether 4:6)

"H NMR (600 MHz, CDCL,):

8 (ppm): 8.27 (d, *J;++ = 9.2 Hz, 2 H, 3*-H), 7.10 (d, *J,«3« = 9.3 Hz, 2 H, 2*-H), 5.41 (dd, ’J,.5 =
3.5Hz, J;s-= 1.0 Hz, 1 H, 4°-H), 5.33-5.29 (m, 1 H, 2-H), 5.27 (dd, ’J,s = 9.7Hz, ’J,; = 7.5 Hz, 1 H,
4-H), 5.23 (dd, *J, 3 = 10.5 Hz, ’],- ;- = 8.0 Hz, 1 H, 2°-H), 5.14 (d, ’J,., = 7.6 Hz, 1 H, 1-H), 5.00-4.95
(m, 2 H, 3-H, 3°-H), 4.49 (d, *J;-»-= 8.0 Hz, 1 H, 1°-H), 4.20 (dd, *Jsass = 11.4 Hz, *Js,5 = 6.7 Hz, 1 H,
6-H,), 4.11 (dd, *Jepes = 11.5Hz, *Joos = 6.3 Hz, 1 H, 6-Hy), 3.98 (ddd, 56w = 10.2 Hz, *J5.69 =
8.1 Hz, ’J;., = 2.1 Hz, 1 H, 5°-H), 3.92-3.88 (m, 2 H, 5-H, 6°-H,), 3.67 (dd, *Jss.¢w = 11.0 Hz, *Jg,5> =
8.1 Hz, 1 H, 6°-Hy), 2.20 (s, 3 H, -OC(O)CHs;), 2.08 (s, 3 H, -OC(O)CHj;), 2.06 (s, 3 H, -OC(O)CHj,),
2.06 (s, 3H, -OC(O)CH;), 2.04 (s, 3H, -OC(O)CH;), 1.99 (s, 3H, -OC(O)CHj;), 1.83 (s,
3 H, -OC(O)CH,).

5.4.8 Synthesis of TIPS-pNP
Triisopropyl (4-nitrophenoxy)silane (31)

To a dry flask containing p-nitrophenol (0.70 g, 5.00 mmol, 1.00 eq.), Et;N (1.20 mL, 5.60 mmol,
1.10 eq.), and imidazole (1.00 g, 14.7 mmol, 2.90 eq.), was added anh. CH,Cl, (5 mL). The stirring
mixture was cooled to 0 °C and to this was added TIPSCI (0.84 mL, 6.00 mmol, 1.20 eq.) over 5 min
using a syringe pump. The reaction was then left to gradually warm to room temperature and reacted
for a total of 16 hrs before being quenched with dH,O (5 mL). The reaction was stirring vigorously
for a further 5 min before being diluted with CH,Cl, (20 mL). The phases were then separated and
the organic phase was washed successively with dH,O (20 mL) and brine (20 mL). The organic phase
was then dried over MgSO, and the solvent removed under reduced pressure. The crude mixture was
purified using flash column chromatography (diethyl ether/n-pentane 2:8) to give 31 in a yield of
95% (1.42 g, 4.8 mmol).
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Experimental

Data was in agreement with that previously published.”**”

\i(o—<1': Y-NO
} P :

"H NMR (600 MHz, CDCL,):

8 (ppm): 8.15 (d, *J5.» = 9.1 Hz, 2 H, 3*-H), 6.93 (d, *J»s3- = 9.1 Hz, 2 H, 2°-H), 1.30 (dq, *J;,» =
7.5Hz,°],,=7.2Hz, 3 H, 1-H), 1.11 (d, ’J,, = 7.5 Hz, 18 H, 2-H).

“CNMR (151 MHz, CDCL,):

S (ppm): 162.2 (C-17), 141.9 (C-4"), 126.0 (C-3’), 120.1 (C-2’), 18.0 (C-2), 12.8 (C-1).

5.4.9 Synthesis of Other Compounds
4-Methoxybenzaldehyde dimethylacetal (67)
This method was adapted from a known literature prodcedure.*’®

To a stirring suspension of Dowex 650C (2.50g) in MeOH (250mL) was added
p-methoxybenzaldehyde (62.0 mL, 510 mmol, 1.00eq.) and trimethylorthoformate (66.0 mL,
603.3 mmol, 1.20 eq.). The mixture was then refluxed under anhydrous conditions for 4 hours. The
solids were removed by filtration and the remaining solvent removed under reduced pressure. The
title compound was then isolated via fractional distillation at 10 mbar and 80 °C. The fractions are

given below as a ratio of aldehyde to acetal as determined by '"H NMR.

F1-4.27 g (1:13); F2 - 58.3 g (1:19); F3 — 21.0 g (1:44); F4 - 0.07 g (1:75)

Data was in agreement with that previously published.*”’

OMe

1
OMe
5
MeO
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Experimental

"H NMR (600 MHz, CDCl,):

8 (ppm): 7.37 (d, ’J,; = 8.6 Hz, 2 H, 4-H), 6.90 (d, °J;, = 8.7 Hz, 2 H, 3-H), 5.35 (s, 1 H, 1-H), 3.81 (s,
3 H, 5-OCHj;), 3.31 (s, 6 H, 1-(OCHj;),).

4-Nitrophenyl 4,6-benzylidenyl--D-galactopyranoside (65)
This method was adapted from a known literature procedure.*’®

Glycoside 4 (220.0 mg, 0.73 mmol, 1.00 eq.), benzaldehyde dimethyl acetal (0.438 mL, 2.90 mmol,
4.00 eq.) and CSA (33.9 mg, 0.15 mmol, 20 mol%) were dissolved in anh. MeCN (1.00 mL). The
reaction was then stirred at 30 °C for 4 hrs before being quenched with Et;N (0.10 mL). The reaction
was then filtered and the solid washed with MeCN. The filtrate was collected and the solvent was
removed under reduced pressure. The resulting crude product was then purified using column
chromatography (ethyl acetate/petroleum ether 6:4) to give 65 in a yield of 87% (246.0 mg, 0.6

mmol).

Data was in agreement with that previously published.*”’

m.p. (°C) = 187.3 — 187.6 °C (lit.*”” 180 - 182 °C)
'"H NMR (600 MHz, d;-MeCN):

8 (ppm): 8.20 (d, *J;.»» = 9.2 Hz, 2 H, 3-H), 7.51-7.47 (m, 2 H, 11-H), 7.43-7.37 (m, 3 H, 10-H,
12-H), 7.21 (d, ’J,3- = 9.2 Hz, 2 H, 2°-H), 5.59 (s, 1 H, 8-H), 5.18 (d, *J,, = 7.7 Hz, 1 H, 1-H), 4.30
(dd, *Jsaep = 10.2 Hz, *Jous = 4.9 Hz, 1 H, 6-H,), 3.92 (d, *Jr.on0.5 = 4.4 Hz, 1 H, 2-OH), 3.77-3.70 (m,
3H, 3-H, 3-OH, 6-Hy), 3.67 (ddd, *Juu = 9.9 Hz, “Juu = 9.7 Hz, *J56, = 4.9 Hz, 1 H, 5-H), 3.61-3.51
(m, 2 H, 2-H, 4-H).

BCNMR (151 MHz, d;-MeCN):
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Experimental

S (ppm): 162.9 (C-1%), 143.8 (C-4%), 138.7 (C-9), 129.9 (C-11), 129.1 (C-10), 127.2 (C-12), 126.7
(C-3%), 117.4 (C-2), 102.2 (C-8), 101.3 (C-1), 81.0 (C-4), 75.1 (C-2), 73.9 (C-3), 69.0 (C-6), 67.4
(C-5).

HRMS (ESI): 412.10012 [M+Na] (C,oH,sNOgNa, calc. 412.10029)

4-Nitrophenyl 4,6-(4-methoxy)benzilidenyl--D-galactopyranoside (68)
This method was adapted from a known literature procedure.*’®

Glycoside 4 (1.09g, 3.62mmol, 1.00eq.), p-methoxybenzaldehyde dimethyl acetal* (2.55g,
13.9 mmol, 3.80 eq.) and CSA (0.18 g, 0.79 mmol, 20 mol%) were dissolved in anh. MeCN (35 mL).
The reaction was then stirred at 50 °C for 4 hrs before being quenched with Et;N (2.00 mL). The
reaction was then filtered and the solid washed with MeCN. The filtrate was collected and the solvent
was removed under reduced pressure. The product was then recrystallised from hot EtOH to give 68

in a yield of 88% (1.33 g, 3.20 mmol).
*dimethyl acetal used had a 1:44 ratio of aldehyde to acetal.

Data was in agreement with that previously published.**

m.p. (°C) = 196.2 - 196.7 °C (lit.*** 190 - 192 °C)
'"H NMR (600 MHz, d>-MeCN):

8 (ppm): 8.20 (d, *J 5, = 9.2 Hz, 2 H, 3°-H), 7.41 (d, 101, = 8.7 Hz, 2 H, 10-H), 7.21 (d, .5 =
9.2 Hz, 2 H, 2°-H), 6.93 (d, *J,1..0 = 8.7 Hz, 2 H, 11-H), 5.54 (s, 1 H, 8-H), 5.18 (d, ’J,, = 7.6 Hz, 1 H,
1-H), 4.28 (dd, YJsasp = 10.1 Hz, *Jsus = 4.8 Hz, 1 H, 6-H,), 3.88 (d, *Jr.onom = 4.4 Hz, 1 H, 2-OH),
3.79 (s, 3 H, 12-OCH3), 3.75-3.68 (m, 3 H, 3-H, 3-OH, 6-Hy), 3.65 (ddd, *Juu = 9.8 Hz, *Juu =
9.7 Hz, *Js.6» = 4.9 Hz, 1 H, 5-H), 3.59-3.50 (m, 2 H, 2-H, 4-H).

BC NMR (151 MHz, d°-MeCN):
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Experimental

d (ppm): 163.0 (C-19), 161.1 (C-12), 143.8 (C-4°), 131.1 (C-9), 128.5 (C-10), 126.7 (C-3%), 117.4
(C-29), 114.4 (C-11), 102.2 (C-8), 101.3 (C-1), 81.0 (C-4), 75.1 (C-2), 73.9 (C-3), 68.9 (C-6), 67.5
(C-5), 55.9 (12-OCHs).

HRMS (ESI): 420.12864 [M+H] (C,0H,,NOyNa, calc. 120.39345)

4-Nitrophenyl 2,3-diacetyl-4,6-(4-methoxy)benzylidenyl-B-D-galactopyranoside (69)

Following GPA, glycoside 68 (0.42 g, 1.00 mmol, 1.00 eq.) was reacted. Over the course of the
reaction, a white precipitate formed which was collected and washed with Et,O to reveal compound

69 in a yield of 78% (0.40 g, 0.8 mmol).

Data was in agreement with that previously published.**

9 8 o 6
12 4 le)
|V|eO AOCO 1 0 1
3 OAc
.
NO,
m.p. (°C) = 247.1 - 248.6 °C (lit.**’ 252 — 253 °C)

"H NMR (600 MHz, d°-DMSO):

8 (ppm): 8.23 (d, *J 5., = 8.7Hz, 2 H, 3°-H), 7.31 (d, 101 = 8.2 Hz, 2 H, 10-H), 7.25 (d, .5 =
8.8 Hz, 2 H, 2°-H), 6.93 (d, *J;1..0 = 8.2 Hz, 2 H, 11-H), 5.83 (d, *J,, = 7.9 Hz, 1 H, 1-H), 5.60 (s, 1 H,
8-H), 5.43 (dd, *J,, = 9.5 Hz, *J;,= 9.5 Hz, 1 H, 3-H), 5.14 (dd, *J,; = 8.6 Hz, °J,,; = 8.6 Hz, 1 H, 2-H),
429 (dd, *Jenep = 10.1 Hz, *Jsu5 = 4.9 Hz, 1 H, 6-H,), 4.02 (ddd, *Js.6, = 9.7 Hz, ’J5., = 9.6 Hz, *J5.60 =
4.8Hz, 1H, 5-H), 3.95 (dd, ’J,s = 9.6 Hz, ’J,; = 9.6Hz, 1H, 4-H), 3.82-3.71 (m, 4 H, 6-H,
12-OCH3;), 2.02 (s, 6 H, 2-OC(O)CHs;, 3-OC(O)CHs;).

C NMR (151 MHz, d°-DMSO):

S (ppm): 169.6 (3-OC(O)CHj3;), 169.2 (2-OC(O)CHj3), 161.0 (C-1°), 159.7 (C-12), 142.5 (C-4°), 129.5
(C-9), 127.5 (C-10), 125.9 (C-3), 116.7 (C-2°), 113.5 (C-11), 100.5 (C-8), 97.1 (C-1), 77.0 (C-4), 71.3
(C-2),71.1 (C-3), 67.3 (C-6), 65.8 (C-5), 55.1 (p-OCHj), 20.5 (-OC(O)CH3), 20.3 (-OC(O)CHs).
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Experimental

HRMS (ESI): 504.14984 [M+H] (C,,H,sNOy;, calc. 504.15004), 542.10578 [M+K] (C,,H,sNO; K,
calc. 526.10592)
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Original images of SDS-PAGE and agarose electrophoresis gels are available on request.

A-1 Vector List

pET21a(+)
This vector was obtained from Novagen.
f1 ORI 12-467
amp" 599-1456
pBR322 ORI 2217
lacl 4730-3651
T7 promoter 5133-5117
T7 transcription start 5134
T t 5237_5205 PET'21a(+) ampR
7-tag 5443 bps
MCS 5241-5286
His-tag 5304-5287
T7 terminator 5372-5418
pET22b(+)
This vector was obtained from Novagen.
f1 ORI 12-467
amp" 599-1456
pBR322 ORI 2217
lacl 4700-3651
T7 promoter 5133-5117
T7 transcription start 5134
pET22b(+)
pelB leader sequence 5205-5270 5493 bps
MCS 5269-5336
His-tag 5354-5337
T7 terminator 5422-5468
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pET28a(+)

This vector was obtained from Novagen.

f1 ORI 12-467
kan" 1375-563
pBR322 ORI 2084
lacl 4597-3518
T7 promoter 5000-4984
T7 transcription start 5001 g
His-tag 5083-5100 e Pi:;:i:i*') tank
T7-tag 5131-5163
MCS 5167-5212
His-tag 5213-5230
T7 terminator 5298-5344
pUCS7
This vector was supplied as a part of a synthetic construct with ordered genes from GenScript.
MCS 352-524
lacZa 493-146
pMB1 1490-876 Ndel
amp” 2510-1650

ampR 500 Asel

pUCS7 Asel
2710 bps

Asel 1000 "
N Peil

pMB1

A-2
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A-2 Plasmid Cards and Sequences

The following sequences are marked for non-coding nucleotides, mutation sites, and modifications.
A-2.1 LacZ: p-galactosidase from Escherichia coli BL21 (DE3)

lacZ-His(x6)

atgaccatgattacggattcactggccgtcgttttacaacgtcgtgactgggaaaaccctggegttacccaacttaatcgecttgeageacateecect
ttcgccagetggegtaatagcgaagaggeccgeaccgatecgeccttcccaacagttgegeagectgaatggegaatggegetttgectggtttcegg
caccagaagcggtgecggaaagetggetggagtgcgatcttcctgaggecgatactgtegtegtcecctcaaactggeagatgeacggttacgatg
cgcccatctacaccaacgtgacctatcccattacggtcaatccgecgtttgttcccacggagaatccgacgggttgttactcgctcacatttaatgttg
atgaaagctggctacaggaaggccagacgcgaattatttttgatggegttaactcggegtttcatctgtggtgcaacgggegetgggtcggttacgge
caggacagtcgtttgccgtctgaatttgacctgagegcatttttacgcgccggagaaaaccgectcgeggtgatggtgctgcgetggagtgacggea
gttatctggaagatcaggatatgtggcggatgageggcattttccgtgacgtctegttgetgcataaaccgactacacaaatcagegatttccatgttg
ccactcgctttaatgatgatttcagccgegetgtactggaggctgaagttcagatgtgeggcegagttgegtgactacctacgggtaacagtttctttatg
gcagggtgaaacgcaggtcgcecageggeaccgegectttcggeggtgaaattatcgatgagegtggtggttatgecgatcgegtcacactacgtct
gaacgtcgaaaacccgaaactgtggagcgecgaaatcccgaatctctatcgtgeggtggttgaactgcacaccgecgacggeacgetgattgaag
cagaagcctgcgatgtcggtttccgegaggtgcggattgaaaatggtctgetgetgetgaacggceaagecgttgetgattcgaggegttaaccgtca
cgagcatcatcctctgeatggtcaggtcatggatgagcagacgatggtgcaggatatcctgetgatgaagcagaacaactttaacgecgtgegetgt
tcgcattatccgaaccatccgetgtggtacacgetgtgegaccgctacggectgtatgtggtggatgaagecaatattgaaacccacggeatggtge
caatgaatcgtctgaccgatgatccgegetggctaccggegatgagegaacgegtaacgegaatggtgcagegegatcgtaatcacccgagtgtg
atcatctggtcgctggggaatgaatcaggccacggegctaatcacgacgegetgtatcgetggatcaaatetgtegatecttcecegececggtgeagt
atgaaggcggcggagecgacaccacggecaccgatattatttgecegatgtacgegegegtggatgaagaccageectteccggetgtgecgaaa
tggtccatcaaaaaatggctttcgetacctggagagacgegeccgetgatectttgegaatacgeccacgegatgggtaacagtcttggeggttteg
ctaaatactggcaggcgtttcgtcagtatcccegtttacagggeggcttegtetgggactgggtggatcagtcgetgattaaatatgatgaaaacgge
aacccgtggtcggcttacggeggtgattttggcgatacgccgaacgatcgecagttctgtatgaacggtetggtetttgecgaccgeacgecgeate
cagcgctgacggaagcaaaacaccagcageagtttttccagttcegtttatccgggeaaaccatcgaagtgaccagegaatacctgttcegtcatag
cgataacgagctcctgcactggatggtggcgctggatggtaagecgetggeaageggtgaagtgectetggatgtcgetccacaaggtaaacagtt
gattgaactgcctgaactaccgecagecggagagegecgggcaactetggctcacagtacgegtagtgcaaccgaacgegaccgeatggtcagaa
gccggacacatcagegectggeageagtggegtetggctgaaaacctcagegtgacactccecgecgegteccacgecatcecgeatctgaccac
cagcgaaatggatttttgcatcgagetgggtaataagegttggcaatttaaccgecagtcaggcetttctttcacagatgtggattggegataaaaaaca
actgctgacgcegetgegegatcagttcaccegtgeaccgetggataacgacattggegtaagtgaagegacccgeattgacectaacgectgggt
cgaacgctggaaggcggegggccattaccaggecgaageagegtigttgcagtgcacggeagatacacttgetgatgeggtgcetgattacgaceg
ctcacgcgtggcagcatcaggggaaaaccttatttatcagccggaaaacctaccggattgatggtagtggtcaaatggegattaccgttgatgttgaa
gtggcgagegatacaccgeatecggegeggattggectgaactgecagetggegeaggtageagagegggtaaactggeteggattagggecge
aagaaaactatcccgaccgcecttactgecgectgttttgaccgetgggatctgecattgtcagacatgtataccecgtacgtettcccgagegaaaac
ggtctgegetgegggacgegegaattgaattatggeccacaccagtggegeggegacttccagttcaacatcagecgcetacagtcaacageaactg
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atggaaaccagccatcgccatctgctgcacgeggaagaaggcacatggetgaatatcgacggtttccatatggggattggtggcgacgactectgg

agcccgtcagtatcggeggaattccagetgagegecggtcgctaccattaccagttggtctggtgtcaaaaactcgagcaccaccaccaccaccact
ga

LacZ-His(x6)

MTMITDSLAVVLQRRDWENPGVTQLNRLAAHPPFASWRNSEEARTDRPSQQLRSLNGEWRFA
WFPAPEAVPESWLECDLPEADTVVVPSNWQMHGYDAPIYTNVTYPITVNPPFVPTENPTGCYS
LTENVDESWLQEGQTRIIFDGVNSAFHLWCNGRWVGYGQDSRLPSEFDLSAFLRAGENRLAVM
VLRWSDGSYLEDQDMWRMSGIFRDVSLLHKPTTQISDFHVATRFNDDFSRAVLEAEVQMCGE
LRDYLRVTVSLWQGETQVASGTAPFGGEIIDERGGYADRVTLRLNVENPKLWSAEIPNLYRAV
VELHTADGTLIEAEACDVGFREVRIENGLLLLNGKPLLIRGVNRHEHHPLHGQVMDEQTMVQ
DILLMKQNNFNAVRCSHYPNHPLWYTLCDRYGLYVVDEANIETHGMVPMNRLTDDPRWLPA
MSERVTRMVQRDRNHPSVIIWSLGNESGHGANHDALYRWIKSVDPSRPVQYEGGGADTTATD
[ICPMYARVDEDQPFPAVPKWSIKKWLSLPGETRPLILCEYAHAMGNSLGGFAKYWQAFRQYP
RLQGGFVWDWYVDQSLIKYDENGNPWSAYGGDFGDTPNDRQFCMNGLVFADRTPHPALTEA
KHQQQFFQFRLSGQTIEVTSEYLFRHSDNELLHWMVALDGKPLASGEVPLDVAPQGKQLIELPE
LPQPESAGQLWLTVRVVQPNATAWSEAGHISAWQQWRLAENLSVTLPAASHAIPHLTTSEMD
FCIELGNKRWQFNRQSGFLSQMWIGDKKQLLTPLRDQFTRAPLDNDIGVSEATRIDPNAWVER
WKAAGHYQAEAALLQCTADTLADAVLITTAHAWQHQGKTLFISRKTYRIDGSGQMAITVDVE
VASDTPHPARIGLNCQLAQVAERVNWLGLGPQENYPDRLTAACFDRWDLPLSDMYTPYVEPS
ENGLRCGTRELNYGPHQWRGDFQFNISRYSQQQLMETSHRHLLHAEEGTWLNIDGFHMGIGG
DDSWSPSVSAEFQLSAGRYHYQLVWCQKLEHHHHHH

Mutations

The following lacZ mutants were generated using the codons shown with the mutations being

performed on the vector shown.

Mutant Codon (5’>3) Original Vector
E537S agt pET28a:lacZ WT
E5375/G794D gac pET28a::lacZ E537S
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pET22b::lacZ
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f1 ORI 12-467

amp" 599-1456

pBR322 ORI 2217

lacl 4700-3651

T7 promoter 5133-5117

T7 transcription start 5134

lacZ-His(x6) 5206-8304 PET22b::lacZ _ _

T7 terminator 8369-8415 8440 bps

il ssel

pET28a:lacZ

f1 ORI 12-467

kan® 1375-563

pBR322 ORI 2084

lacl 4597-3518

T7 promoter 5000-4984

T7 transcription start 5001

lacZ-His(x6) 5036-8134 Wi = pET28aztacz |

T7 terminator 8245-8199 8270 bps e
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A-2.2 Lac4: p-galactosidase from Kluyveromyces lactis

lac4 (optimised gene)

catatgagctgccttattccggagaatttacggaaccccaaaaaagttcacgaaaatcgtctgecgacccgggeatactactatgatcaagatattttt
gaaagcctaaatgggecgtgggcatttgetetgtttgatgetccgettgacgcaccegatgeaaaaaatttagactgggaaactgctaaaaaatggte
gactattagcgtaccgtctcattgggaacttcaagaagactggaaatacggtaaaccgatttacactaacgtacaatacccgatccecgatcgacatce
cgaatccgeccaccgtaaatccgaccggtgtttatgcacgtacctttgaattagattccaaatccattgagtectttgagcaccgtetgegttttgaggg
tgtagacaattgttacgagctttatgttaatggtcagtatgtaggttttaataaagggtctagaaacggggcagaatttgatatccagaaatacgttage
gagggggaaaacttagtagtagtaaaagtttttaaatggtctgattctacctatatcgaggaccaggatcagtggtggctaageggtatttaccgtgac
gttagcttacttaaactgccgaaaaaagctcatattgaagacgttcgggtaaccacaacctttgtagacagccaatatcaagatgetgagcettagegt
aaaagttgatgtacaaggtagcagctatgatcacatcaattttacactttacgaaccggaagatgggagcaaagtttacgatgcttcgagectgetga
acgaggagaatgggaacactacctttagcaccaaagaatttatttctttttctactaaaaaaaacgaagaaacagcatttaaaatcaacgtaaaagctc
cggaacattggactgctgaaaatccgaccctgtacaaataccaactggatttaattgggagcgatgggagtgtaattcagagcattaaacaccatgtt
ggttttcgtcaggtagagctgaaagacggtaacattaccgttaatgggaaagacattctatttcgtggtgtaaaccgtcatgatcaccatccgeggttt
ggtcgtgcagtaccgttagattttgttgttcgggacctgattcttatgaaaaaatttaacatcaatgcagttagaaactcccattatccgaaccatccga
aagtatatgacctatttgataaactagggttttgggtaattgacgaggctgatcttgaaacccacggtgttcaggagecgtttaatagacatactaacct
ggaggcagaatatccggataccaaaaataaactatacgatgttaatgctcattacttaagcgataatccggagtacgaggtagcettacttagaccgtg
catctcagcttgtacttcgtgatgtaaatcatccgtccattattatctggtctctgggtaacgaagceatgttatgggcgtaaccacaaagcetatgtacaa
attaattaaacagctggatccgactcgtcttgtacattatgagggtgacctgaacgcactgagtgctgatatctttagttttatgtacccgacatttgaaa
ttatggaacggtggcggaaaaaccacaccgatgaaaatggtaaatttgaaaaaccgctgatectgtgtgagtacgggcatgecatgggtaacggte
cggggagcctgaaagaatatcaggagctgttttacaaagagaaattttaccagggtgggtttatctgggaatgggctaatcacggtattgaatttgaa
gatgttagtaccgctgatggtaaactgcataaagectatgectatggtggtgactttaaagaagaggttcatgacggggtatttatcatggatggtctgt
gtaacagtgagcataatccgaccccegggcettgtagagtataaaaaagttattgaacccgttcatattaaaattgctcacgggagegtaacaatcaca
aataaacacgactttattactacagaccacttactgtttatcgacaaagacactgggaaaacaatcgacgttccgagcttaaaaccggaagaaageg
ttaccattccgagcgatacaacctatgttgttgetgtactgaaagatgatgcaggtgttcttaaagetggtcatgaaattgettgggggcaggeagaac
ttccgctgaaagtacccgattttgttacagagacagctgaaaaagcagctaaaatcaacgacggtaaaagatatgtaagegttgaatctagtgggct
gcattttatcctggacaaactgctgggtaaaattgaatcgettaaagtaaaaggtaaagaaatttcttcgaaatttgagggtagcageatcaccttttgg
cgtccgecgactaataatgatgaaccgegggactttaaaaactggaaaaaatacaatattgatttaatgaaacagaacatccacggggtaagtgtag
aaaaaggtagcaatggtagccttgcagtagtaactgttaacagcagaatatctccggttgtattttactatgggtttgagaccgttcaaaaatacactat
ctttgcaaacaaaataaacctgaacaccagcatgaaacttaccggggaatatcaaccgecggattttccgegtgttgggtacgaattttggettgggg
atagttatgaaagctttgaatggttaggtagggoocccggggaaagctatcccgataaaaaagaaagecagegttttggtctttacgattctaaagat
gtagaggaatttgtatatgactatccgcaggaaaatgggaatcatacagatactcactttctgaacatcaaatttgaaggtgctgggaaactttccatct
ttcagaaagagaaaccgtttaactttaaaattagcgacgaatacggggttgatgaagcagctcacgeatgtgacgttaaacgttacgggegtcactat
cttcggctggaccatgctatccacggtgttggttcggaagettgegggccggeagttctagaccaataccgtctgaaagcacaggattttaactttga
gtttgatctagcatttgaactcgag
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lac4-His(x6)

atgagctgccttattccggagaatttacggaaccccaaaaaagttcacgaaaatcgtctgecgaccecgggcatactactatgatcaagatatttttgaa
agcctaaatgggccgtgggcatttgctetgtttgatgctecgettgacgcacccgatgcaaaaaatttagactgggaaactgctaaaaaatggtcgac
tattagcgtaccgtctcattgggaacttcaagaagactggaaatacggtaaaccgatttacactaacgtacaatacccgatcccgatcgacatcecga
atccgeccaccgtaaatccgaccggtgtttatgcacgtacctttgaattagattccaaatccattgagtectttgagecaccgtetgegttttgagggtat
agacaattgttacgagctttatgttaatggtcagtatgtaggttttaataaagggtctagaaacggggcagaatttgatatccagaaatacgttagega
gggggaaaacttagtagtagtaaaagtttttaaatggtctgattctacctatatcgaggaccaggatcagtggtggctaageggtatttaccgtgacgt
tagcttacttaaactgccgaaaaaagctcatattgaagacgttcgggtaaccacaacctttgtagacagccaatatcaagatgctgagettagegtaa
aagttgatgtacaaggtagcagctatgatcacatcaattttacactttacgaaccggaagatgggagcaaagtttacgatgcttcgagectgctgaac
gaggagaatgggaacactacctttagcaccaaagaatttatttctttttctactaaaaaaaacgaagaaacagcatttaaaatcaacgtaaaagctcc
ggaacattggactgctgaaaatccgaccctgtacaaataccaactggatttaattgggagegatgggagtgtaattcagageattaaacaccatgttg
gttttcgtcaggtagagctgaaagacggtaacattaccgttaatgggaaagacattctatttcgtggtgtaaaccgtcatgatcaccatccgeggtttg
gtcgtgcagtaccgttagattttgttgttcgggacctgattcttatgaaaaaatttaacatcaatgcagttagaaactcccattatccgaaccatccgaa
agtatatgacctatttgataaactagggttttgggtaattgacgaggctgatcttgaaacccacggtgttcaggagecgtttaatagacatactaacctg
gaggcagaatatccggataccaaaaataaactatacgatgttaatgctcattacttaagcgataatccggagtacgaggtagcttacttagaccgtge
atctcagcttgtacttcgtgatgtaaatcatccgtccattattatctggtctctgggtaacgaageatgttatgggegtaaccacaaagctatgtacaaat
taattaaacagctggatccgactcgtcttgtacattatgagggtgacctgaacgcactgagtgctgatatctttagttttatgtacccgacatttgaaatt
atggaacggtggcggaaaaaccacaccgatgaaaatggtaaatttgaaaaaccgcetgatectgtgtgagtacgggcatgecatgggtaacggtceg
gggagcctgaaagaatatcaggagctgttttacaaagagaaattttaccagggtgggtttatctgggaatgggcetaatcacggtattgaatttgaagat
gttagtaccgctgatggtaaactgcataaagcctatgectatggtggtgactttaaagaagaggttcatgacggggtatttatcatggatggtctgtgta
acagtgagcataatccgacccccgggcettgtagagtataaaaaagttattgaacccgttcatattaaaattgctcacgggagegtaacaatcacaaat
aaacacgactttattactacagaccacttactgtttatcgacaaagacactgggaaaacaatcgacgttccgagcttaaaaccggaagaaagcgtta
ccattccgagcegatacaacctatgttgttgetgtactgaaagatgatgcaggtgttcttaaagetggtcatgaaattgettgggggcaggeagaacttc
cgctgaaagtacccgattttgttacagagacagctgaaaaagcagctaaaatcaacgacggtaaaagatatgtaagegttgaatctagtgggctgea
ttttatcctggacaaactgctgggtaaaattgaatcgcttaaagtaaaaggtaaagaaatttcttcgaaatttgagggtagcagcatcaccttttggegt
ccgcecgactaataatgatgaaccgegggactttaaaaactggaaaaaatacaatattgatttaatgaaacagaacatccacggggtaagtgtagaaa
aaggtagcaatggtagccttgcagtagtaactgttaacagcagaatatctccggttgtattttactatgggtttgagaccgttcaaaaatacactatcttt
gcaaacaaaataaacctgaacaccagcatgaaacttaccggggaatatcaaccgecggattttccgegtgttgggtacgaattttggettggggata
gttatgaaagctttgaatggttaggtaggeggocccggggaaagctatcccgataaaaaagaaagecagegttttggtctttacgattctaaagatgta
gaggaatttgtatatgactatccgcaggaaaatgggaatcatacagatactcactttctgaacatcaaatttgaaggtgctgggaaactttccatctttc
agaaagagaaaccgtttaactttaaaattagcgacgaatacggggttgatgaagcagctcacgcatgtgacgttaaacgttacgggcgtcactatctt
cggctggaccatgctatccacggtgttggttcggaagettgegggccggeagttctagaccaataccgtctgaaagcacaggattttaactttgagttt

gatctagcatttgaactcgagcaccaccaccaccaccactga
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Lac4-His(x6)

MSCLIPENLRNPKKVHENRLPTRAYYYDQDIFESLNGPWAFALFDAPLDAPDAKNLDWETAKK
WSTISVPSHWELQEDWKYGKPIYTNVQYPIPIDIPNPPTVNPTGVYARTFELDSKSIESFEHRLRF
EGVDNCYELYVNGQYVGFNKGSRNGAEFDIQKYVSEGENLVVVKVEFKWSDSTYIEDQDQWW
LSGIYRDVSLLKLPKKAHIEDVRVTTTFVDSQYQDAELSVKVDVQGSSYDHINFTLYEPEDGSKV
YDASSLLNEENGNTTEFSTKEFISESTKKNEETAFKINVKAPEHWTAENPTLYKYQLDLIGSDGSVI
QSIKHHVGFRQVELKDGNITVNGKDILFRGVNRHDHHPRFGRAVPLDFVVRDLILMKKENINA
VRNSHYPNHPKVYDLFDKLGFWVIDEADLETHGVQEPFNRHTNLEAEYPDTKNKLYDVNAH
YLSDNPEYEVAYLDRASQLVLRDVNHPSIITWSLGNEACYGRNHKAMYKLIKQLDPTRLVHYEG
DLNALSADIFSEMYPTFEIMERWRKNHTDENGKFEKPLILCEYGHAMGNGPGSLKEYQELFYKE
KFYQGGFIWEWANHGIEFEDVSTADGKLHKAYAYGGDFKEEVHDGVFIMDGLCNSEHNPTPG
LVEYKKVIEPVHIKIAHGSVTITNKHDFITTDHLLFIDKDTGKTIDVPSLKPEESVTIPSDTTYVVA
VLKDDAGVLKAGHEIAWGQAELPLKVPDFVTETAEKAAKINDGKRYVSVESSGLHFILDKLLG
KIESLKVKGKEISSKFEGSSITFWRPPTNNDEPRDFKNWKKYNIDLMKQNIHGVSVEKGSNGSLA
VVTVNSRISPVVEFYYGFETVQKYTIFANKINLNTSMKLTGEYQPPDFPRVGYEFWLGDSYESFE
WLGRGPGESYPDKKESQRFGLYDSKDVEEFVYDYPQENGNHTDTHFLNIKFEGAGKLSIFQKEK
PFENFKISDEYGVDEAAHACDVKRYGRHYLRLDHAIHGVGSEACGPAVLDQYRLKAQDFNFEF
DLAFELEHHHHHH

Mutations

The following lac4 mutants were generated using the codons shown with the mutations being

performed on the vector shown.

Mutant Codon (5°>3) Original Vector

E551G ggc pET22a:lac4 WT
E551A gct pET22a:lac4 WT
E551L tta pET22a:lac4 WT
E551S agc pET22a:lac4 WT
E551Q cag pET22a:lac4 WT
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pET22b::lac4

f1 ORI 12-467

amp” 599-1456

pBR322 ORI 2217

lacI 4700-3651

T7 promoter 5133-5117

T7 transcription start 5134 Bgmlié?:

lac4-His(x6) 5205-8306 pET22b::lacd  _

T7 terminator 8371-8417 Sacll _ 8442 bps
pUCS57:lac4

amp" 599-1456

pMB1 ORI 1221-1835

lac4 5360-2286

1000

pUC57::lac4
Sacll 5794 bps

Smal
Hindlll
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A-2.3 LacA: B-galactosidase from Aspergillus oryzae

lacA (optimised gene)

catatgaaattattaagcgtggcagcagtggcattattagctgctcaggetgetggegeaageattaaacatcggttaaacggetttactattttagag
catccggatccggetaagegggatttattacaagatatcgtgacgtgggatgataagagettatttattaacggagaaagaatcatgctatttagegga
gaggtgcatccgtttcggttaccggtaccgagtttatggttagatatttttcataaaattcgggeattaggetttaactgtgtaagcettttacatcgattgg
gcattattagaaggaaaaccgggcgattaccgggctgagggcattttcgeattagagecgtttttcgatgetgcaaaagaggetggeatctacttaatt
gcacgcccgggcagttacattaacgcagaagtttctggeggeggctttccgggatggttacagagagttaacggeacgttacgcagtagegatgaa
ccgtttttaaaggcaacggataactacattgcaaacgcagcagcageagtggctaaageacaaattactaacggagggecggtaatcttataccage
cggagaacgagtacagcggeggctgttgtggcgttaagtacccggatgetgattacatgcagtacgtgatggatcaggecacggaaageagatateg
tggtaccgtttattagcaacgatgcatctccgagegggcataacgcaccgggatccggaactagegeagtggatatctacggcecatgatagetacee
gttaggcttcgattgtgctaacccgagegtatggecggaaggceaagttaccggataactttcgeactttacatttagaacagageccgtcgacgecgt
actctttattagaatttcaagctggcgcattcgatccgtggggcggaccgggctticgagaagtgttacgcattagtgaaccatgagtttagtcgggtgt
tttacagaaacgatttatcctttggagtgagcaccttcaacctatacatgacgtttggcggaacgaactggggcaacttaggacatccgggeggatac
acgagctacgattacggaagtccgataacggagactcggaacgtgactcgggaaaaatacagcgatataaaattattagcaaacttcgttaaggeta
gtccgagctacttaaccgcaacgecgeggaacttaacgacgggegtgtacacggatacgagegatttagcagttaccccgetaatcggegattece
cgggctctttttttgtggttcggcatactgattacagcagccaagaatctaccagttacaagttaaaattaccgacctccgeaggceaacttaacgatcc
cgcagttagaaggcacgctctccttaaacggacgggattctaagatccatgtggtggattacaacgtgageggaactaacatcatttacagtacgge
agaggtttttacctggaaaaaattcgatggcaacaaagttttagtgctatacggcggaccgaaagagcatcatgagttagcaatcgcaagcaaatcta
acgtgaccattattgagggcagtgatagcggaatcgtttctactagaaaaggcagcagegtgattatcggctgggatgttagcagcacgeggegceat
tgtgcaagttggegatttacgggtgtttttattagatagaaacagcgcatacaactactgggttccggagttaccgacggagggcacgageccgggg
tttagcacgagtaaaactaccgcaagcagcatcatcgtgaaagcaggctacttattacggggcgeacatttagatggegeagatttacatttaacgge
agattttaacgcaaccaccccgatcgaggtgattggegeaccgacgggegcaaaaaacttatttgtgaacggegagaaagcaagecatacggttga
taaaaacggcatttggagctccgaagttaaatacgetgeaccggaaattaaattaccgggcettaaaagatttagattggaaatacttagatactttace
ggagatcaaaagcagctacgatgatagtgcatgggtgagtectgatttaccgaaaacgaaaaacacgcatcggecgttagatacgecgacgagtct
ctacagcagcgattacggctttcatacgggctacttaatttacagaggccattttgtggcaaacggcaaagagagegagttcttcatccgeacgcaag
gcggeagegcttttggatccagegtatggttaaacgaaacttacttaggcagetggacgggegeagattacgetatggatggcaacageacctaca
aactcagccagttagaaagtggcaaaaactacgttattacggtggtgatcgataacttaggcttagatgaaaactggactgttggcgaagagaccat
gaaaaacccgeggggcatcttaagctacaaattaageggacaagatgeaagegcetattacctggaaattaacgggeaacttaggaggagaggatt
accaggataaagtgcggggaccgttaaacgagggceggattatacgetgaacgccagggctttcatcagecgeageecgecgagegagagetggga
aagtggctcccegttagagggcttaagtaaaccgggcattggattttacacggcacagtttgatttagatttaccgaaaggetgggatgtgecgttata
ctttaacttcggcaacaacacccaggctgcacgggcacagttatacgttaacggcetaccagtacggcaaatttacgggaaacgtggggccgeagac
cagctttccggtgccggagggcattttaaactaccgeggaaccaactacgtggetttatecttatgggctttagaaagtgatggegeaaaattaggea
gctttgagttaagctacaccaccecggtgttaaccggatacgggaacgtggaatctccggaacagecgaaatacgaacageggaaaggagcettac

ctcgag
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lacA-His(x6)

atgaaattattaagcgtggcagcagtggcattattagctgctcaggetgetggegeaageattaaacatcggttaaacggcetttactattttagageat
ccggatccggetaagegggatttattacaagatatcgtgacgtgggatgataagagcttatttattaacggagaaagaatcatgctatttagcggaga
ggtgcatcegtttcggttaccggtaccgagtttatggttagatatttttcataaaattcgggeattaggetttaactgtgtaagcettttacatcgattggge
attattagaaggaaaaccgggcgattaccgggctgagggcattttcgcattagagecgtttttcgatgctgecaaaagaggetggceatctacttaattge
acgcccgggcagttacattaacgcagaagtttctggeggeggctttccgggatggttacagagagttaacggeacgttacgcagtagegatgaacc
gtttttaaaggcaacggataactacattgcaaacgcagcagcageagtggctaaagcacaaattactaacggagggecggtaatcttataccagee
ggagaacgagtacagcggeggctgttgtggcgttaagtacccggatgetgattacatgcagtacgtgatggatcaggeacggaaageagatategt
ggtaccgtttattagcaacgatgcatctccgagegggcataacgcaccgggatccggaactagegeagtggatatctacggecatgatagetacce
gttaggcttcgattgtgctaacccgagegtatggecggaaggeaagttaccggataactttcgeactttacatttagaacagageccgtcgacgecgt
actctttattagaatttcaagctggcgeattcgatccgtggggcggaccgggcttcgagaagtgttacgcattagtgaaccatgagtttagtcgggtgt
tttacagaaacgatttatcctttggagtgagcaccttcaacctatacatgacgtttggcggaacgaactggggcaacttaggacatccgggeggatac
acgagctacgattacggaagtccgataacggagactcggaacgtgactcgggaaaaatacagegatataaaattattagcaaacttcgttaaggeta
gtccgagctacttaaccgcaacgecgeggaacttaacgacgggegtgtacacggatacgagegatttageagttacccegetaatcggegattecc
cgggctctttttttgtggttcggcatactgattacagcagecaagaatctaccagttacaagttaaaattaccgacctccgecaggeaacttaacgatee
cgcagttagaaggcacgctctecttaaacggacgggattctaagatccatgtggtggattacaacgtgageggaactaacatcatttacagtacgge
agaggtttttacctggaaaaaattcgatggcaacaaagttttagtgctatacggcggaccgaaagagceatcatgagttagcaatcgcaageaaatcta
acgtgaccattattgagggcagtgatagcggaatcgtttctactagaaaaggcagceagegtgattatcggetgggatgttagcagecacgeggegeat
tgtgcaagttggegatttacgggtgtttttattagatagaaacagcgcatacaactactgggttccggagttaccgacggagggcacgageccgggg
tttagcacgagtaaaactaccgcaagcagcatcatcgtgaaagcaggctacttattacggggcgeacatttagatggegeagatttacatttaacgge
agattttaacgcaaccaccccgatcgaggtgattggegeaccgacgggegcaaaaaacttatttgtgaacggegagaaagcaagecatacggttga
taaaaacggcatttggagctccgaagttaaatacgetgeaccggaaattaaattaccgggcettaaaagatttagattggaaatacttagatactttace
ggagatcaaaagcagctacgatgatagtgcatgggtgagtectgatttaccgaaaacgaaaaacacgcatcggecgttagatacgecgacgagtct
ctacagcagcgattacggctttcatacgggctacttaatttacagaggccattttgtggcaaacggcaaagagagegagttcttcatccgcacgcaag
geggcagegcttttggatccagegtatggttaaacgaaacttacttaggcagetggacgggcegeagattacgctatggatggcaacageacctaca
aactcagccagttagaaagtggcaaaaactacgttattacggtggtgatcgataacttaggcttagatgaaaactggactgttggcgaagagaccat
gaaaaacccgeggggcatcttaagctacaaattaageggacaagatgcaagegctattacctggaaattaacgggcaacttaggaggagaggatt
accaggataaagtgcggggaccgttaaacgagggcggattatacgctgaacgccagggctttcatcagecgeagecgecgagegagagetggga
aagtggctccecgttagagggcttaagtaaaccgggceattggattttacacggcacagtttgatttagatttaccgaaaggcetgggatgtgecgttata
ctttaacttcggcaacaacacccaggctgcacgggcacagttatacgttaacggctaccagtacggcaaatttacgggaaacgtggggccgcagac
cagctttccggtgccggagggcattttaaactaccgeggaaccaactacgtggcetttatccttatgggctttagaaagtgatggcgcaaaattaggea
gctttgagttaagctacaccaccccggtgttaaccggatacgggaacgtggaatctccggaacagecgaaatacgaacageggaaaggagcttac

ctcgagcaccaccaccaccaccactga



Appendix A - Molecular Biology
LacA-His(x6)

MKLLSVAAVALLAAQAAGASIKHRLNGFTILEHPDPAKRDLLQDIVTWDDKSLFINGERIMLES
GEVHPFRLPVPSLWLDIFHKIRALGFNCVSFYIDWALLEGKPGDYRAEGIFALEPFFDAAKEAGI
YLIARPGSYINAEVSGGGFPGWLQRVNGTLRSSDEPFLKATDNYIANAAAAVAKAQITNGGPVI
LYQPENEYSGGCCGVKYPDADYMQYVMDQARKADIVVPFISNDASPSGHNAPGSGTSAVDIY
GHDSYPLGFDCANPSVWPEGKLPDNFRTLHLEQSPSTPYSLLEFQAGAFDPWGGPGFEKCYALV
NHEFSRVFYRNDLSFGVSTENLYMTFGGTNWGNLGHPGGYTSYDYGSPITETRNVTREKYSDIK
LLANFVKASPSYLTATPRNLTTGVYTDTSDLAVTPLIGDSPGSFFVVRHTDYSSQESTSYKLKLPT
SAGNLTIPQLEGTLSLNGRDSKIHVVDYNVSGTNIITYSTAEVFTWKKFDGNKVLVLYGGPKEHH
ELAIASKSNVTIIEGSDSGIVSTRKGSSVIIGWDVSSTRRIVQVGDLRVFLLDRNSAYNYWVPELPT
EGTSPGFSTSKTTASSIIVKAGYLLRGAHLDGADLHLTADFNATTPIEVIGAPTGAKNLFVNGEK
ASHTVDKNGIWSSEVKYAAPEIKLPGLKDLDWKYLDTLPEIKSSYDDSAWVSADLPKTKNTHRP
LDTPTSLYSSDYGFHTGYLIYRGHFVANGKESEFFIRTQGGSAFGSSVWLNETYLGSWTGADYA
MDGNSTYKLSQLESGKNYVITVVIDNLGLDENWTVGEETMKNPRGILSYKLSGQDASAITWKL
TGNLGGEDYQDKVRGPLNEGGLYAERQGFHQPQPPSESWESGSPLEGLSKPGIGFYTAQFDLDL
PKGWDVPLYFNFGNNTQAARAQLYVNGYQYGKFTGNVGPQTSFPVPEGILNYRGTNYVALSL
WALESDGAKLGSFELSYTTPVLTGYGNVESPEQPKYEQRKGAYLEHHHHHH

Mutations

The following lac4 mutants were generated using the codons shown with the mutations being

performed on the vector shown.

Mutant Codon (5°>3) Original Vector

E298G ggt pET22a:lacA WT
E298A gca pET22a:lacA WT
E298L ctg pET22a:lacA WT
E298S agc pET22a:lacA WT
E298Q cag pET22a:lacA WT
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pET22b::lacA

f1 ORI 12-467

amp" 599-1456

pBR322 ORI 2217

lacl 4700-3651

T7 promoter 5133-5117

T7 transcription start 5134

lacA-His(x6) 5205-8246 PET22b:lacA

T7 terminator 8311-8357 B 8382 bps
pUCS57:lacA

amp" 599-1456

pMB1 ORI 1221-1835

lacA 5300-2286

pUC57::lacA

5734 bps

BamHI Sacll
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A-3 Obtained Constructs

pML5:T7

This construct was kindly provided by Dr. Anita Loeschke of the IMET and is previously
published.*”®

MCS 352-524

lacZo 493-146

pMB1 1490-876 e 153

amp® 2510-1650

/Bsml 418
MCS

Asel 600
ampR

pUC57
2710 bps

Asel 659

x

Asel 1894 1000 Pcil 830
N

pMB1

pBBR1MCS3::T7

This construct was kindly provided by Dr. Anita Loeschke of the IMET and is previously
published.*”®

MCS 352-524

lacZo 493-146

pMB1 1490-876 Ndel 183

amp” 2510-1650

/Bsml 418
MCS

Asel 600
ampR

pUC57
2710 bps

Asel 659

Asel 1894 1000 Pcil 830
N

pMB1
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pET22b(+)::edaEC

This construct was kindly provided by Dr. Thomas Classen of the IBOC and is previously

published.”*
F1 ORI 12-467
amp® 599-1456
pBR322 ORI 2217
lacl 4700-3651
T7 promoter 5133-5117 sphi
T7 transcription start 5134 -
oddC 5205-5870 pET22b::edaEC ™
6006 bps
T7 terminator 5935-5981 "
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Appendix B - Compound List and Spectral Data

Spectral data is available on request.

Number Structure Lab Book Entry
1 ho ,OH BB2-30
0
Hogﬁ
HO
4 OH BB1-81
Hoéo&
HO ¢
R
NO,
OH -
5 HO BB2-90
0
HO Y
OH
HO 0
HO @
"
NO,
22 on OH BB1-82
0
Ho&po
OH Q
NO,
25 HO BB2-29
0
HO&/O
OH Q
NO,
26 HO BB2-28
o
HO o
OH \Q
NO,
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27

31

33

41

42

44

45

46

47

48

NO,
AcO OAc
(0]
AcO
AcOF
AcO OAc
(0]
AcO OAc
OAc
AcO
0]
AcO OAc
OAc
OAc
o
Ao OAc
OAc
AcO 0
AcO OAc
OAc

BB1-83

BB2-72

BB2-49

BB1-92

VO216_BB

BB1-87

BB1-86

BB2-07

BB2-37

BB2-18
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49

50

51

52

53

54

55

56

57

AcO
0
AcO (0]
OAC Q
NO,
OAc
AcO 0
AcO 0]
OAc Q
NO,
AcO 0

Aco/m/o

NO,
AcO
(0]
AcO
AcO E
AcO
(0]
AcO
AcO F
OAc
AcO 0
AcO
AcO E
AcO 0
AcO
AcO E
OAc

BB2-22

BB2-36

BB1-76

BB2-10

BB2-20

BB2-19

BB1-02

BB1-07

BB2-24

B-3
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60

61

62

65

67

68

69

70

=
///Oo
s

-
o
//Eo

OMe
OMe

MeO

)
0 (0]
OH ?\ /\Z

NO,
(0]
o) (0]
OAc zz:::l

NO,
OTBDPS
HO 0
Ho o
OH i iz

VO202_BB

VO207_BB

VO208_1_BB

BB1-29

BB1-38

BB1-39

BB1-41

BB2-79

B-4
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71 OTBDPS BB2-80
BZO@
: Q
NO,
72 BB2-82
. Q
NO,
73 BB2-83

74 BB2-35_glu

NO,

B-5



