Characterization of the UDP-GIc/GIcNAc 4-epimerase AgIW from the

archaeon Methanococcus maripaludis using glycosyltransferase coupled assays

by

Sulav Sharma

A thesis submitted to the Department of Biomedical and Molecular Sciences
In conformity with the requirements for

the degree of Master of Science

Queen’s University
Kingston, Ontario, Canada

(February, 2018)

Copyright © Sulav Sharma, 2018



Abstract

Archaea are ubiquitous single-celled microorganisms that have often adapted to harsh
conditions and play important roles in biogeochemical cycles with potential applications in
biotechnology. Methanococcus maripaludis, a methane-producing archaeon, is motile through
multiple archaella on its cell surface. The major structural proteins (archaellins) of the
archaellum are glycoproteins, modified with the N-linked tetrasaccharide: 4-deoxy-5-O-Me-
ManNAc B1-4 ManNAc3NAmAG6Thr f1-4 GIcNAc3NAcA B1-3 GalNAc -Asn, where the
sugar 4-deoxy-5-O-Me-ManNAc is found exclusively in this species. The attachment of the N-
linked tetrasaccharide to archaellins is required for proper motility of M. maripaludis. The aglw
gene encoding the putative UDP-GIc/GIcNAc 4-epimerase AgIW plays a key role in the
biosynthesis of the unique terminal sugar residue found in the N-linked tetrasaccharide. The goal
of this study was to biochemically demonstrate the 4-epimerase activity of AglW, and to develop
glycosyltransferase (GT) coupled assays to determine its substrate specificity and properties. We
carried out coupled assays using UDP-Gal, UDP-Glc, UDP-GIcNAc, UDP-GalNAc and
GIcNAc/GalNAc-diphosphate — lipid as substrates. We established that AgIW is active without
the addition of divalent metal ions or NAD" and has a broad specificity towards UDP-sugars. We
also showed that tyrosine-151 within a conserved Y xxxK sequon is essential for the 4-epimerase
function of AglW. The GT-coupled assays are generally useful for the identification and
specificity studies of novel 4-epimerases. The results of this work provide insight into the

synthesis of complex N-glycans in M. maripaludis.



Acknowledgements

First, I would like to thank my research supervisor Dr. Inka Brockhausen for her
guidance, support and encouragement throughout my time as her student. Her generosity,
wisdom and work ethic is nothing short of inspirational, and | am extremely thankful for the
opportunity to work alongside her. Furthermore, 1 would like to thank my co-supervisor Dr.
Kenneth F. Jarrell for his valuable advice and expertise. His patience and immense knowledge is
truly remarkable, and he is always willing to lend a helping hand. Additionally, thank you to my
advisory committee members Dr. Graham P. Cote and Dr. Zongchao Jia for their suggestions
and assistance throughout. My sincere thanks to Dr. Yan Ding for all her aid and input into this
project. I would also like to acknowledge the departmental staff, especially Diane Sommerfeld,
for ensuring that everything ran smoothly. Thanks to everyone else who made my time at
Queen’s University both memorable and enjoyable. Finally, I would like to thank my family. |

am forever grateful for your unconditional love and endless support.



Table of Contents

Y 011 - Tod ST I
ACKNOWIBAGEIMENTS ...ttt ettt b st b e e e b e e b e e be et e sbe e benneesbeaneenre e iii
LISt OF FIQUIS ..o Vi
LISt OF TADIES ... bbb bbb vii
LiSt OF ADDIEVIALIONS ...t viii
(OFaFoTo] (=] gt I [ 11 {0 To (8 Tox 1 o] o PPN 1

1.1 Archaea - the third domain Of Hife ..o 1

1.2 The archaellum drives motility in @rchaga ..o 2

1.3 Methanococcus maripaludis is a model methanogen for biochemical and genetic studies of

AATCNBEA ...ttt bbb bbb E bR R R R bR R bR bbb 5
1.4 The archaellum of M. MaripaludiS..........ccooiiiiiiieee e 6
1.5 N-linked glycosylation in M. maripaludis ...........cccooeiiiiiiniiieiee e 11
1.6 UDP-NEX0SE 4-EPIMEIASES ....e.vvereeiresiesteeiesieestesseessesseessesseesseaseesseassesseessessesssessesssessesssesseessesnees 14
1.7 PrOJECE OVEIVIBW.....ueiuieiieiienietieie e ee ettt ettt e b e e b et et et et et et e b et et et et et e eenes 20
1.7.1 ProjeCt NYPOTNESIS. ....ccuiiiiiiiiieie ettt 20
A (] =Tt AN ] 1 S SS R P 20
1.7.3 PrOJECE ODJECLIVES. .. .ciuiiuiiieiteiieiie ettt st bbb sre b sne e 21
Chapter 2 Materials and IMEthOUS .........ooiiiiiiiie e sreenee s 23
2.1 Strains, growth and PIASMIUS ........oiveiiiieieiiere e 23
2.2 Expression of wild type AgIW in E. coli BL21 (DE3) CellS.......ccccviiiiiiniiiiiiineeeeeeeee 24
2.3 Purification of AglW protein and analysis using SDS-PAGE and western blot..............c......... 25
2.4 Expression and purification of mutant versions of AgIW ... 25
2.5 Colorimetric AgIW assay to measure the production of UDP-Glc from UDP-Gal................... 26
2.6 Coupled 4-epimerase glyCoSYItransferase aSSAYS........cuiuuuerverieieeriesieesiesiesieseesseaseesseeseesseenns 26

2.6.1 Assays 1. AglW — B1,4-Gal-transferase (B4GalT)-coupled assay to measure the conversion

OF UDP-GIC t0 UDP-Gal .....ccoeiiiiiiiiiee et 27
2.6.2 Assays 2. AgIW — WhdN-coupled assays to measure the conversion of UDP-Gal to UDP-
oSSR USSP 29
2.6.3 Assays 3. AglW and GIcNAc-transferase 1 (GIcNAc-T1)-coupled assays to detect
conversion of UDP-GalNAC t0 UDP-GICNAC.........cccoiiiiiiieeeese e 30



2.6.4 Assays 4. AgIW - polypeptide GalNAc-transferase T1 (ppGalNAc-T1)-coupled assays to

detect conversion of UDP-GICNAC t0 UDP-GalNAC ........cccooiiiniiiiirenese e 31
2.6.5 AgIW — WfeD-coupled assay for the conversion of GaINAc-PP-PhU to GIcNAc-PP-PhU
...................................................................................................................................................... 32
2.6.6 AgIW — WhdN-coupled assay for the conversion of GICNAc-PP-PhU to GalNAc-PP-PhU
...................................................................................................................................................... 32
2.6.7 Assay 1 to determine the effects of various divalent metal ions on AgIW activity ............ 33
2.6.8 Assay 1 to establish the pH dependence and temperature optimum of AgIW ................... 34
2.6.9 Assay 1 to assess the effects of NAD* and NADH on AgIW activity ........c.cccccevvveeerienne, 34
CRAPTET 3 RESUILS ....vivie ittt ettt e b e s e b e e s et eeseesbeeneesbeeseeareennesreennenreens 35
3.1 Sequence analysis OFf AQIW ..o 35
3.2 Expression and purification Of AQIW .........oiiiii e e 35
3.3 AgIW activity using the COIOMMELIIC ASSAY .....vevveiriiieiiieie e 39
3.4 AgIW activities using one-pot coupled aSSAYS 1 — 4 ... 39
3.5 AgIW activities using two-step coupled assayS 1 — 4 ......ocoeveeeieniieneeie e 39
3.6 Kinetic parameters (Kmand Vmax) of purified AgIW with UDP-Glc, UDP-Gal and UDP-
GAINAC 8S SUDSIFALES ...ttt b et b e bt besbeeaenre e 42
3.7 Effects of various divalent metal-ions on AgIW aCtiVity ..........ccocveveiiiieiinie e 42
3.8 pH dependence and temperature optimum of AQIW ..o 42
3.9 The effects of NAD™ and NADH 0n AgIW aCtiVIty .......ccccovveiriiiciniceeciceeseess e 47
3.10 Y151A and K155A AQIW VAITANTS ....ccueiiiiieieiieie et snae e snes 47
(08 g o] (=T R D ot U 3] o] PO UTPTTRRP 51
4.1 Comparison of one-pot and two-step coupled assays for AgIW activity ..........ccccoervnieninennns 51
4.2 Km and Vmax 0f UDP-hexoses for purified AgIW ... 53
4.3 Biochemical propertiesS 0F AGIVW .......ooiiiiiiieee et 55
4.4 Physicochemical properties OF AQIW........c.o i 57
4.5 Substrate SPeCITICItY OF AGIVW ....cui i 59
4.6 Activity and substrate specificity of the Y151A and K155A AgIW variants.............cccccueeneeee. 61
Chapter 5 Conclusions and FULUre DIFECLIONS .........c.civerieiiverieiieesesie e eie e e e e e see e ssesnee e eneens 64
RETEIENCES ... bbb bbb bbb bbb bbb bbb bbb 68



List of Figures

Figure 1. The archaellum compared to the type IV pilus and flagellum found in Gram-negative

0103 (=] 4 I TP TRV PR PR PSPPSR 4
Figure 2. Electron microscopic image of M. maripaludis with prominent archaella bundles. .............. 7
Figure 3. The archaellins that comprise the archaellum in M. maripaludis...........cccooeviiinninieiinnnnns 8
Figure 4. The tetrasaccharide that is N-linked to archaellins in M. maripaludis. .............ccccoocenieiinnns 9
Figure 5. N-glycosylation in M. maripaludis. ..........ccccocereriiiiiiini e 12

Figure 6. UDP-hexose/hexNAc 4-epimerases catalyze the reversible conversion of UDP-Glc to UDP-
Gal and/or UDP-GalNAC t0 UDP-GICNAC. .......coiiiiiieieie et 15
Figure 7. General mechanism of UDP-hexose 4-epimerases belonging to the SDR superfamily of

[S1 01T 13 LSRR 18
Figure 8. Summary of AGIW-GT COUPIEA @SSAYS. ......oivirveriiiiiieiieiie e 28
Figure 9. Amino acid SEqUENCE OF AGIW. ....c..oiiieeee e 36
Figure 10. Protein sequence alignment of AglW with the human (hGalE) and E. coli (eGalE) UDP-
NEXOSE A-BPIMEIASES. ...vevieteetietieteeteeteet et et et e et et et e st e st e st esee st e e eseeseesseseens e e e ee e et e e e nse b eseeeeesenens 37
Figure 11. Analysis of purified AgIW and its Y151A mutant Version. ..........cccocvvevveneneneneniesennenne 38
Figure 12. AglW activities as determined by two-step coupled assays 1-4..........cccocvevereereerivereesnenn. 41
Figure 13. Kinetics of purified AgIW using UDP-Glc, UDP-Gal and UDP-GalNAc as substrates in
tWO-StEP COUPIET ASSAYS 1-3... e cuiiiiieieiieiie ettt e bt be et esbeebe s e beareesneeneenneeneas 44
Figure 14. The effects of divalent metal ions (Co?*, Mg?*, Mn?" and Zn?*) and EDTA on AglW
activity using two-Step COUPIEA @SSAY L. ....ccueoviiueriirieiieiie ettt 45
Figure 15. The effect of pH 0N AGIW ACLIVILY. .....ooviiiiiieiicecese e 46
Figure 16. Temperature optimum OF AQIW. .....ooviiii e e 48
Figure 17. The effect of NAD™ 0N AQIW ACHIVILY.......ccooviiiiiiiciriceesccess e 49
Figure 18. The effect of NADH 0N AQIW aCLIVILY. ..c.ocviiiiiiiicie e 50

Vi


file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109709
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109709
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109710
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109711
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109712
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109713
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109714
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109714
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109715
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109715
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109716
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109717
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109718
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109718
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109719
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109720
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109721
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109721
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109722
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109722
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109723
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109724
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109725
file:///C:/Users/Sulav/Documents/Thesis/Sulav_MSc_Thesis_Feb22%20IB.docm%23_Toc507109726

List of Tables

Table 1. Classification of 4-epimerases into different groups based on substrate specificity, with
examples from dIffErENt SPECIES. ......iiiiiiiie i b e e snenreens 19

Table 2. AgIW activities measured in one-pot GT-coupled assays 1-4. ........ccccoorerenenienienenesenennns 40

vii



List of Abbreviations

agl Archaeal glycosylation

A. hydrophila Aeromonas hydrophila

ATP Adenosine triphosphate

B4GalT B4 galactosyltransferase

BLAST Basic Local Alignment Search Tool
Bn Benzyl

CAZy Carbohydrate active enzyme data bank
C. jejuni Campylobacter jejuni

cpm Counts per minute

E. coli Escherichia coli

EDTA Ethylenediaminetetraacetic acid
Gal Galactose

GalNAc N-acetylgalactosamine

GalNAc-PP-PhU GalNAca- diphosphate-(CH2)11-O-phenyl
Glc Glucose
GIcNACc N-acetylglucosamine

GIcNAc-PP-PhU GIcNAca-diphosphate-(CH2)11-O-phenyl

GIcNAc-T1 GIcNAc-transferase 1
GT Glycosyltransferase

H> Hydrogen gas

HRP Horseradish peroxidase

viii



IPTG

kDa

LB

Man

MeOH

MES

M. maripaludis
MW

NAD*

NADH

(O]

OST

P. aeruginosa
PAGE

PCR

P-Dol

PP-Dol
PP-Und
ppGalNAc-T1
SDS

Tris

UDP

Immunoglobulin G

Isopropyl B-D-1-thiogalactopyranoside
Kilo Dalton

Luria-Bertani

Mannose

Methanol
2-(N-morpholino)ethanesulfonic acid
Methanococcus maripaludis
Molecular weight

Nicotinamide adenine dinucleotide (oxidized form)
Nicotinamide adenine dinucleotide (reduced form)
Oligosaccharide
Oligosaccharyltransferase
Pseudomonas aeruginosa
Polyacrylamide gel electrophoresis
Polymerase chain reaction

Dolichol monophosphate

Dolichol diphosphate
Undecaprenyl-pyrophosphate
Polypeptide GalNAc transferase-1
Sodium dodecyl sulfate
Tris(hydroxymethyl)aminomethane

Uridine diphosphate



UDP-Gal

UDP-GalNAc

UDP-Glc

UDP-GIcNAC

WT

Uridine diphosphate galactose

Uridine diphosphate N-acetylgalactosamine
Uridine diphosphate glucose

Uridine diphosphate N-acetylglucosamine

Wild type



Chapter 1

Introduction

1.1 Archaea - the third domain of life

Archaea are a unique group of single-celled microorganisms that constitute one of
the three domains of life as proposed by Carl Woese (Woese et al., 1990). Once thought
to solely be extremophiles limited to harsh environments, such as hot springs and salt
brines, the emergence of molecular technigques has revealed that archaea are widespread
in nature (Chaban et al., 2006). They are quite abundant in soil, ocean waters and the
digestive tracts of humans, amongst other environments (Jarrell et al., 2011). They are
also characterized by many unique features. Some of these include the presence of ether-
linked lipids with glycerol 1-phosphate as their backbone, unusual structural appendages
and unique cell envelopes (Cavicchioli, 2011; Jarrell et al., 2011).

Various members of the Archaea play fundamental roles in the Earth’s
biogeochemical cycles. For instance, thaumarchaea are an abundant group of ammonia
oxidizers that facilitate nitrification in the nitrogen cycle (Zhang et al., 2010).
Furthermore, Archaea show untapped potential in the field of biotechnology, where
unique enzymes from extremophilic archaea can be potentially harnessed for commercial
use (Kim et al., 2007). For example, many highly thermostable DNA polymerases from
hyperthermopbhilic archaea, such as Pfu from Pyrococcus furiosus, are commercially
available for polymerase chain reaction (PCR) protocols (Lundberg et al., 1991).
Additionally, Archaea are a valuable source for the study of adaptations to extreme
environments, since many of its members thrive in the most extreme environments

1



known to harbor life. For instance, the archaeon Geogemma barossii (strain 121) is capable
of growing at a temperature of 121°C (Kashefi and Lovley, 2003), whereas archaea
belonging to the genus Picrophilus thrive at a pH as low as 0.06 (Rampelotto, 2013). In
addition, archaea that inhabit the human gut have potential use as probiotics
(archaebiotics) in human health (Gaci et al., 2014). Moreover, the potential role of
archaea in a variety of diseases is an active area of research (Eckburg et al., 2003).
Despite an increase in the awareness of the importance of Archaea, there are limitations
in the genetic tools currently available for their study. This has prevented a complete
understanding of their biochemistry, genetics and physiology.
1.2 The archaellum drives motility in archaea

Archaea possess a variety of unique and unusual surface appendages that enable
them to interact with their environment. The archaellum is a critically important archaeal-
specific appendage that enables swimming motility (Jarrell and Albers, 2012). Although
it is functionally similar to the bacterial flagellum, the two motility appendages are
structurally, evolutionarily and genetically different. Structurally, the archaellum
resembles another type of surface appendage, the bacterial type IV pilus (Shahapure et
al., 2014). Type IV pili are polymeric protein filaments comprised of the protein pilin
(Craig et al., 2004). They play diverse roles in bacterial pathogenicity and are implicated
in a range of cellular functions ranging from virulence, surface motility and biofilm
formation (Craig et al., 2004). Furthermore, both archaella and type IV pili systems share
several homologous proteins such as conserved ATPases (Flal, PilT/B), conserved
membrane proteins (FlaJ, PilC), signal peptidases (FlaK, PilD), as well as the structural

proteins themselves (archaellins and pilins) (Jarrell and Albers, 2012).



Bacterial flagella possess a large internal channel which enables the protein
subunits to pass through the growing filament and assemble at the furthest point away
from the cell (Jarrell and Albers, 2012) (Figure 1). Furthermore, they are assembled
through the action of a type 111 secretion system (T3SS), a conserved machinery which
facilitates the export of proteins (Diepold and Armitage, 2015). The T3SS channels the
flagellins, the protein subunits that comprise the flagellar filament, to construct the
extracellular filament (Diepold and Armitage, 2015).

On the other hand, archaella do not possess an internal membrane channel.
Instead, they are assembled similar to type IV pilus (Figure 1). This occurs by the
incorporation of archaellins, protein subunits that are processed by FlaK/PibD type IV
prepilin signal peptidases, at the base of the structure which is anchored into the
membrane (Shahapure et. al, 2014) (Figure 1). The energy for the assembly of the
filament from archaellins is provided by the ATPase Flal, which is associated with the
cytoplasmic membrane (Shahapure et. al, 2014) (Figure 1). Archaellins share sequence
similarity with bacterial Type 1V pilins, but not with flagellins (Faguy et al., 1994).

However, archaella and type 1V pili differ in terms of the type of motility they
provide. Cells that possess bacterial type IV pili exhibit twitching motility, where the pili
undergo cycles of extension and retraction to generate a motile force on a solid surface
(Albers and Jarrell, 2015). In contrast, archaella rotate to provide swimming motility
(Shahapure et. al, 2014). The rate of rotation and swimming velocity of archaella is
influenced by temperature, where motility is reduced at temperatures suboptimal for
growth (Shahapure et. al, 2014).

Two species of archaellated archaea, Methanocaldococcus jannaschii and
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Figure 1. The archaellum compared to the type 1V pilus and flagellum found in
Gram-negative bacteria.

The archaellum and bacterial type IV pilus are assembled by the insertion of protein
subunits (archaellins and pilins) at the base of the membrane-anchored structure. This
occurs after processing by the type 1V prepilin signal peptidases PibD/FlaK in archaella
and PilD in type IV pili. The export of archaellins in the archaellum is enabled by the
interactions between the ATPase Flal and conserved membrane protein FlaJ, both of
which make up the secretion apparatus. In the bacterial type 1V pili, the addition or
removal of pilins at the structure’s base is accomplished by the ATPases PilT and PilB.
Bacterial secretins are proteins that facilitate the transit of type IV pilus across the outer
membrane (Korotkov et al., 2011). In the bacterial flagellum, a type 111 secretion system
enables the export of flagellins from within the inner membrane through the filament to
its outer end. The bacterial flagellum also contains a motor comprised of a rotor and
stator (nonrotating part), both of which interact to facilitate its rotation (Zhou et al.,
1998). The cap protein functions to cap the growing end of the filament (lkeda et al.,
1996). Abbreviations: S-layer — surface layer, M — membrane, IM — inner membrane,
OM — outer membrane, PG — peptidoglycan. Figure adapted from Jarrell and Albers,
2012.



Methanocaldococcus villosus, were found to be the fastest reported swimming organisms
when speed is assessed in bodies per second (bps) (Herzog and Wirth, 2012). Both
species had swimming speeds between 400-500 bps, far greater than the cheetah (20 bps),
an organism typically associated with speed (Herzog and Wirth, 2012).

1.3 Methanococcus maripaludis is a model methanogen for biochemical and genetic
studies of Archaea

Methanogens constitute one of the major groups within the domain Archaea. They
are strict anaerobes that inhabit a variety of environments, including the gastrointestinal
tract of animals (Florin et al., 2000). They are the only group of microorganisms capable
of carrying out biological methane production through the process of methanogenesis
(Wolfe, 1993). This makes them key players in the biological degradation of organic
matter under anaerobic conditions, where they carry out the terminal step in the anaerobic
degradation of complex organic matter, namely the conversion of CO, acetic acid and a
number of one-carbon compounds such as methanol to methane gas (CH4) (Liu and
Whitman, 2008).

The biological generation of methane accounts for roughly 85% of global
methane levels (Cavicchioli, 2011). Since methane is a potent greenhouse gas, its
atmospheric presence enhances global warming conditions and may have a major
influence on the Earth’s carbon cycle.

Methanogens have also been associated with periodontal disease, as well as
colorectal disease due to their presence in the human gut (Conway de Macario and
Macario, 2008). However, there is no solid evidence suggesting that they are causative

agents in any human disease. Furthermore, there is currently no evidence to support the



existence of archaeal pathogens in general, although this remains an active area of
research (Cavicchioli, 2011).

The archaeon Methanococcus maripaludis is a mesophilic methanogen that was
originally isolated from salt marsh sediments in North Carolina (Jones et al., 1983). It is
motile through the presence of multiple archaella on its cell surface (Figure 2). It serves
as a valuable model for biochemical and genetic studies amongst the Archaea, as well as
for the study of the mechanisms involved in asparagine-linked (N-linked) glycosylation
(Leigh et al., 2011). This is due to its sequenced genome, efficient growth capability and
a variety of available genetic tools. M. maripaludis demonstrates rapid growth and has
shorter generation times when compared to other mesophilic methanogens (Goyal et al.,
2016). Additionally, Methanococci grow as single cells which makes them easy to plate.
In turn, this simplifies the execution of microbiological techniques such as cloning and
mutagenesis (Goyal et al., 2016).

1.4 The archaellum of M. maripaludis

Archaella-driven motility enables the chemotaxis, or biased swimming, of M.
maripaludis towards hydrogen gas (Hz), a key substrate required for its survival (Brileya
et al., 2013). The archaellum in M. maripaludis is comprised of three archaellins: FlaB1,
FlaB2 and FlaB3 (Figure 3). FlaB1 and FlaB2 are the major archaellins that form the
archaellar filament (Ding et al., 2016). FlaB3 is the minor archaellin that comprises the
hook region (Chaban et al., 2007) (Figure 3). The archaellins are glycosylated at multiple
sites by the addition of an N-linked tetrasaccharide, 4-deoxy-5-O-Me-ManNAc 1-4
ManNAc3NAmAG6Thr f1-4 GIcNAc3NAcA B1-3 GalNAc B-Asn (Figure 4) where the

sugar 4-deoxy-5-O-Me-ManNAc is found exclusively in this species (Ding et al., 2016).
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Figure 2. Electron microscopic image of M. maripaludis with prominent
archaella bundles.

Archaella have a diameter of 10-14 nm (Thomas et al., 2001).
Image courtesy of Dr. K. F. Jarrell.
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Figure 3. The archaellins that comprise the archaellum in M. maripaludis.

FlaB1 and FlaB2 comprise the major filament and FlaB3 comprises the hook region.
AgIB is the oligosaccharyltransferase (OST) that transfers the dolichol monophosphate
(P-Dol) linked glycan (represented by the colored symbols) to select asparagine residues
in the archaellins (Chaban et al., 2006). Thr is threonine attached to the third sugar of the
glycan. The archaellins are processed by the type IV prepilin-like peptidase FlaK. Flal is
the ATPase that provides energy for the assembly and rotation of the archaellum. FlaJ is
the integral membrane protein involved in the export of archaellins. Image courtesy of
Dr. Yan Ding.
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Figure 4. The tetrasaccharide that is N-linked to archaellins in M. maripaludis.

The N-linked glycan contains a unique sugar residue (circled in red) so far found
exclusively in this species. The sequence is 4-deoxy-5-O-Me-ManNAc p1-4
ManNAc3NAmAG6Thr f1-4 GIcNAc3NAcA B1-3 GalNAc B-Asn. Attachment of the
tetrasaccharide to the archaellins through N-linked glycosylation ensures the correct
assembly and function of the archaellum.



The major archaellin FlaB2 has four glycosylation sites available for the attachment of
the tetrasaccharide (Ding et al., 2015). At least one of these four sites must be substituted
by an N-glycan in order for FlaB2 to facilitate archaella formation (Ding et al., 2015).

Previous work using mass spectrometry analysis, gene knockouts and
complementation studies has led to the identification of genes involved in the
biosynthetic pathway for the second and third sugars of the N-linked tetrasaccharide
(Vandyke et al., 2009; Ding et al., 2013; Siu et al., 2015). Nonetheless, very few genes
have been identified for the biosynthesis of the unique fourth sugar (Ding et al., 2016).
Additionally, the GTs involved are still putative and their activities remain to be
biochemically confirmed. It is also not known if the unusual modifications of the sugars
occur at the level of the nucleotide sugars, or after sugar transfer.

The aglW gene in M. maripaludis has been shown to play an essential role in the
biosynthesis of the unique terminal sugar residue of the tetrasaccharide N-linked to
archaellins. Mass spectrometry analysis of trypsinized archaella from a strain deleted of
aglW (daglW) revealed a truncated N-glycan lacking the unique terminal sugar residue as
well as the threonine attached to the third sugar (Ding et al., 2016). It has also been
shown that the electrophoretic mobility of the major archaellin FlaB2 in western blots is
reduced in 4agl/W when compared to wild type (WT) version (Ding et al., 2016).
Furthermore, complementation of Aag/W cells with the WT version of the gene resulted
in the restoration of electrophoretic mobility to WT levels (Ding et al., 2016).

Bioinformatic databases predict that aglW may encode a UDP-hexose 4-
epimerase that catalyzes the interconversion of UDP-Glc/GIcNAc to UDP-Gal/GalNAc.

This is based on homology with known 4-epimerases that have resolved structures and
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functions. However, the enzymatic characteristics of this 4-epimerase from M.
maripaludis had not yet been confirmed by biochemical assays. This is a common
occurrence in studies of archaeal N-linked glycosylation in general. Very few enzymes
proposed to be involved in the process via gene knockouts have actually been
biochemically studied.
1.5 N-linked glycosylation in M. maripaludis

N-linked glycosylation is a prevalent post-translational modification present in all
three domains of life (Jarrell et al., 2014). Although it is a highly conserved process, it is
widespread in Archaea but less common in Bacteria (Larkin and Imperiali, 2011). In
archaeal N-glycosylation, an oligosaccharide (OS) which functions as the N-glycan
precursor is synthesized onto the lipid carrier dolichol monophosphate/diphosphate (P-
Dol/PP-Dol) (Larkin and Imperiali, 2011). This is accomplished by the action of GTs
encoded by archaeal glycosylation (agl) genes that use nucleotide-sugars as donor
substrates to sequentially add sugar monomers to the dolichol lipid carrier on the inner
leaflet of the cytoplasmic membrane (Chaban et al., 2006). The lipid-linked glycan
precursor is then flipped via a putative flippase to the external face of the cytoplasmic
membrane and transferred en-bloc by the oligosaccharyltransferase (OST) AgIB to select
asparagine residues in the target glycoprotein (Chaban et al., 2006). The asparagine
residues are part of the conserved sequon Asn-X-Ser/Thr, where X can be any residue but
proline (Gavel and von Heijne, 1990).

N-glycosylation in M. maripaludis is essential for the proper assembly of the

archaellins that comprise the archaellum (Figure 5). In the proposed pathway,
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Figure 5. N-glycosylation in M. maripaludis.

N-glycosylation is thought to occur through the sequential transfer of a sugar-phosphate,
followed by monosaccharides, from nucleotide sugars to the lipid carrier P-Dol by the
action of Agl glycosyltransferases. A putative flippase flips the P-Dol-linked glycan
across the membrane where it is then transferred by the oligosaccharyltransferase AglB to
select asparagine residues located in the archaellins that comprise the archaellum.
Abbreviations: Thr — Threonine and S-layer — surface layer. Image courtesy of Dr. Yan
Ding.
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N-glycosylation begins by the transfer of the first sugar, GaINAc, as GalNAc-1-
phosphate from UDP-GalNAc to the lipid carrier P-Dol by an unidentified sugar-
phosphate transferase (Vandyke et al., 2009; Larkin et al., 2013) (Figure 5). The proposed
GT AQgIO then transfers a GICNAc derivative (GICNAC3NACA) as the second sugar of the
N-glycan from UDP-aGIlcNAc(3NAc)A in B1-3 linkage to GalNAc (Vandyke et al.,
2009) (Figure 5). The third sugar is a ManNAc derivative (ManNAc3NAmMA), transferred
from UDP-aManNAc3NAmA by AglA in f1-4 linkage to GICNAC3NACA (Figure 5).
The fourth sugar, 2-acetamido-2,4-dideoxy-5-O-methyl-L-erythro-hexos-5-ulo-1,5-
pyranose (4-deoxy-5-O-Me-ManNACc), is thought to be transferred from UDP-a4-deoxy-
5-O-Me-ManNAc by AglL in B1-4 linkage to ManNAc3NAmMA (Vandyke et al., 2009)
(Figure 5). A threonine is proposed to be added to the third sugar, ManNAcC3NAmMA, by
AglU (Ding et al., 2013). This occurs after the addition of the fourth sugar (Ding et al.,
2013) (Figure 5). The action of these GTs in M. maripaludis results in the assembly of a
lipid-linked tetrasaccharide, which is the N-linked glycan intermediate. All of the GTs
involved appear to be inverting enzymes that invert the anomeric linkage of the sugar in
the donor substrate () to a p—linkage in the reaction product.

After synthesis of the tetrasaccharide, the lipid-linked glycan is flipped across the
cytoplasmic membrane by a putative flippase (Figure 5). It is then transferred en bloc
from the dolichol carrier by the oligosaccharyltransferase (OST) AgIB to an asparagine
residue within the conserved Asn-X-Ser/Thr sequon found in multiple sites in all 3
archaellins (Vandyke et al., 2009) (Figure 5). The sequence of AgIB is conserved among
Archaea. Furthermore, AgIB has been classified in the Carbohydrate active enzyme data

bank (CAZy) as a member of the inverting GT66 family that transfers oligosaccharides to
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protein from oligosaccharide-PP-Dol in archaea and eukaryotes, and from
oligosaccharide-undecaprenyl-pyrophosphate (PP-Und) in bacteria.

The attachment of the N-linked tetrasaccharide to archaellins is required for
proper motility of M. maripaludis. Archaellins that are non-glycosylated or glycosylated
with a glycan missing more than two sugars do not assemble (Siu et al., 2015; VanDyke
et. al, 2009). Additionally, cells possessing a truncated glycan of two or three sugars are
archaellated, but exhibit reduced motility compared to WT cells possessing the complete
tetrasaccharide (VanDyke et. al, 2009).

1.6 UDP-hexose 4-epimerases

Uridine diphosphate (UDP)-hexose 4-epimerases, also known as 4-epimerases,
catalyze the reversible conversion of UDP-Glc to UDP-Gal and/or UDP-N-
Acetylglucosamine (UDP-GIcNAc) to UDP-N-Acetylgalactosamine (UDP-GalNAc)
(Beerens et al., 2015) (Figure 6). There are also 4-epimerases with other substrate
specificities. The 4-epimerases are usually formed as homodimers and belong to the
short-chain dehydrogenase/reductase (SDR) superfamily of proteins (Beerens et al.,
2015). Members of the SDR superfamily are functionally diverse, ranging from
dehydratases, decarboxylases, and sulfotransferases in addition to epimerases (Kavanagh
et al., 2008).

SDR proteins contain a conserved N-terminal region which facilitates binding of
the essential NAD" cofactor and a variable C-terminal region where the substrate binds.
The variable C-terminal region has the catalytic domain that can epimerize the enzyme-
specific substrates (Beerens et al., 2015). Although sequence identities between SDR

family members are only 15-30%, all 4-epimerases belonging to this family share some
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Figure 6. UDP-hexose/hexNAc 4-epimerases catalyze the reversible conversion of
UDP-Glc to UDP-Gal and/or UDP-GalNAc to UDP-GIcNAc.

UDP-hexose 4-epimerases can interconvert UDP-hexoses. UDP-Glc 4-epimerases are
also known as UDP-Gal 4-epimerases. UDP-hexNAc 4-epimerases include UDP-
GIcNAcC 4-epimerases, also known as UDP-GalNAc 4-epimerases. Structures of the
UDP-sugars were retrieved from CAZypedia (www.cazypedia.org).
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conserved signature sequences. Two such sequences are the YxxxK and GxxGxxG
motifs (Beerens et al., 2015). The YxxxK motif, also known as the catalytic motif, is
found in the active site located at the C-terminal region. The conserved tyrosine and
lysine residues have been shown to be essential for catalysis and play a critical
mechanistic role which will be discussed below (Beerens et al., 2015). The GxxGxxG
motif is located in the Rossmann fold found in the N-terminal region, and this is a
unifying characteristic of SDR members (Kavanagh et al., 2008). The Rossmann fold in
SDR members consists of a folding pattern with alternating R-strands and a-helices,
whereby 2 to 3 a-helices are connected to a central B-sheet (Kavanagh et al., 2008). The
first two glycine residues of the GxxGxxG motif are involved in binding of the NAD"*
cofactor. The third glycine ensures packing of the a-helix to the B-strand (Hanukoglu,
2015).

The general mechanism of UDP-GIc/GIcNAc 4-epimerases can be summarized in
a few steps. Binding of the UDP-hexose substrate causes a conformational change in the
enzyme. A catalytic base abstracts a proton from the hydroxyl group of carbon four (C4)
of the pyranose sugar moiety, and a hydride is transferred from the same carbon to the
enzyme's cofactor NAD™ (Beerens et al., 2015). This results in the formation of NADH
and a transient 4’-ketopyranose. The tyrosine residue from the YxxxK motif acts as the
catalytic base while its charge is stabilized by the downstream lysine (Liu et al., 1997).
Next, the 4’-ketopyranose intermediate undergoes a rotation (~ 180°) within the active
site. This step leads to the opposite side of the sugar being presented to NADH (Beerens
et al., 2015). Finally, the hydride is transferred back from the NADH to C4 of the sugar,

and the conserved tyrosine residue re-protonates the oxygen of C4, regenerating the
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hydroxyl group (Beerens et al., 2015). These events result in a stereochemical inversion
of the UDP-sugar substrate’s hydroxyl group at C4 of the sugar moiety. An outline of the
general mechanism is depicted in Figure 7.

A variety of 4-epimerases exists that display differential substrate specificities. As
a result, they have been classified into several groups as described in Table 1. Group 1 4-
epimerases act only on UDP-Glc and UDP-Gal. 4-epimerases belonging to group 2 can
accommodate UDP-GIcNAc and UDP-GalNAc in addition to UDP-Glc and UDP-Gal.
Group 3 4-epimerases strongly prefer UDP-GIcNAc and UDP-GalNAc. Another type of
4-epimerase (Gnu) encoded by the 23206 gene from E.coli O157 was reported that does
not act on nucleotide sugars but instead can convert GIcNAca-PP-Und to GalNAca-PP-
Und (Rush et al., 2010).

Differences in substrate specificity amongst 4-epimerases are likely due to
variations in the size of the substrate-binding pocket found in the active site (Schulz et
al., 2004; Thoden et al., 2002). Furthermore, mutational studies performed on 4-
epimerases with resolved structures indicate that only a limited number of amino acid
residues are the key determinants of substrate specificity. Structural studies have revealed
that the human 4-epimerase (hGalE) is able to accommodate the larger acetylated
substrates due to the presence of cysteine at position 307 (Thoden et al., 2002). The
equivalent residue in the E. coli 4-epimerase (eGalE) is a bulkier tyrosine. The steric
hindrance from the bulkier tyrosine presumably prevents eGalE from accommodating the
acetylated forms of UDP-Glc and UDP-Gal (Thoden et al., 2002). However, despite
structural and mechanistic insights, the complete basis for substrate specificity and

selectivity in 4-epimerases remains undetermined.
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Figure 7. General mechanism of UDP-hexose 4-epimerases belonging to the
SDR superfamily of proteins.

Enzymatic tyrosine acts as the catalytic base responsible for deprotonation of the
hydroxylic proton of carbon 4 of the UDP-sugar substrate. The negative charge of
tyrosine is stabilized by the downstream lysine. The tyrosine and lysine residues
constitute the YxxxK conserved motif. Figure adapted from Beerens et al., 2015.
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Table 1. Classification of 4-epimerases into different groups based on substrate
specificity, with examples from different species.

*Although WbpP shows substrate specificity towards UDP-Glc and UDP-Gal, it is highly
inefficient in their catalysis. As such, it has been designated as a UDP-GICNAC 4-
epimerase (Creuzenet et al., 2000). In addition, there are 4-epimerases that act on UDP-
sugar acids and on UDP-pentoses.

Group Examples (species) Substrates Reference

1 eGalE (E. coli) UDP-Glc (Wilson and Hogness, 1964)
UDP-Gal

2 hGalE (human) UDP-Glc (Schulz et al., 2004)
UDP-Gal
UDP-GIcNACc
UDP-GalNAc

3 *WhbpP (P. aeruginosa)  UDP-GIcNAC (Creuzenet et al., 2000)
UDP-GalNAc

4 Gnu (E. coli 0157) GIcNAc-PP-Und (Rush et al., 2010)

GalNAc-PP-Und
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Furthermore, there is difficulty in quantitatively evaluating the activity of UDP-
Glc/GIcNAc 4-epimerases due to the reversible nature of the reactions they catalyze.
Additionally, there are only a few widely applicable methods reported in the literature for
measuring the activity of UDP-hexose 4-epimerases (Moreno et al., 1981; Merril et al.,
1976; Wilson and Hogness, 1964). These methods are either only specific towards a
particular substrate, or challenging and based on the availability of specific equipment to
separate UDP-sugars. As such, developing new assays to quantify UDP-hexose 4-
epimerase activity would help mitigate some of these problems. In particular, they would
allow us to determine UDP-GIc/GIcNAc 4-epimerase activity and assess substrate
specificity using both acetylated and non-acetylated UDP-Glc and UDP-Gal.

1.7 Project Overview
1.7.1 Project hypothesis

We propose that the protein encoded by aglW (AglW) functions as a UDP-hexose
4-epimerase involved in the synthesis of the unique terminal sugar of the N-linked
tetrasaccharide found in M. maripaludis. Furthermore, we predict that the tyrosine and
lysine at positions 151 and 155 comprise a catalytic YxxxK motif required for the 4-
epimerase activity of AglW.

1.7.2 Project Aims

The aims of this study were three-fold. Firstly, we wanted to biochemically
characterize the putative 4-epimerase AgIW from M. maripaludis. Secondly, we wanted
to develop enzyme assays for quantitatively determining the activity and specificity of
UDP-GIc/UDP-GIcNACc 4-epimerases, particularly Aglw from M. maripaludis. Our

assays are based on coupling the 4-epimerase reactions with enzymatic GT reactions.
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Specifically, the product of the 4-epimerase reaction becomes a substrate for the
subsequent reaction catalyzed by a GT highly specific for the UDP-sugar being produced.
Thirdly, we wished to establish the importance of the tyrosine and lysine residues
predicted to comprise the conserved YxxxK motif on enzymatic activity.
1.7.3 Project Objectives
e Purification of His-tagged AglW expressed in E. coli BL21 (DE3) cells using
Ni2*-NTA affinity chromatography for the evaluation of AgIW activity and its
characterization. The substrate specificity towards UDP-Glc, UDP-Gal, UDP-
GIcNAc, UDP-GalNAc, GalNAc-PP-phenyl-undecyl (GalINAc-PP-PhU) and
GIcNAc-PP-PhU will be examined using newly developed 4-epimerase-GT

coupled assays.

e Determination of the apparent kinetic parameters (Km and Vmax) of compatible
substrates for AgIW and establishment of AglW’s temperature optimum, pH
optimum, and divalent metal-ion and/or cofactor requirements by the most

convenient assay.

e Determination of the activity and substrate specificity of two previously created

mutant versions of AglW, Y151A and K155A, using the coupled assays.

This study has shed light onto the development of assay procedures to evaluate the 4-
epimerase activity of AglW, as well as other unknown yet predicted UDP-sugar 4-

epimerases. In addition, it has provided insight into their substrate specificity and

21



mechanism. Specifically, it contributed to the knowledge of N-glycan assembly in M.

maripaludis.
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Chapter 2

Materials and Methods

Materials. All reagents and materials were purchased from Sigma unless otherwise
stated. Radioactive nucleotide sugars were purchased from American Radiolabeled
Chemicals (ARC). GlcNAca-diphosphate-(CHz)1:-O-phenyl (GIcNAc-PP-PhU) and
GalNAca- diphosphate-(CH2)1:-O-phenyl (GalNAc-PP-PhU) were synthesized as
acceptor substrates for bacterial GTs as previously reported (Wang et al., 2014). Mana1-
6(Mana1-3)Manf-octyl was purchased from Toronto Research Chemicals. UDP-Gal was
donated by B. Ernst, Basel, Switzerland. Purified recombinant polypeptide GaINAc
transferase-1 (ppGalNAc-T1) was a gift from A. Elhammer, Pharmacia and Upjohn,
Kalamazoo MI. Human GIcNAc-transferase | expressed in insect cells was donated by H.
Schachter, Hospital for Sick Children, Toronto, ON. The 1,3-Glc-transferase WhdN
from E.coli O157 was produced and assayed as described previously (Gao et al., 2012).
The B1,4-Gal-transferase WfeD from Shigella boydii was produced as described before
(Xu et al., 2011) and purified using Ni>*"NTA Sepharose (Qiagen) as described (Wang et
al., 2014).
2.1 Strains, growth and plasmids

M. maripaludis strain Mm900 (Moore and Leigh, 2005) was grown anaerobically
in sealed serum bottles containing 10 ml Balch Medium 3 at 37°C under an atmosphere of
CO2/H2 (20:80) with shaking, as described previously (Ding et al., 2016). Escherichia

coli BL21 (DE3) cells used for cloning steps were grown in Luria-Bertani (LB) broth at
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37°C with 100 pg/mL ampicillin and 30 pg/mL chloramphenicol added for selection
when required.
2.2 Expression of wild type AglW in E. coli BL21 (DE3) cells

AgIW from M. maripaludis was amplified by polymerase chain reaction (PCR)
using the AgIW-F forward (GCCGCATATGATTAAAAAATATACTTACTTACTAC)
and AgIW-R reverse (TAATCTCGAGAATCTTTTTAATCCCGTCATC) primers as
reported previously (Ding et al., 2016). The primers contained either Ndel or Xhol
restriction sites, respectively. The purified PCR product was cloned into expression
vector pET23a containing a cleavable His-tag-encoded sequence at the C-terminus to
produce plasmid pKJ919 (Ding et al., 2016). Plasmid pKJ919 was then transformed into
E. coli BL21 (DES3) cells for expression of AgIW protein as previously reported (Ding et
al., 2016). Bacterial cells were grown overnight (14-16 hrs) in 5 mL LB broth containing
100 pg/mL ampicillin and 30 pg/mL chloramphenicol at 37°C with shaking at 200 rpm.
The bacterial suspensions (5mL) were then transferred to 100 mL LB broth containing
the same antibiotics and incubated at 37 °C with constant shaking at 200 rpm. Once the
suspension reached an absorbance of 0.6-0.8 at 600 nm, it was cooled by placing on ice
for 15 minutes. Isopropyl-beta-thiogalactoside (IPTG) was added to a final concentration
of 0.2 mM after cooling. Cells were grown further for 16 hours at 16 °C, then harvested
by centrifugation for 5 min at 12,000 rpm (Beckman J2-21M, JA20 rotor). Pellets were
re-suspended in 4 mL of binding buffer (5 mM Imidazole, 0.5 M NaCl and 20 mM Tris-

HCI, pH 8) and used in purification of AgIW protein or stored at -20°C.
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2.3 Purification of AgIW protein and analysis using SDS-PAGE and western blot

His-tagged AglW protein was purified by Ni?*-affinity chromatography using
Ni**-NTA Sepharose (Qiagen). To obtain the total cell lysate, cells containing His-tagged
AgIW were sonicated in binding buffer (5 mM Imidazole, 0.5 M NaCl and 20 mM Tris-
HCI, pH 8) for 5 cycles of 2-sec sonication and 2-sec on ice. Sonicates were centrifuged
at 12,000 rpm (Beckman J2-21M, JA20 rotor) for 40 min. The supernatant containing the
fusion protein was loaded on a Ni>*-NTA Sepharose column. Bound proteins were eluted
with 1 M imidazole buffer containing 20 mM Tris-HCI, pH 8 and 0.5 M NaCl. Fractions
were analyzed using SDS-PAGE (12% gels) and visualized by Coomassie Blue staining.
Fractions containing AglW were pooled and dialyzed in dialysis buffer (50 mM Tris-
HCI, pH 8 and 150 mM NacCl) at 4°C overnight. Purified AgIW was stored at -80°C.
Protein concentration was determined using the Bradford protein assay, using bovine
serum albumin as a standard.

Western blot analysis was carried out to detect the presence of the His-tag as
previously described (Wang et al., 2014). Rabbit anti-His tag antibody (Santa Cruz
Biotechnology) was used as the primary antibody (1:1000 in 5% non-fat milk) and HRP-
linked goat anti-rabbit 1gG (Cell Signaling Technology) as the secondary antibody
(1:5000 in 5% non-fat milk). All antibodies were dissolved in 1x Tris-buffered saline
(TBS) 0.1% Tween-20 (BioShop Canada). Bands were visualized using Clarity Western
ECL substrate (Bio-Rad) and the Azure ¢600 imaging system (Azure Biosystems).

2.4 Expression and purification of mutant versions of AgiW
To determine the importance of the highly conserved Tyr and Lys residues of the

central YxxxK motif, pET23a derivatives carrying versions of aglW with a mutation at
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either Y151 (Y155A; pKJ1111) or K155 (K155A; pKJ1112) were also used to transform
the E. coli expression strain as previously reported (Ding et al., 2016). The expression
and purification of the Y151A and K155A mutant versions of AgIW were assessed by
SDS-PAGE (12% gels) as described above.
2.5 Colorimetric AglW assay to measure the production of UDP-Glc from UDP-Gal

The UDP-GlIc 4-epimerase activity of AgIW was measured colorimetrically using
the glucose oxidase (GO) assay kit (Sigma). Reaction mixtures in a 208 pL total volume
contained: 4.81 mM Tris-HCI buffer, pH 8.7, 2.1 mM UDP-Gal and 20 pg of AglW.
Mixtures were incubated for 10 min at 37°C. The AglW reaction was terminated by the
addition of 25 pL 0.1 M HCI and by placing the mixtures in boiling water for 5 min to
liberate Gal and Glc from UDP-Gal and UDP-Glc, respectively. 25 uL 0.1 M NaOH was
added to neutralize the reaction mixture. The resulting free Glc was determined
colorimetrically according to the manufacturer’s instructions.
2.6 Coupled 4-epimerase-glycosyltransferase (GT) assays

Coupled assays 1-4 for AgIW activity were carried out in either two-step or one-
pot assays. The first step of the two-step coupled assays consisted of the 4-epimerase
reaction using radiolabeled UDP-sugar substrates which was allowed to proceed at 37°C
for 10 min, followed by boiling for 3 min. In the second step, the AgIW reaction product
mixture from the first step was used as a donor substrate for a GT reaction that was
highly specific for the UDP-sugar. The GT product was quantified by scintillation
counting. Standard curves established by carrying out activity assays for each coupling
GT were used to determine the concentration (mM) of UDP-sugar product generated for

coupled assays 1-4. The GT activity assays for the standard curve were done in parallel to

26



the coupled assays using known concentrations of UDP-sugar substrate. For one-pot
coupled assays, both 4-epimerase and GT reaction mixtures were combined. The instant
removal of the 4-epimerase product by a GT avoided the reversibility of the 4-epimerase.
All assays were carried out in at least duplicate reactions. Control assays either lacked the
specific GT acceptor substrate or AgIW. The coupled 4-epimerase-GT assays are
summarized in Figure 8.

2.6.1 Assays 1. AglW — B1,4-Gal-transferase (B4GalT)-coupled assay to measure the
conversion of UDP-GIc to UDP-Gal

Bovine milk B1,4-Gal-transferase (B4GalT) was used to determine the amount of
UDP-Gal formed from UDP-Glc (Brockhausen et al., 2006). The reaction mixtures (40 ul
total volume) for the one-pot assays contained: 0.125 M Tris Base, pH 8, 0.35 mM UDP-
[*H]Glc (5550 cpm/nmol), 5 pg of AglW protein, 1.8 pg p4GalT, 1 mM GlcNAcp-Bn as
the acceptor substrate for 4GalT, and 5 mM MnCl,. Reaction mixtures were incubated
for 60 min at 37°C. The reaction was quenched by the addition of 600 ul of ice-cold H.O
and mixtures were passed through AG 1-X8 anion exchange columns. The reaction
product was quantified by scintillation counting.

The first step (AgIW reaction) of the two-step reactions contained in a total
volume of 20 puL: 0.15 M Tris Base, pH 8, 0.69 mM UDP-[*H]Glc (5550 cpm/nmol) and
5 pg of AglW. Mixtures were incubated for 10 min at 37°C, followed by boiling for 3
min. The reaction product UDP-Gal in the reaction mixtures was used as the donor
substrate for B4GalT activity assays. Assays for the second step (B4GalT reaction)

contained in a total volume of 40 pL: 20 uL 4-epimerase reaction mixtures,
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1. Coupled Assay for conversion of UDP-Glc to UDP-Gal using bovine milk f1,4-Gal-transferase
- specific for UDP-Gal
AglW Pd-Gal-transferase + GleNAcp-Bn
UDP-[*H]Glc # UDP-[*H]Gal > [*H)Galp1-4GlcNAcp-Bn 2 AG1x8

2. Coupled Assay for conversion of UDP-Gal to UDP-Glc using Glc-transferase WhdN from E.coli 0157
- specific for UDP-Glc

Agliv WhelN + GalNAc-PP-PhU
3 —_— NE) £ _ _PP- -
UDP-[H]Gal =— UDP-[H]Glc > [*H]Glcp1-3GalNAc-PP-PhU = C18 Sep-Pak

3. Coupled Assay for conversion of UDP-GalNAc to UDP-GlcNAc using human GlcNAc-transferase I
- specific for UDP-GlcNAc
Agliv GleNAc-tramsferase I + Mang-octyl
UDP-[*H]GalNAc —— UDP-[*H]GlcNAc > [*H]GlcNAcB1-2Man3-octyl & C18 Sep-Pak

4. Coupled Assay for conversion of UDP-GlcNAc to UDP-GalNAc using human polypeptide GalNAc-transferase 1
- specific for UDP-GalNAc
AglW GalNAc-transferase I + AQPTPPP
UDP-[*H]GlcNAc A\_UDP-[EH]GaINAc > AQP [*H]GalNAc-TPPP = C18 Sep-Pak

5 and 6. Coupled assays for interconversion of GlcNAc¢-PP-lipid to GalNAc-PP-lipid using Whd[N
- specific for GalNAc-PP-PhU acceptor or WieD specific for GlcNAc-PP-PhU acceptor

WD + UDP-[H]Gal AglW WbV + UDP-PH]Gle
[HIGAlpI3GINACPPPAU €  GINAcPP-PHU o= GalNACPPPAU >  [H]GIcP1-3GalNAC-PP-PLU

Figure 8. Summary of AgIW-GT coupled assays.

An outline of the reactions involved, as well as the acceptor and donor substrates used by
each GT in the coupled assays is shown. For each coupled assay, the AgIW generated
product becomes a substrate for a reaction catalyzed by a GT that is highly specific for
that UDP-sugar.
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0.125 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer, pH, 7, 2 mM GlcNAcp-Bn,
10 mM MnCl; and 1.8 pg B4GalT. Reaction mixtures were incubated for 1h at 37°C. The
reaction was quenched by the addition of 600 pL of ice-cold H2O and mixtures were
passed through AG 1-X8 anion exchange columns. The reaction product was quantified
by scintillation counting.
2.6.2 Assays 2. AgIW — WhbdN-coupled assays to measure the conversion of UDP-Gal
to UDP-Glc

The B1,3-Glc-transferase WhdN from E.coli 0157 (Gao et al., 2012), specific for
UDP-Glc as donor substrate, was used to determine the amount of UDP-GIc formed in 4-
epimerase assays from UDP-Gal. One pot AglW - WbdN coupled assays were carried out
in duplicate in a total volume of 40 pL consisting of 0.72 mM UDP-[*H]Gal (2900
cpm/nmol), purified AgIW (5 pg), WbhdN-containing bacterial homogenate in 50 mM
sucrose (140 ug protein), 0.2 mM GalNAc-PP-PhU as acceptor substrate for WhdN,
0.125 M Tris Base, pH 8, and 5 mM MnCl». Mixtures were incubated for 30 min at 37°C.
Reactions were quenched by the addition of 700 pL ice-cold H20. The WhdN reaction
product Glcp1-3GalNAc-PP-PhU was then isolated by hydrophobic chromatography
using a C1g Sep-Pak column (Gao et al., 2012). The water-soluble components were
eluted with water, and the GT reaction product was eluted with MeOH and quantified by
scintillation counting.

The first step (4-epimerase reaction) of the two-step coupled assays was carried
out in a total volume of 20 pL that contained 0.15 M Tris-HCI, pH 8, 1.44 mM UDP-
[*H]Gal (2900 cpm/nmol) and 5 pg AgIW. Mixtures were incubated for 10 min at 37°C.

The AgIW reaction was terminated by boiling for 3 min. The mixtures containing the
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reaction product were then used as the donor substrate for the second step, WbdN activity
assays. Assay mixtures for WbdN reactions contained in a total volume of 40 pL: 20 pL
4-epimerase product mixture, 0.1 M MES buffer, pH 7, 0.01 M MnCl, 0.2 mM GalNAc-
PP-PhU as the WhdN acceptor, and WhdN-containing bacterial homogenate (140 pg
protein). Mixtures were incubated for 30 min and the WhdN product was quantified as
described above.

2.6.3 Assays 3. AglW and GIcNAc-transferase 1 (GIcNAc-T1)-coupled assays to
detect conversion of UDP-GalNAc to UDP-GIcNAc

GIcNAc-transferase 1 (GIcNAc-T1) (Reck et al., 1995) was used as a GT specific
for UDP-GIcNAC as the donor substrate. The assay mixtures for the one-pot assays
contained in a total volume of 40 pL: 0.188 M Tris Base, pH 8, 0.66 mM UDP-
[*H]GalNAc (1140 cpm/nmol), 5 pug AgIW, 10 mM MnCls, 60 pug GIctNAc-T1 and 1 mM
Manal-6(Manal-3)Manp-octyl (Man3-octyl) as acceptor for GICNAc-T1. Reaction
mixtures were incubated at 37°C for 1h. 600 pL of ice-cold H.O was added to quench the
reaction and the mixture was passed through an AG 1-X8 anion exchange column. The
reaction product was quantified by scintillation counting.

For the first (4-epimerase) step of the two-step coupled assays, assay mixtures
contained in a total volume of 20 pL: 0.25 M Tris Base, pH 8, 1.32 mM UDP-
[*H]GalNAc (1140 cpm/nmol) and 5 pg AgIW. Mixtures were incubated at 37°C for 10
min followed by boiling for 3 min. The mixtures containing the reaction product were
then used as the donor substrate for the second step, GICNACc-T1 activity assays. The
assay mixtures contained in a total volume of 40 uL: 20 pL 4-epimerase reaction

mixture, 0.175 M MES buffer, pH 6, 1 mM Man3-octyl, 20 mM MnClI; and 60 pg
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GIcNACc-T1, and were incubated for 1 h at 37°C. The reaction was quenched by the
addition of 600 pL of ice-cold H.O and mixtures were passed through AG-1X8 anion
exchange columns. The final reaction product was quantified by scintillation counting.
2.6.4 Assays 4. AgIW - polypeptide GalNAc-transferase T1 (ppGalNAc-T1)-coupled
assays to detect conversion of UDP-GIcNAc to UDP-GalNAc

Polypeptide GalNAc-transferase T1 (ppGalNAc-T1) was used to specifically
detect UDP-GalNAc formed by AglW from UDP-GIcNAc (Elhammer et al., 1993;
Brockhausen et al., 2009). Assay mixtures for the one-pot coupled assays contained in a
total volume of 40 pL: 0.188 M Tris Base, pH 8, 0.075 mM UDP-[*H]GIcNAc (4040
cpm/nmol), 5 pg Aglw, 1 mM AQPTPPP peptide as acceptor substrate for ppGalNAc-
T1,5 mM MnCl; and 0.033 pg of ppGalNAc-T1. Mixtures were incubated at 37°C for 60
min and reactions were terminated by the addition of 600 pL ice-cold H>O. Mixtures
were then passed through AG 1-X8 anion exchange columns. The final product was
quantified by scintillation counting.

Assay mixtures for the first (4-epimerase) step of the two-step coupled assays
contained in a total volume of 20 pL: 0.25 M Tris Base, pH 8, 0.15 mM UDP-
[*H]GIcNAC (4040 cpm/nmol), and 5 pg AgIW. Mixtures were incubated at 37°C for 10
min, and reactions terminated by boiling for 3 min. The reaction product was then used as
the donor substrate for ppGalNAc-T1 activity assays. Mixtures for the second step
contained in a total volume of 40 pL: 20 pL 4-epimerase reaction mixture, 0.125 M Tris-
HCI, pH 7.5, 2 mM AQPTPPP, 10 mM MnClI; and 0.033 pg of ppGalNAc-T1. The

reaction was quenched by the addition of 600 puL of ice-cold H20. Mixtures were then
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passed through AG 1-X8 anion exchange columns and the final reaction product was
quantified by scintillation counting.
2.6.5 AglW — WfeD-coupled assay for the conversion of GalNAc-PP-PhU to
GIcNAc-PP-PhU

The conversion of GalINAc-PP-PhU by AglW to GIcNAc-PP-PhU was monitored
with B1,4-Gal-transferase WfeD from Shigella boydii (Xu et al., 2011). WfeD is highly
specific for GIcNAc-PP-PhU as the acceptor substrate and UDP-Gal as the donor
substrate (Xu et al., 2011). The first of the two-step coupled assay mixtures for Aglw
activity contained in a total volume of 20 uL: 0.25 M Tris Base pH 8, 2.5 mM GalNAc-
PP-PhU and 5 pg of AgIW. Mixtures were incubated for 10 min at 37°C and the reaction
terminated by boiling for 3 min. The expected reaction product, GIcNAc-PP-PhU, was
then used as an acceptor substrate for WfeD. Assays for the second step (WfeD activity)
contained in a total volume of 40 pL: 20 uL mixture from the AglW reaction, 0.15 M
MES buffer, pH 7, 1.92 mM UDP-[3H]Gal (2900 cpom/nmol), 0.01 M MnCl; and 0.075
ug purified WfeD. After incubation for 30 min, reactions were terminated with 700 pL
cold H20. Enzyme product was isolated using a C1g Sep-Pak column as described (Xu et
al., 2011). The radioactivity of the final reaction product was quantified by scintillation
counting.
2.6.6 AglW — WhbdN-coupled assay for the conversion of GIcNAc-PP-PhU to
GalNAc-PP-PhU

The B1,3-Glc-transferase WbhdN was used as a GT specific for GaINAc-PP-PhU
as the acceptor substrate (Gao et al., 2012). The two-step coupled assay reaction mixtures

for the first (AgIW) step contained in a total volume of 20 pL: 0.25 M Tris Base pH 8,
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2.5 mM GIcNAc-PP-PhU and 5 pg of AglW. Mixtures were incubated for 10 min at
37°C. The reaction was terminated by boiling for 3 min. The reaction product was used as
the acceptor substrate for WbdN activity assays. The second step (WbdN activity) assays
contained in a total volume of 40 uL: 20 uL AglW reaction mixture, 0.1 M MES buffer,
pH 7, 0.92 mM UDP-[*H]GIc (5550 cpm/nmol), 0.01 M MnCl, and WbdN-containing
bacterial homogenate (140 pg protein). WhdN activity assays were performed as
described previously (Gao et al., 2012). The final reaction product was quantified by
scintillation counting.
2.6.7 Assay 1 to determine the effects of various divalent metal ions on AglW
activity

Two-step coupled assay 1 with AglW and p4GalT was used to assess the effects
of various divalent metal ions (Co?*, Mg?*, Mn?* and Zn?*) on AgIW activity. The assays
were performed essentially as described above with a few changes. The 4-epimerase
reaction mixtures in the first step (20 pL total volume) contained 5 mM of either
ethylenediaminetetraacetic acid (EDTA), cobalt (1) acetate, magnesium chloride,
manganese chloride or zinc acetate added to the 4-epimerase reaction mixtures in the first
step (20 pL total volume). The second step (B4GalT reaction, 40 pL total volume) was
carried out using 25 mM MnClI: instead of the usual 5 mM per assay. A higher
concentration of Mn?* was used to offset the effects of the divalent metal-ions/EDTA
present in the reaction mixtures from the first step. p4GalT activity assays were also
carried out independently as described (Brockhausen et al., 2006), using 5 mM of the

same divalent metal ions tested with coupled assay 1.
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2.6.8 Assay 1 to establish the pH dependence and temperature optimum of AglWw

Two-step coupled assay 1 was also carried out with a few modifications to
determine the temperature and pH optimum for AglIW activity. The pH optimum was
established by using a range of buffers, each with a different pH (pH 5-10). A0.125 M
concentration of either MES buffer pH 5, pH 6, pH 7, or Tris-HCI buffer pH 8, pH 9, pH
10 was used for the 4-epimerase reaction in the first step (20 pL total volume). Assays for
B4GalT activity were also performed using the same buffers ranging from pH 5-10 to
determine the influence of pH on the enzyme’s activity, as described (Brockhausen et al.,
2006). The optimum temperature for AgIW activity was established by incubating the
AgIW reaction mixtures in the first step at different temperatures (15°C - 95°C).
2.6.9 Assay 1 to assess the effects of NAD* and NADH on AgIW activity

The effect of NAD" or NADH addition on AgIW activity was determined using
two-step coupled assay 1. The assays were performed as described above containing
either 0.5 mM, 1 mM or 2 mM NAD* or NADH in the AgIW reaction mixtures (20 pL

total volume) in the first-step.
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Chapter 3

Results

3.1 Sequence analysis of AgIW
BLAST analysis and information from the UniProt database suggested that AgIW

is likely to be a 4-epimerase belonging to the SDR superfamily of proteins. As such, it
contains the YxxxK and GxxGxxG motifs found in all SDR family members (Beerens et
al., 2015) (Figure 9). The uniting criteria amongst SDR family members are these two
highly conserved motifs, particularly the GxxGxxG motif which is associated with the
Rossmann fold that accommodates the enzyme’s cofactor NAD™ (Kavanagh et al., 2008).

Furthermore, AgIW shares 34% sequence identity with hGalE and 32% with
eGalE (Figure 10). In addition, it shares 33% sequence identity with Gnu from E. coli
0157 that is responsible for the conversion of GIcNAc-PP-Und to GalNAc-PP-Und.
3.2 Expression and purification of AglwW

His-tagged AgIW was purified using Ni?*-affinity chromatography. Analysis of
the purified AgIW samples by SDS-PAGE (12% gel) showed an intense band at 34 kDa,
similar to the predicted AglW molecular mass of 34.4 kDa (www.sciencegateway.org)
(Figure 11). This band was also detected in western blots using anti-His tag antibodies to
confirm the presence of the His-tag (data not shown). The purified Y151A mutant version
of AglW also appeared as a 34 kDa band (Figure 11). However, SDS-PAGE analysis of
similarly processed E. coli expressing the K155A mutant version of AglW did not show
this band (data not shown). Furthermore, western blots developed with anti-His tag
antibodies revealed several cross-reacting bands at masses less than 34 kDa suggesting

degradation of the K155A variant had occurred (data not shown).
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1 MIKKYTYYFI FGEILKILVT GGAGFIGSHI VDMLIENGHD VSILDNLSTG
51 NEKNLNSSAK FINGDILDKN LDLTGFECVI HEAAQINVRT SVENPSLDAN
101 INILGTVNIL EKMKEYGVKK IIFSSSGGAV YGEPEYLPVD EKHSLKPLSP
151 YGLSKFCAEE YIKLYNMLYD TIEYCILRYSN VYGERQDPLG EAGVISIFID
201 KMKKGEVPVI YGDGNQTRDF VNVKDVARAN LMALNWKNEI VNIGSGKETS
251 VNELFKIISS EIGFDKDPIY KKEREGEVYK IYIDYSKAKS LGWMPEVELD
301 DGIKKI

Figure 9. Amino acid sequence of AglW.

The GxxGxxG and central YxxxK motifs conserved in UDP-hexose 4-epimerases
belonging to the SDR superfamily of proteins are highlighted in grey and yellow,
respectively. The amino acid sequence of AgIW was retrieved from UniProt
Knowledgebase (UniProtKB).
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Rglw MIKEYTYYFIFGEILKILVIGGAGFIGSHIVDMLIENGHDVSILDNLSTGNEE-———————

hGalE —-—————————- MAFKVLVTGGAGY IGSHTVLELLEAGYLEFVVIDNFENAFRGGGSLEES
eGalE @ - MRVILVIGGSGYIGSETCVOLLONGHDVI ILDNLCNSERS—————— v
Aglw - NLNSSAKFINGDILDEN-——-— LDLTGFECVIHEARQINVRTSVENPSLDANIN
hGalE LERVOELTGRSVEFEEMDILDOGALORLFERYSFMAVIHFAGLEAVGESVOEPLDYYRVN
eGalE LEVIERLGGEHFTEVEGDIENEATMTEILHDHATDTVIHFAGLEAVGESVOEPLEYYDNN
AglwW ILGTVNILERMREYGVEEIIFSSSGEAVYGEPEYLEPVDERKHSL-KEPLSPYGLSRFCAREY
hGalE LTGTIQLLEIMEAHGVENLVFSSS-ATVYGNPQYLPLDEAHPTGGCTNEYGRSKFFIEEM
eGalE VNGTLRLISAMRAANVENFIFSSS-ATVYGDQPRIPYVESFPTGTPOSPYGESKIMVEQI
AglW IFLY-NMLYDIEYCILRYSNVYGER-—————- QDPLGEAGVISIFIDEMEEGE--VEVIY-
hGalE IRDLCCADETWNAVLLRYFNPTGAHASGCIGEDPQGIPNNIMPYVSOVATIGRREALNVEG
eGalE LTDLOKAQPDWS IALLRYFNPVGAHPSGIMGEDPOGIPNNIMEPY TAQVAVGRRDSLATEG
Aglw  -——-—- GDGNOTRDEVNVEDVARANLMATNW-———- ENEIVNIGSGEETSVNELFEIISSE
hGalE NDYDTEDGTGVRDY IHVVDLARGHIAATRELEEQCGCRIYNLGTGTGY SVLOMVORMERA
eGalE NDYPTEDGTGVRDY IHVMDLADGHVVAMEELANKPGVHI YNLGAGVGNSVLDVVNAFSEA
AglwW IGFDEDPIYEREREGEVYRIYIDY SKA-FSLGWMPEVELDDGIKET ——————————————
hGalE SGEEIPYEVVARREGDVAACYANPSLAQEELGWTAALGLDEMCEDLWRWQEQNESGEGTO
eGalE CGEPVNYHFAPRREGDLPAYWADASKADRELNWRVTRTLDEMAQDTWHWQSREHPOQGYPD-

Figure 10. Protein sequence alignment of AglW with the human (hGalE) and E. coli
(eGalE) UDP-hexose 4-epimerases.

AgIW shares a GxxGxxG motif (highlighted in grey) and a YxxxK motif (highlighted in
yellow) with hGalE and eGalE, 4-epimerases belonging to group 2 and group 1,
respectively (Table 1). The amino acid sequences of AglW, hGalE and eGalE were
retrieved from UniProtkKB and aligned with the Clustal Omega program.
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MW WT YI51A

100 kDa
75 kDa

50 kDa r——

37 kDa

His-tagged
Aglw

25 kDa

20 kDa

Figure 11. Analysis of purified AglW and its Y151A mutant version.

His-tagged wild type (WT) AgIW and its Y151A variant were purified via Ni?*-NTA
affinity chromatography and analyzed by SDS-PAGE, using a 12% polyacrylamide gel
and Coomassie Blue staining. The first lane (MW) represents the molecular weight
marker. His-tagged AglW shows a band at ~ 34 kDa. 0.5 mg of AglW could be obtained
from 100 mL of E. coli cell culture.
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3.3 AglW activity using the colorimetric assay

AgIW was active using UDP-Gal as determined by the colorimetric assay to
measure the conversion of UDP-Gal to UDP-Glc. A glucose standard curve using known
amounts of glucose revealed that 0.002 mg glucose was produced from the hydrolysis of
UDP-GIc, the AgIW product. Thus, AglW had an activity of 1050 nmol/h/mg using this
method.

3.4 AglW activities using one-pot coupled assays 1 — 4

AgIW showed activity with UDP-Glc, UDP-Gal, UDP-GalNAc and UDP-
GIcNAc in all four one-pot coupled assays (Table 2). Although different concentrations
of UDP-sugar substrates were used, AglW showed the highest activity towards UDP-Gal
in one-pot coupled assay 2 (Table 2). The lowest activity of AgIW was seen towards
UDP-GIcNAc in one-pot coupled assay 4 (Table 2).

3.5 AglW activities using two-step coupled assays 1 — 4

AgIW had the highest activity with UDP-GalNAc in two-step coupled assay 3,
when the concentration of UDP-sugar substrates in each coupled assay was 0.8 mM
(Figure 12). The lowest activity of AglW at this concentration was seen with UDP-
GIcNACc using two-step coupled assay 4 (Figure 12).

When using 2 mM concentration of UDP-sugars, AgIW displayed the highest
activity towards UDP-Gal and the lowest activity towards UDP-GIcNAc as determined
by two-step coupled assays 2 and 4, respectively (Figure 12). GaINAc-PP-PhU and
GIcNAc-PP-PhU were not utilized as substrates by AglW in two-step coupled assays 5

and 6.
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Table 2. AglW activities measured in one-pot GT-coupled assays 1-4.

Coupled  AglW substrate Coupled GT  Activity
Assay (nmol/h/mgq)
1 UDP-Glc (0.35 mM) B4GalT 2508

2 UDP-Gal (0.35 mM) WhdN 5280

3 UDP-GalNAc (0.075 mM) GIcNAc-T1 1909

4 UDP-GIcNAc (0.075 mM) ppGalNAc-T1 1400
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Figure 12. AglW activities as determined by two-step coupled assays 1-4.

Two-step AgIW-GT coupled assays 1 to 6 were carried out using UDP-Glc, UDP-Gal,
UDP-GIcNAc and UDP-GalNAc as substrates as described in Chapter 2. AgIW activity
was established using 0.8 mM and 2 mM of each UDP-sugar substrate. GIcNAc-PP-PhU
and GalNAc-PP-PhU were not utilized as substrates. Error bars represent the difference
between duplicates.

41



3.6 Kinetic parameters (Kmand Vmax) of purified AglwW with UDP-Glc, UDP-Gal
and UDP-GalNAc as substrates

The apparent Ky and Vmax values for UDP-Glc, UDP-Gal and UDP-GalNAc for
purified AgIW were established by performing two-step coupled assays 1, 2 and 3,
respectively. AgIW had an apparent Kn for UDP-GIc of 0.30 mM and Vmax of 464
nmol/h/mg (Figure 13). The apparent K of UDP-Gal for AglW was 1.36 mM with an
apparent Vmax of 2694 nmol/h/mg (Figure 13). UDP-GalNAc had an apparent Kn, of 0.05
mM and an apparent Vimax 0f 2745 nmol/h/mg for AgIW (Figure 13). The kinetic
parameters for UDP-GIcNACc could not be determined using coupled assay 4 since the
maximal rate could not be reached in spite of repeated attempts.

3.7 Effects of various divalent metal-ions on AgIW activity

Two-step coupled assay 1 using AglW and B4GalT revealed that AglW does not
require the addition of divalent metal ions (Co?*, Mg?*, Mn?* and Zn?*) for activity
(Figure 14). Furthermore, AglIW activity was not stimulated by any of the divalent metal
ions tested. The addition of EDTA also did not affect AgIW activity (Figure 14).
However, the addition of Zn?* resulted in an 85 % reduction of AgIW activity (Figure
14). Co?" and Mn?* also resulted in a 58 % and 65 % loss of AgIW activity, respectively
(Figure 14). A slight loss (8%) of AglIW activity was also observed with the addition of
Mg?* (Figure 14).

3.8 pH dependence and temperature optimum of AglwW

AglW was active over a broad pH range (5-10) as determined by two-step

coupled assay 1 (Figure 15). Specifically, it was most active at pH 8 and least active at

pH 5 (Figure 15). Thus, AglW appears to have a pH optimum of 8.
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Figure 13. Kinetics of purified AglW using UDP-Glc, UDP-Gal and UDP-GalNAc
as substrates in two-step coupled assays 1-3.

(A) The AgIW — B4GalT two-step coupled assay determined the conversion of UDP-Glc
to UDP-Gal by AglW. The results were analyzed using GraphPad Prism. The apparent K
for UDP-Glc was 0.30 mM with an apparent Vmax of 464 nmol/h/mg. (B) The conversion
of UDP-Gal to UDP-Glc by AgIW was evaluated using the AglW — WhdN two-step
coupled assay. AgIW had an apparent Km for UDP-Gal of 1.36 mM, with an apparent Vmax
of 2694 nmol/h/mg. (C) The conversion of UDP-GalNAc to UDP-GIcNAc was established
using the AgIW — GIcNAc-T1 two-step coupled assay. The apparent Ky, of UDP-GalNAc
for AglW was 0.05 mM and the apparent Vmax was 2745 nmol/h/mg.
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Figure 14. The effects of divalent metal ions (Co?*, Mg?*, Mn?* and Zn?*) and
EDTA on AglW activity using two-step coupled assay 1.

AglW activity was determined as described in Methods. The divalent metal ions and
EDTA were added to the assay mixture to a final concentration of 5 mM. AgIW activity
with no addition of metal ion or EDTA was taken as 100%. Error bars indicate the
difference between duplicates.
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Figure 15. The effect of pH on AglIW activity.

AgIW activity was determined in the pH range of 5-10 using two-step coupled assay 1
with different buffers in the first step (AglW reaction). MES buffers were used for pH 5-7
and Tris-HCI buffers were used for pH 8-10. The pH at which AgIW had the highest
activity was taken as 100% (pH 8). Error bars represent the difference between the
duplicates.

46



Furthermore, AgIW activity was highly stable across a broad temperature range
(30°C-70°C) as determined by two-step coupled assay 1 (Figure 16). It appears to have a
temperature optimum for activity between 30°C and 37°C (Figure 16). The enzyme’s
activity was similar at 30°C, 37°C and 50°C incubation temperatures (Figure 16). At
70°C, AglW activity diminished by 51% when compared to the activity observed at 37°C
(Figure 16). Moreover, additional experiments pertaining to the temperature optimum of
AgIW using two-step coupled assay 1 revealed that AgIW remained active at
temperatures of 15°C-95°C.

3.9 The effects of NAD* or NADH on AglW activity

AgIW does not require the addition of NAD" for activity as established by two-
step coupled assay 1 (Figure 17). Moreover, the addition of 0.5 — 2 mM exogenous NAD™
in two-step coupled assay 1 resulted in minimal stimulation of AgIW activity (Figure 17).

The addition of NADH inhibited AglW activity, as shown by two-step coupled
assay 1 (Figure 18). Specifically, AgIW activity decreased with increasing concentrations
of exogenous NADH between 0.5 — 2 mM (Figure 18).

3.10 Y151A and K155A AglW variants

The purified Y151A variant of AglW was inactive with all UDP-sugars as well as
GlcNAc-PP-PhU and GalNAc-PP-PhU as substrates. However, we were unable to
express the K155A variant of AgIW in E. coli BL21 (DE3), the expression strain used for
this study. SDS-PAGE (12% gel) analysis revealed that both the WT and Y151A versions
of AglW show a strong band at the predicted molecular weight of AgIW (~34kDa) post-
induction with IPTG. However, this band was not seen when performing the same

procedure with the K155A variant (data not shown).
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Figure 16. Temperature optimum of AgIW.
AglIW activity was established by two-step coupled assay 1 using different incubation

temperatures (30°C, 37°C, 50°C and 70°C) for the first step (AgIW reaction). Activity at
37°C was taken as 100%. Error bars indicate the difference between duplicates.
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Figure 17. The effect of NAD* on AglW activity.

Two-step coupled assay 1 with AglW and B4GalT was used to assess AglIW activity
under different exogenous NAD* concentrations (0.5 mM, 1 mM and 2 mM). The
activity of AgIW with no NAD™ addition was taken as 100%.
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Figure 18. The effect of NADH on AglIW activity.

Two-step coupled assay 1 with AglW and p4GalT was used to evaluate the effect of
exogenous NADH on AglW activity at different NADH concentrations (0.5 mM, 1 mM
and 2 mM) in the assay. The activity of AgIW with no NADH addition was taken as
100%.
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Chapter 4

Discussion

In this study, we have biochemically characterized a novel UDP-hexose 4-
epimerase from M. maripaludis, a motile mesophilic methanogen. We have developed
GT-coupled assays useful for assessing the activity and substrate specificity of known
and predicted 4-epimerases towards UDP-hexoses. To our knowledge, our biochemical
identification and characterization of AglIW represents the first UDP-hexose 4-epimerase
characterized from the domain Archaea.

The conversion of UDP-Gal to UDP-Glc by AglW was measured with the
colorimetric assay. Since this method is restricted to the quantification of only one
potential 4-epimerase substrate, we developed coupled assays that allowed the
determination of a broad range of substrates.

4.1 Comparison of one-pot and two-step coupled assays for AgIW activity

In one-pot coupled assays 1-4, the AglIW reaction product is readily converted by
the specific GT to the secondary reaction product, thus reducing the reverse reaction of 4-
epimerase. The coupled assays are more convenient when performed in a one-pot system
than two-step. However, there are two major drawbacks inherent in the one-pot coupled
assays.

The first drawback of the one-pot coupled assays is the fact that there is no direct
quenching of the 4-epimerase reaction. This is a critical step which guarantees
elimination of the reversibility innate in reactions catalyzed by 4-epimerases. Time
courses for coupled assays 1-4 have established that beyond 10 minutes, the 4-epimerase

reaction starts stabilizing and the amount of substrate converted to product begins to
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decrease significantly. The reverse reaction is likely taking place instead, albeit at a
slower rate. The three minute boiling period after the AgIW reaction in the two-step
coupled assays was implemented in an attempt to terminate AglW activity. This would
reduce the reversibility, thereby limiting the amount of UDP-sugar product being
converted back to substrate.

The second major disadvantage of the one-pot coupled assays is that they are not
ideal for determining the kinetic parameters (Km and Vmax) of UDP-sugar substrates for
AgIW. The reactions catalyzed by ppGalNAc-T, f4GalT and GlcNAc-T1 using the UDP-
sugars generated by AglW all have an optimal incubation period of 60 minutes. As a
result, the one-pot coupled assays all have incubation periods between 30 — 60 minutes.
One-pot coupled assay 2 using WbdN bacterial homogenate is incubated for 30 minutes
which balances product formation with substrate and enzyme breakdown due to
components of the WbdN homogenate over time. Linearity of the WbdN reaction is only
achieved up to 30 minutes. Time courses for coupled assays 1-4 showed that the
conversion of substrate to product by AglW increases linearly up to 10 minutes, after
which it begins to level off. Thus, a 10 minute incubation period is favorable for AgIwW
catalyzed reactions in order to minimize reversibility and ensure that the reaction is
occurring within the linear phase. Overall, breaking up the AglW and GT catalyzed
reactions into two separate reactions as carried out in the two-step coupled assays results
in better use of the 4-epimerase product and minimizes product conversion back to
substrate. In turn, more accurate apparent Km and Vmax values can be derived for each
substrate. Ideally, the assays should be performed with purified enzymes to minimize

breakdown.
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Of all methods tested, coupled assay 1 with UDP-Glc and purified bovine f4GalT
is the most convenient and economical method for determining 4-epimerase activity. The
assays are relatively simple to perform, easily modified, and the enzyme as well as its
substrates are commercially available. Thus, it is a useful method that can provide an
initial screening for unknown 4-epimerases that are predicted to convert UDP-Glc to
UDP-Gal.

4.2 Km and Vmax of UDP-hexoses for purified AglW

The two-step coupled assays were used to determine the apparent Km and Vmax
values of both acetylated and non-acetylated UDP-GIc and UDP-Gal for AgIW. With
respect to non-acetylated UDP-hexoses, AgIW preferred UDP-Glc (Km = 0.30 mM) over
UDP-Gal (Km=1.36 mM) as determined by coupled assays 1 and 2, respectively. This is
in contrast with eGalE that prefers UDP-Gal (Km = 0.16 mM) over UDP-Glc (Km = 1.2
mM) (Wilson and Hogness, 1964; Chen et al., 1999).

On the other hand, several known UDP-hexose 4-epimerases do not prefer one
non-acetylated substrate over the other. Gne from E. coli O86:B7 had similar affinities for
UDP-Glc and UDP-Gal, with K, values of 0.370 mM and 0.295 mM, respectively (Guo
et al., 2006). Furthermore, the UDP-Glc/GIcNAc 4-epimerase WbgU from Plesiomonas
shigelloides O17 did not show a strong preference towards one non-acetylated UDP-
hexose over the other, with Ky, values for UDP-Glc and UDP-Gal of 0.153 mM and 0.16
mM, respectively (Kowal and Wang, 2002). The same trend was observed in Gne from
Campylobacter jejuni, where the K values of UDP-Glc and UDP-Gal for the enzyme
were virtually identical (0.780 mM and 0.784 mM, respectively) (Bernatchez et al.,

2005).
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Nonetheless, it appears that AgIW catalyzes the epimerization of UDP-Gal at a
faster maximum rate than that of UDP-Glc. This trend has also been reported in other
known UDP-hexose 4-epimerases. In particular, the UDP-GIc/GIcNAc 4-epimerase from
porcine submaxillary glands has been known to epimerize UDP-Gal (Vmax = 315
pmol/min/mg) more rapidly than UDP-GIc (Vmax = 132 pumol/min/mg) (Piller at al.,
1983). In addition, Gne from C. jejuni catalyzes the conversion of UDP-Gal (Vimax =
222.8 pumol/min/mg) at a much faster maximal rate than UDP-GIc (Vmax = 56.8
pmol/min/mg) (Bernatchez et al., 2005). However, there are also other known UDP-
Glc/GIcNAcC 4-epimerases that catalyze the epimerization of non-acetylated UDP-
hexoses at a highly similar maximum rate. For example, the Vmax values of UDP-GlIc and
UDP-Gal for Gne from E. coli 086:B7 were 2.1x10 pmol/min/mg and 2.3x10°3
pmol/min/mg, respectively (Guo et al., 2006). Clearly, the substrate specificities and
kinetic parameters are enzyme protein-specific.

The Kim and Vmax values of UDP-Glc and UDP-Gal for AgIW appear to be within
the range of values reported for other known UDP-Glc/GIcNAc 4-epimerases. Thus, if
substrate preferences of UDP-hexose 4-epimerases were solely based on their binding
affinities (represented by Ku), then it is difficult to conclude that UDP-GIc is a better
substrate than UDP-Gal overall. Additionally, there is difficulty in directly comparing
kinetic parameters and establishing UDP-sugar substrate preference in UDP-Glc/GIcNAc
4-epimerases. This is due to the different assays and protein preparations used for their
study.

The turnover number (Kcat) of AgIW for UDP-Glc, UDP-Gal and UDP-GalNAc

was 0.26 min?, 1.53 min™ and 1.56 min’, respectively, as determined by two-step
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coupled assays 1, 2 and 3 respectively. Thus, it appears that AgIW is most effective in
catalyzing the epimerization of UDP-Gal to UDP-Glc and UDP-GalNAc to UDP-
GIcNACc out of all the substrates tested. Although the turnover numbers of AgIW for
UDP-hexoses as substrates appear to be within the range reported for known UDP-hexose
4-epimerases, they are at the lower end of that range (Guo et al., 2006).

Two-step coupled assay 3 established that AgIW had the highest binding affinity
for UDP-GalNAc (Km = 0.05 mM). Furthermore, it also revealed that AgIW catalyzes the
epimerization of UDP-GalNAc at a higher maximal rate than all the other substrates
tested (Vmax = 2745 nmol/h/mg). However, the apparent Km and Vmax of UDP-GICNAC
for AgIW could not be established using coupled assay 4. This was due to the fact that
AglIW activity did not level off at very high concentrations of UDP-GICNAC in the assay
(>2 mM), although it is unlikely that the Ky of UDP-GIcNAc for AglW is higher than 2
mM. Thus, AgIW may be inefficient in catalyzing the conversion of UDP-GIcNACc to
UDP-GalNAc, or the conditions of the ppGalNAc-T1-coupled assay for evaluating AglW
generated UDP-GalNAc were not optimal. As a result, we were unable to determine the
general preference of AglW towards either acetylated or non-acetylated UDP-hexoses as
substrates.

4.3 Biochemical properties of AgiW

We showed that AgIW did not require divalent metal ions as cofactors for full
catalytic activity using the AgIW-B4GalT coupled assay. Moreover, the addition of
various divalent metal ions did not stimulate its activity. Instead, several of the divalent
metal ions tested (Mn2*, Co?* and Zn?*) appeared to significantly inhibit AgIW activity in

two-step coupled assay 1. UDP-GIlc/GIcNAc 4-epimerases reported in the literature are
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not known to be metalloenzymes. However, they bind two negatively charged
nucleotides that may form complexes with metal ions.

An analysis of E. coli UDP-GIc 4-epimerase revealed that it does not contain
common metals in detectable amounts (Arabshahi et al., 1988). These include all the
divalent metal ions that were tested using two-step coupled assay 1. WbpP from P.
aeruginosa also did not require the addition of divalent metal ions for activity (Creuzenet
et al., 2000). Additionally, divalent metal ions did not stimulate the activity of the UDP-
hexose 4-epimerase found in porcine submaxillary glands (Piller at al., 1983). However,
in eGalE, the addition of either Mg?*, Mn?* or EDTA resulted in a lower rate of UDP-
sugar product formation (Wilson and Hogness, 1964).

NAD" is a known cofactor for UDP-hexose 4-epimerases (Beerens et al., 2015).
However, AgIW did not require the addition of exogenous NAD™ for activity. Several
other UDP-hexose 4-epimerases, for example eGalE and WbpP, do not require NAD*
addition for full activity (Arabshahi et al., 1988; Creuzenet et al., 2000). NAD™ is known
to be tightly bound to eGalE, as well as several other 4-epimerases found in different
organisms (Arabshahi et al., 1988). This is further supported by an analysis of purified
WhbpP, where NAD(H) was recovered after proteolysis (Creuzenet et al., 2000). In
contrast, there are other UDP-GIc/GIcNAc 4-epimerases, such as the porcine enzyme,
that have a requirement for exogenous NAD™ (Piller at al., 1983). Since AgIW is active
without NAD™ addition, NAD™ is likely already associated with the enzyme after
purification.

NADH is the intermediate form of the cofactor. Interestingly, the addition of

NADH in high concentrations inhibited AglW activity. This is consistent with previous
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studies of calf thyroidal UDP-GlIc 4-epimerase (Rodriguez et al., 1971) and bovine
mammary and liver 4-epimerases (Geren et al., 1976) that are strongly inhibited by
NADH. NADH likely competes with the enzyme’s cofactor NAD™ for binding to the
nucleotide binding site of AgIW.
4.4 Physicochemical properties of AgIW

AgIW activity was highly stable at temperatures beyond 37°C, especially when
compared with other known UDP-GIc/GIcNAc 4-epimerases. It appears to have a
temperature optimum between 30°C-37°C. Surprisingly, it retained almost full activity at
50°C and remained active at 70°C-95°C. It seems that the heat stability and temperature
optimum varies significantly between 4-epimerase proteins. Several characterized UDP-
Glc/GIcNAC 4-epimerases appear unstable beyond 50°C, with a complete loss of activity
observed at 60°C. Porcine UDP-GIc/GICNAC 4-epimerase denatured due to heat at 46°C,
losing all of its activity (Piller at al., 1983). UDP-GIc 4-epimerase from the bacterium
Aeromonas hydrophila displayed low activity at 45°C and was almost inactive at 55°C
(Agarwal et al., 2007). hGalE expressed in yeast displayed high activity beyond 50°C,
with a temperature optimum for activity of 45°C and near-optimal activity observed at
53°C (Wohlers et al., 1999). Nonetheless, it exhibited no activity between 55°C-60°C.

The unique stability of AgIW at high temperatures, the fact that it retained ~50%
of its activity at 70°C and remained active at 95°C, were three unforeseen outcomes
showing that AglW is a heat-stable enzyme. Since AgIW may still be active after 3
minutes of boiling, it should be removed from the assay mixture to test the amount of

nucleotide sugar product formed, for example, by centrifugation.
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AgIW appears to have a pH optimum of 8. As such, its pH optimum is very
similar, if not identical, to several other UDP-GIc/GIcNAc 4-epimerases characterized
from different organisms. Gne from E. coli O86:B7 has a pH optimum between pH 7 and
9 (Guo et al., 2006). UDP-Glc 4-epimerase from A. hydrophila also has an optimal pH of
8 for enzymatic activity (Agarwal et al., 2007). Additionally, the porcine UDP-hexose 4-
epimerase has a pH optimum of 8.5 (Piller at al., 1983). WbpP from P. aeruginosa has
also been described to be stable over a broad pH range, most active above pH 6.5 with an
optimum of 7.5 (Creuzenet et al., 2000). Also, the UDP-Glc 4-epimerase found in calf
thyroids has an optimal pH of ~ 8.5 (Rodriguez et al., 1971).

AgIW appears to facilitate the epimerization of UDP-sugars even at extreme pH
values. This is in contrast to several characterized UDP-GIc/GIcNAc 4-epimerases that
appear to be pH dependent, with little to no enzyme activity occurring at a pH of below 5
and above 10 (Agarwal et al., 2007; Piller at al., 1983; Rodriguez et al., 1971). High
AglIW activity at pH 5 and 10 was unexpected. The high activity at pH 10 could be
explained by increasing a negative charge of tyrosine which acts as the enzymatic base.
Since AglW retained more than 50% of its activity at pH 5, it may possess an additional
mechanism not common to other UDP-GIc/GIcNAc 4-epimerases. UDP-GIc 4-epimerase
from E. coli K-12 was also active over a wide pH range (pH 5.5-9) and retained its
activity at an acidic pH (Chen et al., 1999). Berger et al. (2001) have reported that the
activity of eGalE is independent of pH when the pH of the epimerase reaction is set
between 5.5 and 9.3. They proposed that proton transfer from C4 of the sugar-moiety of
the UDP-sugar substrate to the enzymatic base tyrosine, is not rate limiting at this pH

range. Instead, they suggest that the process limiting the rate of epimerization is pH-
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independent, and may involve a conformational change (Berger et al., 2001). Thus, AglW
may epimerize UDP-sugar substrates in a similar manner to that of eGalE, as activity was
not abolished at pH 5 and 10.

4.5 Substrate specificity of AglwW

AgIW was able to accommodate both acetylated and non-acetylated UDP-Glc and
UDP-Gal as substrates. However, AgIW did not accommodate the larger lipid-linked
compounds GalNAc-PP-PhU and GIcNAc-PP-PhU as substrates. Thus, AglW is a group
2 4-epimerase as demonstrated by both one-pot and two-step coupled assays. To our
knowledge, AgIW is the first UDP-GIc/GIcNAc 4-epimerase that has been biochemically
characterized from Archaea.

Although the molecular basis of substrate specificity in 4-epimerases remains
obscure, analysis of structures from different groups suggests that only a few amino acid
residues contribute to this selective substrate specificity. For WbpP from P. aeruginosa, a
hexagonal box model has been proposed where the substrate binding pocket is
represented by six amino acid residues (Ishiyama et al., 2004). Ser142, Tyr166 and
Asn195 are three out of the six residues that are conserved. Three other residues, Gly102,
Ala209 and Ser306, have been termed the gatekeeper residues that mediate substrate
specificity. The current theory implies that a larger substrate binding pocket permits the
accommodation of the larger acetylated substrates, whereas a narrower substrate binding
pocket prevents their accommodation. The size of the binding pocket is influenced by the
size of the gatekeeper amino acid residues, where a smaller side chain results in a larger
substrate-binding pocket (Beerens et al., 2015).

In eGalE, a group 1 4-epimerase, the equivalent residue to Ser306 from WhbpP is
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Tyr299. In hGalE, a group 2 4-epimerase, the equivalent gatekeeper residue to Ser306
from WbpP is Cys307 (Thoden et al., 2001). Protein sequence analysis revealed that in
AglIW, the equivalent residue to Tyr299 in eGalE and Ser306 in hGalE is 11e208. eGalE is
unable to use the larger acetylated UDP-hexoses as substrates due to the bulkier tyrosine
in its substrate-binding pocket (Thoden et al., 2002). On the other hand, hGalE can
accommodate both acetylated and non-acetylated UDP-hexoses as substrates due to the
cysteine residue in its substrate-binding pocket instead of the bulkier tyrosine which
increases the size of the pocket by 15% (Thoden et al., 2002; Thoden et al., 2001).

This theory is further supported by mutational studies. In hGalE, a mutant was
created whereby the cysteine at 307 was changed to tyrosine (C307Y) to narrow the
substrate-binding pocket (Schulz et al., 2004). This single amino acid residue change
abolished hGalE activity on UDP-GalNAc while retaining normal activity on UDP-Gal
(Schulz et al., 2004). Furthermore, a Y299C variant of eGalE demonstrated a significant
gain (~250 fold) of activity on UDP-GalNAc due to widening of the substrate-binding
pocket. However, this same variant also resulted in a 5-fold loss of activity towards
UDP-Gal (Thoden et al., 2002). The isoleucine in AgIW is less bulky than the tyrosine
found in the same position of eGalE, indicating that AgIW may possess a wider substrate
binding pocket which therefore allows activity towards UDP-GalNAc and UDP-GIcNAc.
Although further work on other 4-epimerases with resolved structures and functions is
necessary to verify the current theory on substrate specificity, it is evident that gatekeeper
residues play a key role. Furthermore, we have established with our assays that AgIW can

use both acetylated and non-acetylated UDP-hexoses as potential substrates for the
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synthesis of the unique terminal sugar residue of the N-linked tetrasaccharide in M.
maripaludis.

AgIW does not appear to have the specificity of the 4-epimerase (Gnu) from
E.coli 0157 that converts GIcNAc-PP-Und to its GaINAc-epimer (Rush et al., 2010).
Deletion of the aglW gene is expected to affect UDP-Gal(NAc) synthesis but may not
have prevented the synthesis of GaINAc-PP-Dol. Therefore, the synthesis of GalNAc-PP-
Dol in M. maripaludis appears to be independent of AgIW and independent of UDP-
GalNAc synthesis. Interestingly, the M. maripaludis genome does not appear to have an
additional 4-epimerase gene. Furthermore, coupled assays using a homogenate prepared
directly from M. maripaludis did not show activity towards either GIcNAc-PP-PhU or
GalNAc-PP-PhU (data not shown). This supports the idea that there is no other 4-
epimerase in M. maripaludis that acts on GIcNAc/GalNAc-PP-Dol. However, it does not
explain why the deletion of aglW affects the addition of the last sugar (4-deoxy-5-O-
Methyl-ManNAc) of the M. maripaludis N-glycan, but does not affect the initial GaINAc
linked to asparagine.
4.6 Activity and substrate specificity of the Y151A and K155A AglW variants

The Tyr151 residue within the YxxxK motif in AgIW appears to be an essential
residue for catalysis. This was demonstrated by the fact that the Y151A mutant of AgIW
was completely inactive when tested using coupled assays 1-4. The substrate specificity
of AglW did not change upon mutations of tyrosine. The importance of the tyrosine
belonging to the YxxxK motif on enzyme activity has been previously established in
eGalE, where a Y149F mutant protein was created and tested for activity using UDP-Gal

as the substrate (Liu et al., 1997). Y149F displayed significantly lower activity when
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compared to the wild type eGalE (Liu et al., 1997). Protein sequence alignment between
eGalE and AgIW revealed that Y149 in eGalE and Y151 in AglIW are equivalent
residues, suggesting that Y151 is likely the catalytic tyrosine in AgIW. However,
changing the catalytic tyrosine in eGalE to another amino acid residue (phenylalanine)
did not result in a complete loss of activity, which may suggest that the hydroxyl of
tyrosine is not essential.

K155 may have the role of stabilizing the charge of Y151 during catalysis. It may
also have a role in protein conformation. Nonetheless, Swanson and Frey (1993) created
and successfully expressed a mutant form of eGalE in E. coli DH5a cells where the
catalytic lysine (K153) that is equivalent to K155 in AglW was changed to alanine
(K153A). Substitution of the catalytic lysine to alanine did not completely abolish eGalE
activity, although the activity of the K153A mutant was significantly reduced (Swanson
and Frey, 1993). This indicates that the specific amino acids may have slightly different
functions in the different enzyme proteins.

Previous studies have established that the catalytic lysine of the YxxxK motif
activates the enzyme’s cofactor NAD™, thereby increasing its chemical reactivity (Frey,
1996). Specifically, the e-NH4" group of the lysine interacts with the 2°-OH and 3’-OH
groups of the nicotinamide riboside component of NAD™ through hydrogen bonding
(Frey, 1996). This interaction decreases the positive charge of N1 of the nicotinamide
ring and instead increases the positive charge of C4, activating NAD™ to attract a hydride.

Furthermore, the interaction between lysine and NAD™ assists the role of the
uridine nucleotide moiety of the UDP-sugar substrate in inducing a protein

conformational change (Frey, 1996). UDP-GIc/GIcNAc 4-epimerases are known to
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undergo a change in protein conformation upon binding the UDP-moiety of a UDP-sugar
substrate (Frey, 1996). This conformational change is essential for the enzyme to carry
out epimerization of the UDP-sugar substrate (Frey, 1996). It enhances the chemical
reactivity of NAD™ to attract a hydride from the UDP-sugar substrate (Swanson and Frey,
1993). Binding of UDP by the enzyme also enhances its affinity towards the sugar moiety

of the UDP-sugar substrate (Swanson and Frey, 1993; Frey, 1996).
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Chapter 5

Conclusions and Future Directions

The protein structural subunits (archaellins) that comprise the motility structure
(archaellum) in the archaeon M. maripaludis are glycoproteins that are modified by the
attachment of an N-linked tetrasaccharide to select asparagine residues. N-linked
glycosylation of archaellins is necessary to ensure proper assembly and function of the
archaellum. Several archaeal glycosylation (agl) genes are involved in the addition of the
sugar residues comprising the N-linked tetrasaccharide in M. maripaludis. Gene aglW is
one of these agl genes, as it plays a key role in the biosynthesis and/or addition of the
unique terminal sugar residue of the N-linked tetrasaccharide. Bioinformatic databases
predicted that aglW encodes for a UDP-Glc/GIcNAc 4-epimerase. We have characterized
AgIW as an active UDP-GIc/GIcNAc 4-epimerase belonging to group 2, as it exhibited
broad specificity towards acetylated and non-acetylated UDP-hexoses.

Coupled assays using GTs as coupling enzymes were developed and carried out in
a one-pot or two-step system. The coupled assays were carried out to test the activity and
substrate specificity of AglW towards UDP-hexoses, as well as GaINAc/GIcNAc linked
to diphosphate lipids. We propose coupled assay 1 with AglW and bovine B4GalT as the
most convenient and economical method for establishing AgIW activity. This assay can
be used as a screening method to detect the conversion of UDP-Glc to UDP-Gal in UDP-
Glc 4-epimerases that have yet to be characterized. Nonetheless, additional work must be
carried out to standardize and optimize each coupled assay. This would also provide a
means for designating the best assay in establishing 4-epimerase activity from the ones

we have developed. The assays can also be used for the discovery of specific inhibitors.
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The Km and Vmax of UDP-GIcNACc for AgIW could not be determined using
coupled assay 4. This may be rectified by using another known GalNAc-transferase as
the coupling GT to measure the UDP-GalNAc generated by AglW. There are other well
studied polypeptide GalNAc-transferases reported in the literature (Gerken et al., 2011).
Obtaining these kinetic parameters would shed light on the general preference of AgiwW
towards acetylated or non-acetylated UDP-hexoses.

Y151 and K155 in AglW likely comprise the YxxxK motif conserved in all UDP-
Glc/GIcNACc 4-epimerases belonging to the SDR superfamily of proteins. The Y151A
mutant form of AgIW was completely inactive using coupled assays 1-4. We were unable
to express the K155A mutant protein in the E. coli expression strain used for this study.
Thus, K155 may have a role beyond ensuring the catalytic activity of AgIW. Further
attempts should be made to obtain expression of the mutant protein in other E. coli strains
and/or other protein expression systems, such as insect or mammalian systems. Future
work should also focus on elucidating the molecular structure of AgIW. Resolving the
enzyme’s protein structure would confirm if Y151 and K155 are indeed the catalytic
lysine and tyrosine that assist in the epimerization of UDP-sugar substrates. A structure
would also provide valuable insights on the molecular basis of substrate specificity in
UDP-GIc/GIcNAc 4-epimerases. Moreover, it can lead to the identification of gatekeeper
residue(s) mediating substrate specificity in AgIW.

Structural studies can also be augmented with mutational studies. Specifically,
116208, a predicted gatekeeper residue in AglW, can be changed into a bulkier residue
such as tyrosine. Establishing the activity and substrate specificity of this 1208Y mutant

enzyme would help solidify the current theory on substrate specificity. This theory
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suggests that specificity towards the larger acetylated UDP-hexoses is due to a larger
substrate binding pocket. The size of the substrate binding pocket is inversely related to
the size of the gatekeeper residue. Thus, if 1208 is a gatekeeper residue, then changing it
to bulkier residue such as tyrosine would likely hinder the ability of AgIW to
accommodate the larger acetylated UDP-sugars.

Experiments pertaining to the pH-dependency of AglW can also be repeated using
a different coupled assay and/or different conditions, for example, by removal of the
enzyme after the initial 4-epimerase reaction. This would provide clarification in regards
to the catalytic mechanism of AgIW and verify if it carries out epimerization in the same
pH-dependent manner as most other known UDP-GIc/GIcNAc 4-epimerases. AglW
appears to have an unusually stable enzyme activity at low and high temperatures.
Additionally, circular dichroism spectroscopy should be performed to confirm the
thermal stability of AglW established by coupled assay 1. It remains to be shown if the
high temperature effect on AglW is reversible.

It is not clear why the deletion of the UDP-GIcNAC 4-epimerase AgIW still
allows the presence of a GalNAc residue in the N-glycan. It appears that there is no other
4-epimerase in M. maripaludis that could convert GIcNAc-PP-Dol to GaINAc-PP-Dol.
GalNAc is likely transferred as GalNAc-phosphate to P-Dol from UDP-GalNAc which is
synthesized by a 4-epimerase from UDP-GIcNAc. Thus, a search for a different 4-
epimerase should be carried out to answer these questions.

The exact role of AgIW in the attachment of the fourth sugar (4-deoxy-5-O-
methyl ManNAc) remains to be determined. It is possible that AgIW has an additional

activity. For example, it may possess dehydrogenase activity that leads to the 4-deoxy
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function of this sugar, which may be essential for the GT (possibly AgIL) to transfer this
sugar. It is not clear if the sugar modifications are established at the level of the
nucleotide sugar donor substrates, or after the assembly of the N-glycan backbone.
Studies of all of the enzymes involved in the biologically important archaeal N-

glycosylation pathway would represent challenging projects for future research.
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