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Abstract
The mycobacterial cell envelope is a defining feature of the bacteria, primarily due to
its highly-ordered, relatively impermeable nature that is likely one of the key attributes
that has contributed to the success of this pathogenic over the last thousand years.
Peptidoglycan is a unique and essential structural element that provides much of the
strength and rigidity of the mycobacterial cell envelope.

Most of the enzymes

involved in the biosynthetic pathway of peptidoglycan have been shown to be
essential for Mycobacterium tuberculosis growth.
Mycobacterium tuberculosis GlmU is an essential bifunctional N-acetyltransferase,
uridylyltransferase enzyme involved in the formation of uridine-diphosphate Nacetylglucosamine, which is the universal donor of N-acetylglucosamine for both
peptidoglycan and lipopolysaccharide biosynthesis.
acetylation of

glucosamine 1-phosphate,

This enzyme catalyses

followed by uridylylation of

N-

acetylglucosamine 1-phosphate.
Detailed characterisation of the kinetic mechanism ascertained that acetyl transfer
progresses by the formation of a ternary complex, with acetyl coenzyme A binding
preceding glucosamine 1-phosphate and coenzyme A the last product to dissociate.
A novel ternary complex crystal structure, with glucose 1-phosphate and acetylcoenzyme A, identified a candidate general base involved in the deprotonation of
glucosamine 1-phosphate, as well as other important active site residues for
substrate binding and catalysis.
pH-rate studies and site-directed mutagenesis led to assignment of Histidine 374 as
the catalytic general base. Solvent kinetic isotope effect experiments and pH-rate
studies identified that acetyl transfer is partially rate-limiting.
Small molecule screening led to the identification of novel inhibitors of GlmU
catalysed acetyl transfer reaction. Inhibitors identified from the GSK TB set, were
confirmed as GlmU interacting compounds and shown to inhibit the growth of M.
tuberculosis.

These results show that knowledge of the kinetic and catalytic

mechanism enabled optimisation of a thorough screening approach that identified
novel inhibitors that demonstrated that GlmU acetyltransferase activity is essential
for M. tuberculosis growth.
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Impact Statement
The work presented in this thesis initially focusses on characterising the kinetic and
chemical mechanism of the left-handed beta helix (LβH) domain containing
acetyltransferase enzyme, GlmU. Further studies focussed on identifying novel
small molecule inhibitors of the GlmU acetyltransferase activity and the subsequent
confirmation that these compounds can inhibit the growth of Mycobacterium
tuberculosis. In addition to catalysing acetyl transfer from acetyl-coenzyme A (AcCoA) to glucosamine 1-phosphate (GlcN-1P), GlmU is also a pyrophosphorylase,
which

catalyses

uridylyl

transfer

from

uridine-triphosphate

(UTP)

to

N-

acetylglucosamine 1-phosphate (GlcNAc-1P), a product of the acetyltransferase
activity. The formation of uridine-diphosphate N-acetylglucosamine (UDP-GlcNAc)
is essential in most bacteria as it is the universal donor of N-acetylglucosamine
(GlcNAc) for both peptidoglycan and lipopolysaccharide biosynthesis.

These

biosynthetic pathways are critical for the formation of the cell envelope of
Mycobacterium tuberculosis (M. tuberculosis), the causative agent of tuberculosis
(TB).

Genetic target validation experiments, such as Transposon Hybridisation

(TraSH) studies, identified several of the enzymes involved in both the peptidoglycan
and lipopolysaccharide biosynthetic pathways as essential for M. tuberculosis growth,
including GlmU.
The global impact of TB is still hugely significant, in 2017, the disease was the ninth
leading cause of death worldwide, with an estimated 1.3 million fatalities. The
emergence and spread of antibiotic resistant TB is an increasing global health threat.
For instance, in 2017, there were 558,000 cases of multidrug-resistant TB (MDR-TB),
with 8.9% of these incidences estimated to be extensively drug-resistant TB (XDRTB). To exacerbate this issue, only two new TB drugs have been developed in the
last 40 years and global spending on TB drug discovery and development is still well
below the estimated required levels. The magnitude of this global health threat
underscores the urgent need to discover new antimycobacterial agents that have
novel mechanisms of action (MOA). To this end, it is critical to understand how
genetically validated, essential M. tuberculosis enzymes, such as GlmU, which could
be attractive drug targets, function.
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There were many facets of the GlmU acetyltransferase mechanism unknown, or
kinetically untested, at the outset of this project, which are important to define and
understand prior to progressing with drug discovery studies. The aim of this study is
to thoroughly characterise the kinetic and chemical mechanisms of the
acetyltransferase activity of GlmU and to utilise this information to develop a robust,
sensitive small molecule screening strategy that could be utilised to screen both
synthetic compound libraries, as well as initiating knowledge-based inhibitor design.
Additionally, this project has highlighted the combination of drug discovery strategies,
utilising the results of M. tuberculosis phenotypic HTS studies, as effective
compound collections for the identification of inhibitors by a target-based approach.
The final aims of this project are to both demonstrate the chemical tractability of the
acetyltransferase activity of GlmU, while ultimately, using novel inhibitors to prove
the essentiality of this enzyme for M. tuberculosis growth. Demonstration of the
chemical tractability, or druggability, of GlmU acetyltransferase activity has provided
evidence that it is possible to identify and confirm drug-like inhibitors. Identification
of dual inhibitors of both GlmU catalysed acetyl transfer and M. tuberculosis growth
has confirmed the essentiality of the enzyme.
This approach of thorough enzyme characterisation, in combination with hit
identification utilising phenotypically validated compounds, could be systematically
applied to other genetically validated, essential M. tuberculosis enzymes.
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Chapter 1.

Introduction

1.1 Tuberculosis and Mycobacterium tuberculosis
1.1.1 Tuberculosis
Tuberculosis (TB) is an infectious disease that is predominantly caused by the
bacillus Mycobacterium tuberculosis that was first isolated in pure culture by Robert
Koch in Berlin in 18821. TB is a disease found in many mammals and the human
condition is mainly caused by M. tuberculosis, but can also be caused by M. bovis,
M. africanum, and M. microti, which taken together are referred to as the M.
tuberculosis complex (MTBC)2-6. M. tuberculosis can be found throughout the world
and is not thought to cause TB in other animals, although there are some recent
reports to the contrary, with humans thought to be the sole, natural reservoir7. TB is
an ancient disease, with incidences evident in the mummified remains of humans in
Egypt and there is increasing evidence that the migration of humans from Africa led
to the spread of MTBC, leading to a theory that the two species co-evolved8-10. TB,
also previously known as consumption or the great white plague, has long blighted
humankind but the advent of the industrial revolution with the associated increase in
living standards in developing countries, along with increased knowledge of the
disease, leading to isolation of infectious diseases all contributed to a decline in the
reported mortality rates. The development of the M. bovis bacillus Calmette-Guerin
(BCG) vaccine, along with the first anti-TB drugs, raised hopes of TB prevention and
simultaneously ended the isolation of TB patients in sanatoriums. Unfortunately, the
use of TB vaccines and drugs in resource-poor, developing countries, was poor,
coupled with the neglect of TB control worldwide in the late-1980s led to a resurgence
of TB in the 1990s. Several major, global disruptions, such as the end of the Cold
War, the dissolution of the former Soviet Union and the growth of the HIV/AIDS
pandemic, all contributed to TB becoming a leading cause of mortality in the
developing world, most specifically in sub-Saharan Africa11.
The use of anti-TB drug combinations, along with a new healthcare strategy, known
as directly observed therapy (DOTS), which involved the direct supervision of drug
intake by healthcare professionals, contributed to a regaining of control of TB
treatment, along with re-establishment of global TB surveillance by the World Health
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Organisation (WHO).

These efforts have led to a decrease in both global TB

incidences and deaths since the late 1990s but there is no escaping the fact that this
disease is still a major human health issue. The increasing reports of drug resistant
TB, set amongst dire warnings of wider antibiotic drug resistance, highlight that
action is urgently required to address these problems and find new therapeutics to
prevent the persistence of TB.
1.1.2 Tuberculosis, the disease and the global impact
Human tuberculosis (TB) is one of the most persistent and devastating infectious
human diseases of all-time, with one in five adults in Europe and North America killed
by the infection between the seventeenth and nineteenth centuries12,13. The WHO
recently reported that in 2017, TB was the ninth leading cause of death worldwide,
with an estimated 10.0 million new cases of active TB, globally14. In 2017, there
were also 558,000 incidences of multidrug-resistant TB (MDR-TB), which is
classified as a M. tuberculosis infection that is resistant to treatment with either of the
first line TB drugs, isoniazid and rifampicin15.
Most TB infections, up to 90%, are symptom-less, which are commonly known as
latent TB infections (LTBI), that is defined as an infection by M. tuberculosis that is
contained by the immune system of the host, controlling the replication of the bacteria,
and thereby avoiding tissue damage and clinical symptoms. The WHO 2018 Global
Tuberculosis Report, estimated 1.7 billion people, which is 23% of the world’s
population, had a latent TB infection and of these individuals, approximately one in
ten, would progress to active TB infection14.
The TB mortality rate is reducing by 3% per year and the overall reduction during the
period from 2000 to 2017 is 42%. Worldwide, the incidence of new cases of TB is
reducing by 2% per year, which demonstrates that slow progress is being made in
both the management and treatment of the disease.

However, to achieve the

milestones set out in the WHO End TB Strategy, the number of TB incidences need
to reduce by 4 – 5% per year by 202016. Additionally, TB is still the leading cause
of death among people suffering from HIV infection, accounting for approximately
35% of all AIDS deaths globally. Two thirds of the global burden of TB is shared by
eight countries: India (27%), China (9%), Indonesia (8%), the Philippines (6%),
Pakistan (5%), Nigeria (4%), Bangladesh (4%) and South Africa (3%), highlighting
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that the disease is mainly found in developing countries where extreme poverty is
more prevalent. Finally, drug resistant TB is still a major global public health crisis
and the total number of people with MDR-TB increased by 68,000 cases from
490,000 in 2017 to 558,000 in 2018. Worryingly, by the end of 2017, 127 WHO
member states had reported confirmed cases of extensively drug-resistant TB (XDRTB), which is defined as a M. tuberculosis infection that is resistant to isoniazid and
rifampicin, as well as any fluoroquinolone and at least one of the three second-line
injectable drugs (primarily amikacin, or, kanamycin and capreomycin)15. In 2017,
230,000 TB deaths were attributed to either MDR or rifampicin resistant (RR)-TB,
with MDR-TB being responsible for 82% of these cases. A large proportion of the
drug resistant TB cases appeared in India, China and the Russian Federation,
accounting for 45% of the total number of reported MDR-TB cases14.
As previously mentioned, in 2015, the WHO set up the End TB Strategy, to tackle
the global TB epidemic, with targets of reducing the number of deaths from TB by 90
and 95%, as well as reducing the incidence rate of TB by 80% and 90%, by 2030
and 2035, respectively, when compared with 201516.

To achieve these goals,

additional, intermediate milestones to reduce the incidence of TB and the number
deaths reported in 2015 by 20% and 35%, by 2020, as well as 50% and 75%
reductions by 2025. The proportion of people with active TB who die from the
disease, known as the case fatality ratio (CFR), needs to be reduced to 10% globally
by 2020. However, the annual reduction in TB incidence rate from 2015 has only
reduced by between 1.5 to 2% per year, and the CFR in 2018 was reduced to 16%,
revealing that considerable effort needs to be made to meet the End TB Strategies
milestones for 2020. From the publication of the End TB Strategy in 2015 to 2017,
the countries that had two thirds of the global incidences for TB has risen from six to
eight countries, with the addition of Bangladesh and the Philippines. The rate of
progress in controlling and preventing the spread of TB in these countries is going to
have a major impact on the WHO End TB milestones and the increase in the number
of the countries will only serve to complicate the situation and make achieving these
goals yet more challenging.
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1.1.3 Tuberculosis and the host response
TB is spread between host and potential hosts by the transfer of M. tuberculosis by
the inhalation of droplets (aerosols) containing a small number of bacilli17.

TB

infection primarily affects the lungs, which is known as pulmonary TB, but can also
infect many other parts of the body.

Non-pulmonary, or extrapulmonary, TB

infections are most commonly found in the lymph nodes, pleura, gastrointestinal tract,
bone, CNS and genitourinary system. Manifestations of extrapulmonary TB infection
vary on the site of disease, making diagnosis challenging, as in many cases the
symptoms are close to, or mimic, other diseases18. The pathogenesis of pulmonary
TB, on the other hand, has been exhaustively studied and is well understood.
Typically, pulmonary TB infection begins when M. tuberculosis reaches the
pulmonary alveoli, where they invade and replicate within endosomes of alveolar
macrophages19.

Phagocytic cells, such as macrophages, identify the invading

bacteria as foreign, mediated through an array of different receptor molecules,
including dectin-1, the complement receptor 3 and Toll-like receptors20.

The

phagocytic cells then attempt to eliminate the M. tuberculosis cells by phagocytosis,
which involves the macrophage engulfing the bacteria to form phagosomes that then
subsequently interact with early and late endocytic organelles. This process is
known as phagosome maturation, which involves dynamic interactions with different
membrane-bound structures that acts to change the membrane and luminal
composition of the phagosome21. The primary aim of phagosome maturation is to
restrict the growth of the internalised pathogen. As the phagosome matures then,
typically, it fuses with lysosomes leading to acidification and degradation of the
pathogen. However, there is significant evidence to suggest that phagosomescontaining M. tuberculosis have deficient luminal acidification, which has
subsequently been demonstrated to be due to arrested phagosome maturation
induced by the pathogen22.

Virulent strains of M. tuberculosis can escape the

phagosome by damaging the membrane, however the mechanism for this has yet to
be fully elucidated. Subsequently, the damaged phagosomes are known to be
rapidly recognised by the selective autophagy machinery, a major intracellular
degradation mechanism involved in recycling of long-lived proteins and cytoplasmic
organelles23. Phagosome membrane disruption allows M. tuberculosis to freely
localise in the cytosol, however, exactly how the pathogen enters the cytosol, how
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long it remains there, and the mechanism of host cell recognition remains to be fully
characterised22. M. tuberculosis then replicate within the infected macrophages,
before a proportion of the host immune cells become necrotic, triggered by the
invading mycobacteria, which leads to macrophage cell death and release of M.
tuberculosis into the extracellular milieu24,25.
The hallmark of TB infection is the formation of the granuloma, which comprises
infected macrophages, along with lymphocytes and other host immune cells, and
forms in response to persistent stimuli. The formation of the granulomas is crucial
for controlling and containing the TB infection but, as previously discussed, may also
provide an environment for M. tuberculosis proliferation and dissemination26. The
TB infection can progress from the granulomas and the mycobacteria can spread
throughout the lung, or in the case of severe forms of TB, gain entry to the blood
stream and can spread throughout the body, leading to multiple foci of infection.
1.1.4 The history of Tuberculosis and Mycobacterium tuberculosis
M. tuberculosis is a member of the phylum Actinobacteria, in the family
Mycobacteriaceae, which is comprised of a single genus, Mycobacterium. There are
over a 170 species of mycobacteria, all of which are obligate aerobic, non-motile and
non-spore forming organisms. Classification using the Gram-staining procedure is
not possible as the stain is not well taken up, however, using the Ziehl-Neelsen stain,
Mycobacterium can be classified as acid-fast bacteria.

Mycobacterium have a

slightly curved or straight rod-like morphology, which is generally between 0.2 and
0.6 µm wide and between 1.0 and 10 µm long.

A defining characteristic of

mycobacteria are their unique, highly ordered and complex cell envelope structures,
which are rich in both sugars and very long lipids, known as mycolic acids27. The
cell wall core consists of three primary components; an inner layer of cross-linked
polymer of peptidoglycan, which is covalently attached to middle section of highly
branched arabinogalactan polysaccharide that is in turn esterified with an outer
coating of long-chain mycolic acids28. The cell wall is covered in two additional
layers; an outer membrane, comprised of non-covalently linked glycophospholipids
and inert waxes, and a loosely attached capsule, made up of polysaccharides,
proteins and a minor amount of lipids29. The origins of the atypical mycobacteria cell
wall are unclear, it could be a relic, sharing a common origin with the double
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membrane present in typical Gram-negative species, or it could be the result of a
more recent adaptation30.
The various Mycobacterium species exhibit a great variation of growth rates, with
doubling times ranging from a few hours to days. M. tuberculosis has a doubling
time of between 15 to 24 hours, which is slow, when compared to one of the most
regularly used laboratory bacteria for example, Escherichia coli that doubles every
20 to 30 minutes31,32.
The MTBC is comprised of Mycobacterium species that are phylogenetically closely
related to M. tuberculosis and are responsible for primary human infections or can
be transmitted from infected animals. The MTBC comprises the aforementioned
species, in addition to M. caprae and M. pinipedii, which are all closely genetically
related, a fact highlighted by the efficacy of the BCG vaccine in protecting against
human infections by the MTBC33. The Mycobacterium species that make up the
MTBC, typically cause pulmonary TB in humans and exhibit a similar pathogenesis
to M. tuberculosis33. The species of the MTBC are thought to be derived from a pool
of ancestral tubercle bacilli, collectively called Mycobacterium prototuberculosis34.
The MTBC species can be composed of two major lineages and emerged
approximately 40,000 years ago, which is close to the proposed time of the migration
of modern human populations from Africa35,36. Evidence of M. tuberculosis infection
of humans from late Neolithic populations in Hungary, has recently been presented,
which surpasses the previous oldest recorded TB cases identified in the mummified
remains of Egyptians8,37. TB or illnesses that match the modern definition of the
disease were recorded 3300 and 2300 years ago, in India and China, before the first
exact pathological and anatomical description were presented by Francis Sylvius, in
1679 in his work Opera Medica38. The infectious origin of TB was first described by
Benjamin Marten, in his publication “A new theory of Consumption”, in 172039. The
terms of consumption and phthisis were used to describe the disease throughout the
17th and 18th centuries, until the name tuberculosis was utilised by Johann Lukas
Schonlein in the mid-19th century40.
The causative agent of TB, M. tuberculosis (named in 1883), was first identified by
the German doctor Robert Koch in 1882, utilising methylene blue staining, a
technique that was further refined by both Koch and Paul Ehrlich, before finalisation
of the approach by Ziehl and Neelsen in 188540. Koch subsequently isolated the
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tuberculosis bacillus an achievement that he received the Novel Prize for Medicine
in 190541.
1.1.5 The Mycobacterium cell envelope
As previously described the Mycobacterium cell envelope is a defining feature of the
bacteria, due to its highly-ordered, relatively impermeable nature, which is likely one
of the key attributes that has contributed to both the longevity and persistence of the
pathogen over time. Inhibition of cell wall biosynthesis and assembly have proven
to be successful approaches for TB chemotherapy, with several drugs identified that
are efficacious against M. tuberculosis growth. Subsequently, understanding the
intricate Mycobacterium cell envelope and its biosynthesis has been a major
research objective over the last decade.
The Mycobacterium cell envelope is comprised of core cell wall core, which consists
of three primary components; an inner layer of mesh-like arrangement of
peptidoglycan, which is covalently attached, through muramic acid, to middle section
of highly branched arabinogalactan heteropolysaccharide that is in turn esterified, at
its non-reducing ends to long-chain mycolic acids (Figure 1)28.
Peptidoglycan, a complex glycopolymer, is a common component of most bacteria
cell walls, sharing the same basic core structure of a glycan backbone and short
cross-linked peptide side chains. The Peptidoglycan layer is the innermost section
of the typical bacterial cell wall, interfacing with the inner cell membrane and has
been shown to provide shape, rigidity and osmotic stability. Peptidoglycan is typically
composed of repeating units of N-acetylglucosamine and N-acetylmuramic acid,
which are cross-linked by short peptides. Mycobacterium peptidoglycan poses one
feature that is unique; the oxidation of N-acetylmuramic acid to N-glycolylmuramic
acid, which provides additional sites for hydrogen bonding and is believed to
strengthen the structure. In addition, Mycobacterium peptidoglycan has been shown
to act as a scaffold to support the rest of the complex cell envelope42.

The

peptidoglycan of bacteria can be broadly classified and mycobacterial glycopolymer
belongs to the A1γ chemotype, as does that of Escherichia coli, Agrobacterium
tumefaciens, Salmonella typhi amongst others43.

M. tuberculosis tetrapeptides,

which are comprised of ʟ-Ala-γ-ᴅ-Glu-meso-A2pm (or ʟ-Lys)-ᴅ-Ala-ᴅ-Ala (A2pm, 2,6diaminopimelic acid) and become cross-linked to provide a mesh-like structure.
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Another unique feature of Mycobacterial peptidoglycan is that it provides a site, the
6-position of some muramyl units, for attachment of the arabinogalactan layer44.
The arabinogalactan layer of the cell wall is comprised predominantly of galactose
(Gal) and arabinose (Ara) sugar residues, both in the furanose ring form, which are
arranged in a highly branched macromolecule. The galactan chain is composed of
alternating 5- and 6-linked ᴅ-galactanfurnosyl residues.

In the Mycobacterium

arabinogalactan, two thirds of the non-reducing termini pentaarabinosyl motifs are
esterified with mycolic residues44.
The outer mycolic acid layer of the Mycobacterium cell wall is comprised of longchain α-alkyl-β-hydroxy fatty acids (C70-90), which contribute both fluidity and
permeability to the structure27.

Figure 1. The Mycobacterium cell envelope.
A representative schematic of the Mycobacterium cell envelope, demonstrating the
overall arrangement of the complex and highlighting most of the key components.
GPL – glycopeptidolipids, CP – capsular polysaccharides, PL – phospholipids, AM –
Arabinomannan, MA – Mannan. Image inspired by Keiser and Rubin45, in addition
to Chiaradia, et al.46.
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The cell wall is covered in two additional layers; an outer membrane, comprised of
non-covalently linked lipids, lipoglycans and inert waxes, and a loosely attached
capsule, made up of polysaccharides, proteins and a minor amount of lipids29.
The lipids and lipoglycans are intercalated within the mycolic acid layer of the cell
wall

and

are

comprised

of

glycophospholipids;

phosphatidyl-myo-inositol

mannosides (PIMs) and their more related glycosylated end products, lipomannan
(LM) and lipoarabinomannan (LAM). The glycophospholipids in tandem with the
covalently linked mycolic acids form an outer membrane or “mycomembrane” that is
a highly impermeable asymmetrical bilayer, which provides an additional barrier to
small, polar molecules, such as external nutrients but also chemotherapeutic agents.
The final component of the Mycobacterial cell wall is a capsule of polysaccharide
and protein, as well as a minor amount of glycolipid.

The capsule has been

postulated to play a key role in surviving and subsequently modulating the host
immune response during infection29.
1.1.6 Tuberculosis treatment and current drug therapies
TB is a treatable disease and has been for the last 46 years since the introduction of
an inexpensive and effective quadruple drug therapy regimen. However, the current
first-line TB treatment is challenging, primarily because accurate and early diagnosis
is required. In addition, prior to prescription of the drug regimen, drug-resistance
screening is required to prevent the spread of MDR- or XDR-TB. Following positive
diagnosis, administration of effective treatment regimens takes at least 6 months,
utilising “directly observed therapy” (DOT), followed by post-treatment monitoring
and support. Directly observed therapy is an approach to administration of the antiTB quadruple drug combination, which involves carers directly observing patients
taking the treatment47. WHO estimates for the years from 2000 to 2017, are that TB
drug treatment saved 54 million lives globally14.
The first effective anti-TB drug discovered was streptomycin, in 1944, but during
clinical studies antibiotic resistance was rapidly identified. This resistance issue was
solved using the first combination therapy, which involved the inclusion of isoniazid
and para-aminosalicyclic acid, but other problems were encountered, chiefly, patient
adherence to the drug regimen. The discovery of rifampicin in 1963 was a major
advance, as it enabled the development of an orally administered regimen that
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reduced the length of therapy to 6 months. Rifampicin is a bactericidal antibiotic, as
are isoniazid and pyrazinamide, which means that these drugs rapidly kill M.
tuberculosis48 (Figure 4).
The current recommended, first-line, TB treatment for drug-susceptible TB (DS-TB)
is a 6-month regimen, which involves an intensive phase of a combination of
rifampicin, isoniazid, ethambutol and pyrazinamide for 2 months, followed by a
secondary, continuation phase of 4 months with the patient taking isoniazid plus
rifampicin (also known as short-course chemotherapy).

This drug regimen is

implemented for all cases of DS-TB, including pulmonary, most cases of
extrapulmonary and regardless of the patient’s HIV status49

Figure 2. First-line TB drugs.
The WHO recommended first-line TB drugs47.
The first-line TB antibiotics (Figure 2) all target different cellular pathways that
include; disturbance of cell wall formation through inhibition of enoyl-[acyl-carrierprotein] reductase and arabinosyl transferases (isoniazid and ethambutol), disruption
of transcription by inhibition of RNA polymerase (rifampicin) and acidification of the
cytoplasm through binding RpsA, the ribosomal protein S1 (pyrazinamide)18 (Table
1).
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Table 1. First-line TB drugs and their effect on M. tuberculosisa.
Year of
Drug

Abbreviation

Effect

discovery
(approval)b

Rifampicin,

R or Rif,

Inhibits transcription,

1963 (1971),

Isoniazid,

H or Inh,

Inhibits mycolic acid synthesis,

1952 (1953),

Ethambutol,

E or Emb,

Inhibits arabinogalactan biosynthesis

1961 (1968),

Pyrazinamide.

Z or Pza.

Inhibits translation and trans-translation,

1954 (1959).

acidifies cytoplasm.
a

References for the information included in Table 1; Zumla, et al.47, Barry50.

b Year

of

approval quoted is the first reported global approval by any drug approval organisation.

There are several issues that can complicate the treatment of TB, especially when a
patient is also HIV positive. The concurrent use of anti-retroviral therapy (ART)
alongside first-line treatment of DS-TB, improves survival rates in HIV-infected
individuals. However, treatment of TB in this patient population is complicated by
potential drug-drug interactions and the risk of developing immune reconstitution
inflammatory syndrome (IRIS). IRIS is a condition where the recovery of a HIVpositive patients immune system begins but then responds to an existing
opportunistic infection, such as TB, with an overwhelming inflammatory response
that conversely makes the symptoms of the infection worse51. Drug-drug interactions
(DDI), which is defined as the co-administration of two drugs that subsequently have
either a synergistic or antagonistic effect on one another. The new effect produced
by the DDI is not present when either of the drugs are administered alone. The
prevalent DDI when co-administering the first-line TB regimen and ART is between
Rifampicin and HIV protease inhibitors. Rifampicin is a potent inducer of the hepatic
cytochrome P450 3A (CYP3A) system, which are a family of monooxygenases that
catalyse many reactions including drug metabolism, as well as synthesis of
cholesterol, steroids and other lipids52. Induction of CYP3A by rifampicin leads to
reduction of serum concentrations of HIV protease inhibitors, due to drug metabolism
by these liver monooxygenases. Rifabutin, a related rifamycin drug to rifampicin, is
the least potent inducer of CYP3A and is used as an alternative in the treatment of
active TB in HIV-positive patients53.
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As previously discussed, MDR-TB is a growing global problem, and treatment of
confirmed cases of these infections is complex. MDR-TB drug treatment would
ideally involve bespoke regimens based on in vitro drug-susceptibility testing (DST)
results for each patient’s isolate54. The facilities required for DST, in addition to the
lead time required to generate results, which takes from several weeks to several
months, means that this approach is rarely tenable in real-world situations, especially
in developing world countries. Subsequently, the choice of drugs to treat MDR-TB
is determined by the pattern of drug resistance in the local geographical region, in
combination with consideration of the patients TB drug history and underlying
medical conditions. New medical diagnostics, such as Xpert MTB/RIF assay, that
are both straight-forward to use and relatively cost-effective, are being made
available to detect MDR-TB.
Treatment of both MDR/RR-TB is associated with a high rate of failure and relapse,
partially due to the protracted treatment period, which can be from 20 to 28 months
and must be administered daily under DOT.

The treatment regimen, recently

updated by the WHO, requires the use of a combination of several second-line drugs,
which are divided in three different groups (Figure 3 and Table 2) 55.

Figure 3. Second-line TB drugs.
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Table 2. Medicines recommended for use in longer MDR-TB regimens.
Group

Group A

Group B

Group C

a Year

Medicines

Abbreviation

Year of approval a

Levofloxacin or Moxifloxacin

Lfx or Mfx,

1987 or 1988,

Bedaquiline,

Bdq,

2012,

Linezolid.

Lzd.

2000.

Clofazimine,

Cfz,

1986,

Cycloserine or Terizidone.

Cs or Trd.

1968 or 1978.

Ethambutol,

E,

1968,

Delamanid,

Dlm,

2014,

Pyrazinamide,

Z,

1959,

Imipenem-cilastatin OR Meropenem,

Ipm-Cln or Mpm,

1985 or 1996,

Amikacin (or Streptomycin),

Am or (S),

1981 (or 1947),

Ethionamide or Prothionamide,

Eto or Pto,

1968 or 1970,

p-aminosalicylic acid

PAS.

1950.

of approval quoted is the first reported global approval by any drug approval

organisation.

The second-line medicines against MDR-TB include several drugs that inhibit protein
synthesis by binding the 30S ribosomal subunit, including the aminoglycosides
(streptomycin, amikacin) and Linezolid (an Oxazolidinone), that blocks the initiation
of protein production. Other second-line drugs include ᴅ-cycloserine, which is a cell
wall inhibitor, acting through ᴅ-alanine racemase and ᴅ-alanine ligase, as well as the
fluoroquinolones (FQs; Moxifloxacin, Levofloxacin) that target M. tuberculosis DNA
gyrase.12

A number of medicines are no longer recommended, including the

aminoglycosides capreomycin and kanamycin55. The removal of these medicines
was due to an increased risk of treatment failure and relapse associated with their
use in longer MDR-TB regimens56.
The relatively, newly approved drugs bedaquiline and delamanid, are now
recommended for routine use in treating MDR-TB, despite significant drug safety
markers57 (Figure 4).
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Figure 4. Approval timeline of antibiotics to treat Mycobacterium tuberculosis.

In order to try and solve compliance issues with the longer course MDR-TB treatment,
a shorter MDR-TB treatment of 9 to 12 months is now recommended for all patients
with pulmonary MDR and RR-TB that does not show resistance to second-line
drugs58. Selection of the shorter MDR-TB treatment, is based on the feasibility of
fully oral treatment regimens and the exclusion of a patients potential drug
resistance55.
The global success rates for treatment of patients with XDR-TB is 25%, falling to
<20% when the drug resistance profile of the infection is beyond XDR. There is no
standardised drug treatment regimen for XDR-TB, primarily due to the lack of
effective and rapid diagnostics to identify afflicted patients. There are aspirational
proposals for standardised drug regimens to treat both pre-XDR-TB and XDR-TB to
rectify the current low success rates. However, the requirements for the proposed
regimen are the inclusion of at least four new antibiotic drugs and at least two of
these inhibitors would need to be “core” drugs. These requirements would require
the use of new drugs, such as bedaquiline and delamanid, as core drugs, which
given the propensity of these treatments to cause adverse events, is far from ideal59.
There have been several reports of drug-resistant M. tuberculosis strains that have
resistance beyond the accepted classification for XDR-TB, which have been
identified in countries in such as Italy, Iran, India and China60. These incidences of
drug-resistant TB have been termed either extensively drug-resistant TB (XXDR-TB)
or totally drug-resistant TB (TDR-TB) and are broadly defined by resistance to
additional or all second-line drugs. The DST methods for identifying resistance
beyond XDR-TB are problematic, in addition to the paucity of data for the reported
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cases, are the primary reasons for the WHO not officially recognising and
standardising the classification of these drug resistant cases of TB61.
The cost of treating a TB infection is not insignificant, with the treatment of DS-TB in
2014 approximated to be US$14,659 (£11,353) in high-income countries and
US$258 (£200) in low-income countries. The cost of MDR-TB treatment in 2014 was
US$83,365 (£64,567) in high-income countries and US$1,281 (£992) in low-income
countries62. The global median cost per patient treated for DS-TB in 2017 was
US$1,224 (£935) and the range is between US$85 to US$20,00 (£65 to £15,277).
The global cost of the drug regimen to treat MDR-TB is US$7,141 (£775) per person
and the range is between US$750 to US$60,00 (£572 to £45,833)14
In 2015, a study by the “Post-2015 Consensus” reported for every dollar invested in
the treatment of TB, there is a return of US$43 (£33) and investment in other
countries programmes can also lead to beneficial domestic returns63. Despite these
reports and the associated evidence, since 2009, there has been a significant under
spend, against the targets set out by the WHO, on investment in global TB control64.
In the 2018 WHO TB report, a funding gap of US$3.5 billion (£2.67 billion) for TB
prevention and care, a deficit that will increase to US$5.4 billion (£4.12 billion) by
2020 if current funding levels are maintained, while a gap of US$1.3 billion (£ 0.99
billion) for TB research and development14.
The current TB treatment success rate for DS-TB is 83%, however, for MDR-TB, the
success rate was only 55% and for XDR-TB only 25%. There has been significant
progress been made over recent years with approval of the first new TB drugs,
bedaquiline and delamanid, in more than 40 years65,66.

In addition, there are

currently five new monotherapy drugs in the late phases of clinical development for
the treatment of TB67.

There are also several new vaccines and diagnostic

techniques under development68,69.

Despite the progress being made for TB

treatment, prevention and care, there are still may challenges, including the poor
understanding of LTBI, as well as the year-on-year rise in the number of MDR and
XDR-TB cases and finally, the safety of some of the current treatments.
Consequently, developing new drugs that are effective against both latent and activeTB, and that can shorten and simplify the current regimens and treatment periods
constitute the major objective in modern anti-tuberculosis drug discovery.
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1.2 Acetyltransferases and the Left-handed beta helix subfamily
1.2.1 Acetyltransferases, an introduction
Acetyltransferases (or transacetylases) are enzymes that transfer an acetyl group,
to form either esters or amides and are more broadly classified as acyltransferases
(EC 2.3)70. Acetyltransferases, which release CoA-SH as one of the products of
catalysis, perform many diverse functions in nature, from post-translation
modification of histone N-terminal tail domains in vertebrates and yeast71, to drug
resistance in bacteria72.

There are a wide range of acetyltransferase enzyme

structures and perhaps the best characterised are the GCN5-related Nacetyltransferase (GNAT) superfamily73.

Members of this superfamily have a

structurally conserved protein fold, which is comprised of an N-terminal strand
followed by two helices, three antiparallel β strands, followed by a central helix, a fifth
β strand, a fourth α helix, and a final β strand. Well characterised exemplars of the
GNAT superfamily are the histone acetyltransferases (HAT), including GCN5, PCAF
and CBP, in addition to the bacterial resistance factors, the aminoglycoside
acetyltransferases. Distinct acetyltransferase enzymes families, include amongst
others the MYST (MOZ, Ybf2/Sas3, Sas2, Tip60) family, which catalyses histone
acetyltransferase74, and the arylamine N-acetyltransferases (NATs)75.

The N-

acetyltransferase enzymes, along with varying structural folds, catalyse acetyl
transfer by several diverse mechanisms including bi-bi ping-pong and ternary
complex, which can either be ordered or random73,76.
N-acetyltransferases are defined as enzymes that catalyse the transfer of an acetyl
group from Ac-CoA to a primary amine of a substrate. In addition, there are enzymes
that catalyse O-acetyl and S-acetyl transfer, which are defined as transferases that
transfer an acetyl group from Ac-CoA to either a hydroxyl, or a thiol group of the
given substrate77.
1.2.2 Left-handed beta-helix family of acetyltransferases
The left-handed β-helix (LβH) superfamily is a distinct class of acyl- and
acetyltransferases, which includes the following enzymes; serine acetyltransferase
(SAT)78,

galactoside

acetyltransferase
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succinyltransferase (DapD)80, maltose acetyltransferase (MAT)81, xenobiotic
acetyltransferase82, UDP-GlcNAc acyltransferase (LpxA)83 and UDP-3-O-acylglucosamine N-acyltransferase (LpxD)84. The members of this family of enzymes
are involved in a variety of cellular processes, including amino acid metabolism, cell
wall biosynthesis and detoxification of foreign agents, such as antibiotics and
herbicides.

The LβH enzymes are found predominantly in higher plants and

microorganisms and also include non-transacetylases, such as γ-class carbonic
anhydrase from the methanogenic archaeon Methanosarcina thermophila (pdb
3OTZ)85.

Figure 5. Example structures of LβH acyl- and acetyltransferases.
The structures of the LH acyl- and acetyltransferases shown in this figure can be
found in pdb, using the following references: SAT, 1SST; DapD, 3FSY and LpxA,
5DG3.
The LβH acyl- and acetyltransferase family is characterised by a left-handed β-helix
tertiary protein fold, a structure that is an equilateral triangle in cross-section (Figure
5)86. The tertiary structure is formed by parallel β-strands folding into a helix with
three strands, which make up each of the sides of the triangle, per turn. The
sequence of the β-helix is often recognised by a hexapeptide repeating sequence,
comprising two residues in a β-strand, followed by four residues in a left handed 120°
turn. These turns are tight and flat, which act to orient the central peptide plane
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perpendicular to the plane of the turn. The core of the fold predominantly comprises
of bulky, hydrophobic residues (Ile, Val) and generally, corner stacks of smaller
residues (Ala, Thr). The consensus sequence for this imperfect, hexapeptide repeat
is [Leu/Ile/Val]-[Gly/Ala/Glu/Asp]-X-X-[Ser/Thr/Ala/Val]-X, which can also be referred
to as an Ile patch87,88. The narrow central channel that runs collinear to the axis of
the prismatic LβH domain is too narrow to accommodate solvent89. The known LβH
acyl- and acetyltransferase enzymes that have been structurally characterised using
X-ray crystallography are listed in Table 3.
Table 3. Structurally characterised LβH acetyl- and acyltransferasesa.
LβH enzyme
Serine
acetyltransferase
Serine
acetyltransferase
Serine
acetyltransferase
Galactoside
acetyltransferase
Galactoside
acetyltransferase
Maltose
acetyltransferase
Virginiamycin
acetyltransferase D
Xenobiotic
acetyltransferase
UDP-GlcNAc
acyltransferase
UDP-GlcNAc
acyltransferase

Abbrev.
(ref.)

Species

Acyl-

Acceptor

pdb

thioesterb

substrate

code

SAT90

E. coli

Ac-CoA

Ser

1T3D

SAT90

H. Influenzae

Ac-CoA

Ser

1SSM

SAT91

Glycine max

Ac-CoA

Ser

4N6A

GAT79

E. coli

Ac-CoA

GAT92

MAT81

VatD93

PaXAT82

LpxA86

LpxA94

Staphylococcu
s aureus
E. coli
Enterococcus
faecium
Pseudomomas
aeruginosa
E. coli
Heliobacter
pylori
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galactopyranoside
s

1KQA

Ac-CoA

Maltose, glucose

3V4E

Ac-CoA

Maltose, glucose

1OCX

Ac-CoA

Virginiamycin

1KHR

Ac-CoA

Chloramphenicol

1XAT

ACP

UDP-GlcNAc

1LXA

ACP

UDP-GlcNAc

1J2Z
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UDP-GlcNAc
acyltransferase
UDP-GlcNAc
acyltransferase
UDP-GlcNAc
acyltransferase
UDP-GlcNAc
acyltransferase
UDP-GlcNAc
acyltransferase
UDP-GlcNAc
acyltransferase
UDP-GlcNAc
acyltransferase

LpxA95

LpxA96

LpxA97

LpxA98

LpxA99

LpxA100

LpxA101

Leptospira
interrogans
Acinetobacter
baumannii
Arabidopsis
thaliana
Burkholderia
thailandensis
Francisella
novicida
P. aeruginosa
Bacteroides
fragilis

ACP

UDP-GlcNAc

3HSQ

ACP

UDP-GlcNAc

4E6T

ACP

UDP-GlcNAc

3T57

ACP

UDP-GlcNAc

4EQY

ACP

UDP-GlcNAc

5F42

ACP

UDP-GlcNAc

5DEM

ACP

UDP-GlcNAc

4R36

UDP-3-O-acylglucosamine N-

LpxD102

E. coli

ACP

acyltransferase
UDP-3-O-acylglucosamine N-

LpxD84

acyltransferase

Chlamydia
trachomatis

ACP

UDP-3-O-acylglucosamine N-

LpxD96

A. baumannii

ACP

LpxD103

P. aeruginosa

ACP

DapD89

E. coli

acyltransferase
UDP-3-O-acylglucosamine Nacyltransferase
Tetrahydrodipicolin
ate (THDP)

SuccinylCoA

succinyltransferase
THDP
succinyltransferase
THDP
succinyltransferase

DapD104

DapD105

M.

Succinyl-

tuberculosis

CoA

P. aeruginosa
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SuccinylCoA

UDP-3-O-acylglucosamine

UDP-3-O-acylglucosamine

UDP-3-O-acylglucosamine

UDP-3-O-acylglucosamine

3EH0

2IU8

4E79

3PMO

THDP

1TDT

THDP

3FSX

THDP

3R5D
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THDP
succinyltransferase

DapD106

Corynebacteriu

Succinyl-

m glutamicum

CoA

3-acetamido-3,6-

Thermoanaero

dideoxy-α-ᴅ-

bacterium

glucose

QdtC107

acetyltransferase

WlbB108

Bordetella
pertussis

5E3P

3-Acetamido-3,6Ac-CoA

dideoxy-R-D-

3FS8

glucose

olyticum

acetyltransferase
UDP-GlcNAc3NA

thermosacchar

THDP

Ac-CoA

UDP-GlcNAc3NA

3MQH

Ac-CoA

dTDP-Fuc3N

4MZU

3-acetamido-3,6dideoxy-α-ᴅgalactose

Shewanella

FdtD109

denitificans

acetyltransferase
UDP-4-amino sugar
acetyltransferase
UDP-4-amino sugar
acetyltransferase
UDP-4-amino sugar
acetyltransferase
Virginiamycin
acetyltransferase A
Perosamine Nacetyltransferase
GlcNAc-1P
uridyltransferase

r jejuni
Neisseria

PglB111

gonorrhoeae

Ac-CoA

Ac-CoA

WeeI111

A. baumannii

Ac-CoA

VatA112

S. aureus

Ac-CoA

Caulobacter

PerB113

crescentus

ST0452114

dTDP-4-amino-4,6dideoxyglucose N-

Campylobacte

PglD110

AntD115

acetyltransferase

Sulfolobus
tokodaii

Ac-CoA

Ac-CoA

UDP-4-amino
sugarc
UDP-4-amino
sugarc
UDP-4-amino
sugarc
Virginiamycin
GDP-Nacetylperosamine

3BSW

4M98

4M9C

4MYO

4EA7

GlcN-1P

5Z09

dTDP-sugard

3VBM

β-

Bacillus

hydroxybut

cereus

yryl-CoA

βH enzymes only listed when an accompanying manuscript is published. b R-3-hydroxyacyl

aL

acyl carrier protein (ACP).
sugar).

d

C

UDP-2acetamido-4-amino-2,4,6-trideoxyglucose (UDP-4-amino

dTDP-4-amino-4,6-dideoxyglucose (dTDP-sugar).

The crystal structures of the LβH containing enzymes show that all family members
are arranged as trimers composed of three identical subunits that are related to one
another by a crystallographic three-fold rotation axis.
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composed of two domains; an amino-terminal domain of variable length consisting a
mixture of α-helices, hairpin loops and β-sheet linked to a carboxy terminal domain
containing predominantly coiled parallel β-sheet structure arranged as a LβH. The
length of the LβH domain varies for each of the family members; the shortest
reported is xenobiotic acetyltransferase from Pseudomonas aeruginosa (P.
aeruginosa, PaXAT), which has five coils, compared to SAT (six coils), LpxA (ten
coils), DapD (seven coils), and both E. coli and Chlamydia trachomatis LpxD (ten
coils) (Figure 6). The LβH containing proteins form an equilateral-triangular prism
quaternary structure, with the subunit-subunit interface, comprising 65% nonpolar
residues and extends for almost the full length of the trimer (Figure 6 (A), (B)). The
trimer interface occludes a significant proportion (up to one third) of each subunit’s
accessible surface area84. Each subunit of the LβH containing enzymes typically has
an extended loop, which does not obey the hexapeptide repeat sequence pattern
(Figure 6 (C)). These extended loops are thought to represent a means of endowing
structural and functional diversity on the hexapeptide family members, as the coiled
LβH domain is largely invariant.

Indeed, the three active sites of the LβH

homotrimers that are created near the inter-subunit regions are completed by
contributions from the neighbouring subunits extended loop. The extended loops
form a tunnel-like structure over the active site and contribute residues that are
involved in both substrate recognition and catalysis116.
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Figure 6. Structure of P. aeruginosa LpxD, a LβH acyltransferase.
This figure depicts the P. aeruginosa LpxD (pdb 3PMO) quaternary structure. Each
monomer is displayed as a cartoon representation of the secondary structure. (A)
Side view of the trimer, (B) bottom view of the LpxD trimer and (C) representation of
the LpxD monomer, which clearly shows the ten coils of the LβH domain.
The site of Ac-CoA binding to the LβH acetyltransferase trimers is similar and
involves Ac-CoA adopting a bent confirmation, with the glycosidic linkage orientated
parallel to the extended pantothenic acid region. Typically, Ac-CoA adopts the same
confirmation to all three binding sites of the acetyltransferase trimer. The carbonyl
oxygen of the acetyl group of Ac-CoA is presented to the second substrate binding
site and typically hydrogen bonded to two active site residues, invariably one of these
amino acids is a His112. Small hydrophobic or polar residues such as Ala, Val, Ser
or Thr are packed around the pantothenic acid of Ac-CoA and form numerous
interactions. The diphosphate negative charges of the pantothenic acid are balanced
by interactions with basic residues and the adenine moiety of CoA-SH is stabilised
by interactions with a conserved Pro81.
The second substrate binding site is found at the alternative end of the active site
tunnel to the CoA-SH binding site.

Second substrate specificity of the LβH

acetyltransferases is conferred by the surrounding residues. GAT and MAT have
different hexose substrate specificity; GAT has an Asp residue that makes an
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interaction to the hexose ring C3 and C4 hydroxyls of galactosyl moieties, whereas
MAT has a Val residue in the corresponding position81. The catalytic centre of the
active site is found where the tunnel formed by the LβH extended loop meets the
second substrate binding site. The active site, catalytic centre of the LβH containing
enzymes generally have at least one histidine residue present.
The non-acetyl- and acyltransferase enzymes that share the LβH structural motif,
arranged as a homotrimer are the aforementioned γ-class carbonic anhydrases,
which are zinc-containing enzymes that catalyses the interconversion of CO2 and
HCO3-. There are seven genetically distinct classes of carbonic anhydrases (Cam):
α, β, γ, δ, ζ, η and ɵ, which share very little sequence and three-dimensional
similarity117,118.

The structure of γ-Cam polypeptide is a LβH, in cross section

resembling an equilateral triangle, which has seven coils and has a short α-helix at
the carboxy-terminal. The γ-Cam monomer forms a homotrimer, arranged around
a 3-fold axis of symmetry, with approximately 25% of the molecular surface per
subunit involved in trimerisation119. The active site is formed at the interface between
two subunits, with residues from both polypeptides involved in substrate binding and
catalysis. Trimerisation leads to formation of three active sites per homotrimer, each
of which can bind a Zn2+ ion, coordinated by the three imidazole side chains of His
residues. There have been several γ-Cam LβH enzymes reported from bacteria
such as Thermosynechococcus elongatus (pdb 3KWC)120 and E. coli (pdb 3TIO)121.
Non-acetyl- and acyltransferases LβH enzymes, that are also not classified as γCam homotrimers have also been reported, including RicA, a metalloprotein from
Brucella abortus that binds human small GTPases (pdb 4N27)122 and a putative Cam,
Ferripyochelin binding protein from Pyrococcus horikoshii that in addition to binding
three Zn2+ ions, also binds a Ca2+ at the trimer interface (pdb 1V67)123.
1.2.3 Kinetic and chemical mechanisms of LβH acyltransferases
The consensus kinetic mechanism reported for the LβH acetyl- and acyltransferases
is a sequential bi-bi ternary complex mechanism, which has been reported for
orthologues of SAT, GAT, MAT and DapD. The mechanism is typically equilibrium
ordered with Ac-CoA or acyl-CoA binding to the enzyme first, followed by the second
substrate. Product release is also ordered with the acetylated or acylated substrate
released first, followed by CoA-SH. The kinetic mechanisms have been determined

46

Chapter 1 Introduction

by use of steady state techniques, primarily absorbance spectroscopy, to carry out
initial velocity pattern studies, as well as product and dead-end inhibition pattern
experiments. Steady state constants and kinetic mechanism data for exemplars of
LβH enzymes are presented in Table 4.

Table 4. Steady state parameters and kinetic mechanisms of LβH acetyl- and
acyltransferases.
LβH
enzyme
SAT b

Km, 2 a

(mM)

(mM)

0.7± 0.1

23 ± 4

sequential ordered bi-bi

135 ± 5

0.4 ± 0.03

3.2 ± 0.2

sequential ordered bi-bi

kcat (s-1)

H.

1350 ±

influenzae

250

Salmonella

SAT b

Km, Ac-CoA

Species

typhimurium

kinetic mechanism

GAT c

E. coli

14.7

0.104

63.4

sequential ordered bi-bi

MAT d

E. coli

38.5

0.0107

17.2

N.D.

DapD e, k

E. coli

N.D.

0.015

0.02

VatA f

S. aureus

8.84

N.D.

PglD g

C. jejuni

7.05 ± 1.0

0.295 ±

0.274 ±

0.002

0.006

PglB h

WeeI i

0.018

N.

6.1 ± 0.7 x

0.286 ±

0.099 ±

gonorrhoeae

104

0.035

0.007

A.

3.2 ± 0.06

0.078 ±

2.52 ±

0.028

0.54

0.15 ±

0.087 ±

0.02

0.011

baumannii

x

C.

PerB j
a

x

105

0.124 ±

105

304.5

crescentus

ternary complex
formation, bi-bi
sequential ordered bi-bi

sequential ordered bi-bi

sequential ordered bi-bi

sequential ordered bi-bi

sequential ordered bi-bi

Acetyl- acceptor substrate. The following acetyl-acceptor substrates were used for the

respective studies;
glucose,
sugar,

i

e

b

Ser,

c

isopropyl-β-D-thiogalactopyranoside (IPTG),

tetrahydrodipicolinate, f virginiamycin M1,

UDP-4-amino sugar and

j

g

GDP-perosamine.

alternative acyl-CoA.
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isopropyl β-D-thio-

UDP-4-amino sugar,
k

h

UDP-4-amino

Succinyl-CoA was used as the
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The most comprehensive study of LβH acetyltransferase kinetic mechanism was
carried out for H. Influenzae SAT by Johnson, et al. from the Cook research group,
at University of Oklahoma116. Initial velocity patterns were carried out for SAT acetyl
transfer to Ser by varying ʟ-serine at several fixed concentrations of Ac-CoA in assay
buffer adjusted to either pH 6.5 or 7.5. The initial velocity pattern at the pH 6.5
conditions, when plotted on a Lineweaver-Burke plot was best described by a series
of intersecting lines converging on the ordinate. These data contrast with the initial
velocity pattern data in the pH 7.5 conditions, varying both substrates and using the
same analysis procedure, which was described as a series of intersecting lines that
appear to be close to parallel. Thorough product and dead-end inhibition studies
were carried out to ascertain the order of substrate binding and product release.
Desulpho-CoA was utilised as a dead-end analogue of CoA-SH and Ac-CoA, and
subsequent inhibitor pattern studies were competitive against both substrates in the
direction of ʟ-serine acetylation. Desulpho-CoA was competitive against CoA-SH
and noncompetitive against O-acetyl-ʟ-serine (OAS) in the direction of CoA-SH
acetylation. Uncompetitive inhibitor patterns were identified when titrating the deadend analogues Gly and S-methyl- ʟ-serine (SMC) against Ac-CoA and CoA-SH,
respectively. The H. Influenzae SAT product and dead-end inhibition studies were
consistent with a sequential ordered bi-bi catalytic mechanism, represented by
Scheme 1.

Scheme

1.

Proposed

kinetic

mechanism

for

H.

Influenzae

SAT

acetyltransferase activity.
Schematic depiction of the kinetic mechanism of SAT, adapted from Johnson, et
al.116
The ordered nature of the kinetic mechanism for H. Influenzae SAT confirms earlier
observations, in 1994, made by the same research group when studying S.
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typhimurium SAT. These early studies, characterised that the S. typhimurium SAT
catalysed acetyl transfer to ʟ-serine by a bi-bi ping-pong kinetic mechanism, which
is in contrast to the H. Influenzae enzyme124.
The rate-limiting steps of acetyl transfer for LβH acetyl- and acyltransferases has
been studied by solvent kinetic isotope effects (SKIEs). The H. Influenzae SAT
SKIEs on V and V/Kser are 1.9 and 2.5, respectively, in addition there is a linear
dependence of both kinetic parameters on the %D2O, which is indicative of the
involvement of a single proton transfer during catalysis being rate-determining. The
reaction step that was the rate-determining step is catalysis after ternary complex
formation, indicated by the effect on V/Kser. Nucleophilic attack by the serine hydroxyl
on the acetyl thioester is likely limiting, with a general base accepting a proton in this
reaction. The difference between V and V/Kser shows that the steps accompanying
proton transfer are not solely rate limiting125. Rate limiting chemistry for the LβH
enzymes has not been widely studied, particularly using SKIE, however, there are
some reports for GAT that the primary rate-determining step is either the loss of the
acetylated acceptor from the binary complex or the interconversion of the substrate
and the product ternary complexes126.
The catalytic mechanism of LβH enzyme catalysed acetyl or acyl transfer has been
widely studied, in some cases utilising pH dependence studies to characterise the
protonation state of the enzyme and reactant functional groups required for protein
confirmation, binding and catalysis. Determination of the pH dependence of V/K
reflects either the protonation state of titratable groups on the free enzyme or
reactant. The protonation states of the titratable groups, identified in the V/K profile,
can be important for either substrate binding, catalysis or both. Conversely, the pH
dependence of V is indicative of the enzymic titratable groups that are required for
catalysis. The pKa values identified in both V/K and V profiles for the LβH acetyland acyltransferases are summarised in Table 5.
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Table 5. Exemplar pH profile study data for LβH acetyltransferases.
LβH

fixed

varied

enzyme

substrate

substrate

SAT a

Ac-CoA

SAT a

Ser

PerB b

Ac-CoA

PglD c

Ac-CoA

a H.

Influenzae SAT127.

pH range

V/K pKa1

V/K pKa2

V pKa1

Ser

7.2 ± 0.2

N.D.

6.8 ± 0.2

5.5 – 10.0

Ac-CoA

6

N.D.

6.8 ± 0.2

5.5 – 10.0

7.8 ± 0.3

9.3 ± 0.2

N.D.

6 - 11

7.5 ± 0.1

9.5 ± 0.4

N.D.

6.5 – 9.0

GDPperosamine
UDP-4-amino
sugar
b Caulobacter

crescentus PerB113. Campylobacter jejuni PglD110.

A rigorous study of LβH acetyltransferase enzyme chemical mechanism was carried
out for H. Influenzae SAT, utilising pH-rate studies on both initial velocity patterns
and dead-end analogue inhibitor patterns, in addition to the aforementioned SKIE
experiments127.

A subset of the pH-rate study data for H. Influenzae SAT is

presented in Table 5. These pH-rate studies lead to determination of a pKa of ~7 for
a single enzyme residue that must be unprotonated for optimum activity. In addition,
the Ki values for the competitive dead-end inhibitors; Gly and ʟ-Cys, are pH
dependent. These data, in combination with SKIE results, led to the proposal of a
general base catalytic mechanism, which is represented in Scheme 2.
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Scheme 2.

Proposed chemical mechanism for H. Influenzae SAT

acetyltransferase activity.
Schematic depiction of the chemical mechanism of SAT, adapted from Johnson, et
al.127. As previously discussed both substrates need to be bound prior to acetyl
transfer. (A) Nucleophilic attack of the oxygen from the Ser side chain hydroxyl as it
attacks the carbonyl carbon of Ac-CoA. General base accepts the proton from the
side chain hydroxyl as it attacks the carbonyl of Ac-CoA. It is proposed that the
carbonyl oxygen is stabilised by positive dipoles from backbone nitrogens (identified
by hashed bonds, which all represent the nitrogen H atoms). The nucleophilic attack
of the Ser oxygen on the Ac-CoA carbonyl results in a tetrahedral intermediate. (B)
The same residue that served as a general base then acts as a general acid and
donates a proton to the sulphur atom of CoA-SH. (C) The tetrahedral intermediate
collapses after a thiolate is expelled, giving products OAS and CoA-SH.
The identity of the H. Influenzae SAT residues involved in catalysis was subsequently
identified by SDM studies as His154, Asp139 and His189128. A catalytic dyad linkage
was identified between His154 and Asp139 and His154 was proposed to be the likely
general base, as mutation of His154 to Asn (H154N) significantly reduced the kcat.
Catalysis was not completely ablated by the H154N SDM and His189 was proposed
as a backup general base, albeit at a much lower efficiency than His154. Asp139,
through dyad linkage with His154, is proposed to facilitate catalysis by increasing the
basicity of the sidechain imidazole of His154128.
A similar chemical mechanism was proposed for PglD from C. jejuni, with His125,
Glu126, Glu124, Asn118 and His134 put forward as the key catalytic residues.
Glu126, which is one half of a catalytic dyad, serves to increase the basicity of the
imidazole sidechain of the proposed general base His125. Asn118 and His134 are
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believed to hydrogen-bond with the thioester carbonyl oxygen of Ac-CoA. The
catalytic mechanism was proposed to proceed in the same manner as SAT, with a
key difference, which is the general base does not subsequently act as a general
acid. The proposed general acid in the PglD active site was Glu124 that donates a
proton to His125 to regenerate the general base to its pre-catalytic state110. The LβH
enzyme, PerB, is also proposed to utilise a general base mechanism to catalyse
acetyl transfer, with His141 acting as the catalytic residue. The other key PerB
catalytic residues were proposed to be Asp142, which was postulated to perform a
similar role as the PglD residue Glu126 and Gly159 that was suggested to provide
an oxyanion hole for stabilisation of the tetrahedral intermediate113. PerB is proposed
to bind the substrate, GDP-perosamine, in the active site with a neutral amino group,
which was also a mechanism that has been postulated for PglD129.
There are members of the LβH family that are proposed to catalyse acetyl- or acyl
transfer by an alternative chemical reaction mechanism, that does not use a catalytic
histidine residue as a general base.

Exemplars of these LβH acetyl- or

acyltransferases are WlbB, QdtC and AntD113, which all lack active site residues that
are able to function as a general base. WlbB and QdtC have been shown to bind
their sugar substrates in a nearly identical manner and in stark contrast to that
observed for PglD108. The proposed chemical mechanism for WlbB, QdtC and AntD,
in addition to a further sub-family member FdtD109, was first proposed for QdtC by
Thoden et al. in 2009107. Sequence alignment with PglD identified a conserved active
site His, QdtC residue His123, as the likely candidate for the catalytic general base.
However, this His residue was ~ 8 Å from the sugar substrate amino group and
coupled with observed differences with sugar binding in PglD versus QdtC, led to
concerns that there was an artefact in the QdtC crystal structures. SDM studies
identified that His125 mutations to either Asn or Ala did not affect the catalytic
efficiency of QdtC and confirmed that His125 did not act as a general base. A
chemical mechanism for QdtC was proposed that requires the nucleotide-linked
sugar to bind in the active site in a unprotonated form. The nucleotide-linked sugar
is then proposed to hydrogen bond with the carboxamide group of Asn159, which
aligns the amino nitrogen of the substrate in the correct orientation for nucleophilic
attack on the carbonyl carbon of Ac-CoA. The other hydrogen on the nucleotidelinked sugar amino group is directed at the sulphur of Ac-CoA, while the lone pair of
electrons on the amino nitrogen is directed at the carbonyl carbon of Ac-CoA. As the
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amino nitrogen attacks, the bond between the carbonyl carbon and the sulphur of
Ac-CoA becomes longer and eventually breaks. The sulphur of Ac-CoA is essentially
proposed to serve as the catalytic base by accepting a proton from the sugar amino
group. Subsequently, based on the difference between chemical mechanisms and
also substrate binding orientations, it was proposed that two subfamilies of Nacetyltransferases that acetylate nucleotide-sugars existed in the LβH superfamily.
Class 1 enzymes, such as PglD, PerB, as well as VatA, utilise a conserved His
residue as a catalytic base to remove a proton for the amino group of the sugar
substrate, prior to nucleophilic attack on the acetyl group of Ac-CoA. This sub-family
of the LβH superfamily have a chemical mechanism that is like that of the nonnucleotide-linked sugar acetyltransferases, such as SAT and GAT. Class 2 enzymes,
such as QdtC, WlbB, FdtD and AntD, lack the conserved histidine residue of the
class 1 enzymes, and their reaction mechanisms likely proceed through substrateassisted catalysis.
1.2.4 Non-LβH acyltransferases kinetic and chemical mechanisms
There are many non-LβH acyltransferases that are involved in a wide range of
cellular functions, including posttranslational modification of

nucleosomes,

acetylation of antibiotics, fatty acid β-oxidation, methionine and acetylcholine
biosynthesis amongst others. Further details of exemplars of these acyltransferases
are presented in Table 6.
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Table 6. Exemplars of non-LβH, hexapeptide acyltransferases
quaternary
Acyltransferase a

acyl donor

acyl acceptor

Mechanism

b

structure
(pdb code)

Carnitine acetyltransferase
(CRAT)130,131

(ChAT)134

K(lysine) acetyltransferase
2B (KAT2B/PCAF)135,136

(1NM8)

Ternary

Trimer

complex

(3CLA)

Ternary

Monomer

complex

(2FY2)

Ternary

Monomer

complex

(1CAM0)

Ternary

Monomer

complex

(1CJW)

Chloramphenicol

Ac-CoA

Choline

Ac-CoA

Lysine

Ac-CoA

Serotonin

Ac-CoA

ʟ-homoserine

Ping-pong

Succinyl-CoA

ʟ-homoserine

Ping-pong

Serotonin Nacetyltransferase

complex

Ac-CoA

(CAT)132,133
Choline acetyltransferase

Monomer

Carnitine

Chloramphenicol
acetyltransferase

Ternary

Acyl CoA

(SNAT/AANAT)137
Homoserine Oacetyltransferase
(HTA)138,139
Homoserine Osuccinyltransferase
(HST)140,141
Arylamine Nacetyltransferase

Xenobiotic

Ac-CoA

acceptors

(NAT)76,142,143

Ping-pong

Lecithin-cholesterol
acyltransferase

PC c

Cholesterol

(LCAT)144,145
a

Ping-pong

Monomer
(2B61)

Dimer
(2VDJ)

Dimer
(4BGF)

Monomer
(5TXF)

Citations comprise of structural biology, in addition kinetic and chemical mechanism studies.

b Ternary

complex mechanism refers to sequential bi-bi mechanisms, which can either be

Theorell-Chance, ordered or random.

c

Phosphatidylcholine (PC).
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The structures of non-LβH acyltransferases in Table 6 are diverse, spanning many
different structural motifs. Two acyltransferases presented belong to the GNAT
superfamily, namely PCAF and SNAT, which both catalyse acetyl transfer to
acceptor substrates by an ordered sequential kinetic mechanism. During formation
of the pre-catalytic, ternary complex, Ac-CoA binds to the free enzyme first, followed
by the acceptor substrate, which is either N-terminal tail of a histone or serotonin,
respectively. SNAT catalyses the penultimate step in the biosynthesis of melatonin,
which is a hormone known to be involved in circadian rhythms, and subsequently
human mood and behaviour. SNAT chemical mechanism elucidation (using the
sheep enzyme), achieved using pH-rate, bisubstrate inhibition and SDM studies,
identified His120, His122 and Trp168 active site residues as critical for catalysis. A
general base mechanism was proposed, involving either His120 or His122 acting as
the catalytic residue and Trp168 as the general acid137. The human PCAF chemical
mechanism was proposed to proceed by general base catalysis, with Glu570
abstracting a proton from the ε-amino of Lys14 of histone H3, facilitating nucleophilic
attack135.
There are several non-LβH acyltransferases that catalyse acyl transfer using a pingpong kinetic mechanism, which involves formation of an acyl-enzyme intermediate,
prior to transfer to the acceptor substrate. The HTA protein structure comprises a
two-domain organisation, which identifies the enzyme as a member of α/β-hydrolase
superfamily. The canonical fold consists of an eight-stranded mainly parallel β-sheet,
in which the second strand is oriented in the antiparallel direction, surrounded by a
total of six α-helices.

The chemical mechanism was determined using the H.

influenzae HTA enzyme, with Ser143 identified as the catalytic nucleophile that
attacks the thioester bond of Ac-CoA.

A catalytic triad, reminiscent of serine

proteases, was identified with His337 acting as the nucleophile-activating base and
Asp304 taking the role of the orienting and polarising acid138.
Carnitine and Chloramphenicol acetyltransferase are two-domain polypeptides that
share a similar backbone fold, which is comprised of a N-terminal domain of an eight
stranded β-sheet surrounded by eight α -helices, followed by a C-terminal domain of
a six stranded β-sheet that is covered on one side by eleven α -helices. The
quaternary structure of CAT is a homo-trimer, with three active sites formed at the
interface of a pair of monomers. CRAT exists as a monomer, with the two domains
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making numerous interactions that are akin to the monomer interactions present in
the CAT homo-trimer146. The CAT and CRAT enzymes bind CoA-SH in a similar
confirmation to the LβH acyltransferases, with a Lys positioned to interact with the
2’-phosphate of CoA-SH, and small residues, two Ser and an Asp packed against
the pantothenic acid. A His residue is found in both CAT and CRAT active sites
(His195 and His343, respectively), which is within hydrogen-bonding distance to an
Asp or Glu residue (D199 and E347, respectively), forming a putative catalyticdyad147.

Sequential kinetic mechanisms are proposed for both non-LβH

acyltransferases, with a rapid equilibrium kinetic mechanism proposed for both
enzymes, with either a random or ordered mechanisms postulated for CATIII (type III
enzyme133) and mouse CRAT, respectively.
A conserved chemical mechanism is evident for all acyltransferase enzymes that
catalyse acyl transfer by a ternary complex, namely a general base, general acid
mechanism, utilising an active site His. The catalytic His residue is generally in a
catalytic dyad with an acidic residue, which acts to polarise and orientate the
imidazole side chain of the general base.
1.2.5 Antibiotics, resistance and acyltransferases
Antibiotic was first used as a noun in 1941 by Selman Waksman, the scientist
responsible for identifying natural product drugs, such as actinomycin, streptomycin,
neomycin, amongst others.

Waksman received a Nobel Prize in 1953 for the

discovery of streptomycin148 (Figure 7).

Figure 7. Streptomycin and Neomycin.
The aminoglycoside antibiotics that were discovered in the 1940s by Selman
Waksman. (A) Streptomycin was discovered in 1943. (B) Neomycin was discovered
in 1949.
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Antibiotics are generically defined as any class of organic molecule that inhibits or
kills microbes by specific interactions with bacterial targets, without any consideration
of the source of the compound or class.

This definition encompasses purely

synthetic therapeutics, as these molecules specifically interact with receptors and
provoke specific cell responses, in the same manner as inhibitors derived from
natural products149. Natural products are defined as organic chemical compounds,
invariably produced by primary and secondary metabolism pathways, in living
organisms.

The natural product definition, is generally further restricted to

encompass only secondary metabolites, which are not essential for survival of
organisms but endow an evolutionary advantage to the producer, as they have been
optimised to be cytotoxic to prey, predators and competing organisms150.
Synthetically derived antibiotics are also susceptible to the same biochemical
mechanisms of cross-resistance in pathogens, as naturally derived molecules.
Examples of synthetically derived antibiotics where resistance in pathogenic bacteria
has

appeared,

include

the

fluoroquinolones

(FQs),

sulfonamides,

and

trimethoprim151.
Historically, most clinically relevant antibiotics originate from soil-dwelling
actinomycetes, including β-lactams, tetracyclines, rifamycins, aminoglycosides,
macrolides, and glycopeptides152. Bacteria that produce antibiotics, such as the
actinomycetes, harbour resistance elements for self-protection that are often
clustered in antibiotic biosynthetic operons.

Resistance elements, or genes

orthologous to these, have been identified on mobile genetic elements, in antibiotic
resistance pathogens in clinical settings. The molecular mechanisms of antibiotic
resistance are varied and can occur by one or more of the following processes;
modification of a drug target, molecular bypass, active efflux, decreased uptake and
chemical modification of the compound. Target modification is often typified by the
inclusion of a point mutation in key genes, which results in rapid resistance where
the changes to the target have minimal impact on microbe fitness. Molecular bypass
is where microbes have evolved mechanisms that avoid antibiotic action by utilising
alternate pathways that are not antibiotic sensitive. Efflux involves the active removal
of antibiotics from within the microbe using membrane-spanning efflux proteins.
Finally, chemical modification is achieved by specifically adapted or evolved
enzymes that catalyse the inactivation of antibiotics. The evolution of highly specific
and efficient catalysts is evidence of strong and sustained selective pressure of
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antibiotic action151. There are numerous examples of enzyme types that inactivate
antibiotics, including hydrolases, kinases, glycosyltransferases, ribosyltransferases,
adenylytransferases and acetyltransferases.
There are several examples of antibiotic inactivation by acetyltransferases, including
aminoglycoside

antibiotic

N-acetyltransferases

(AAC),

chloramphenicol

acetyltransferases (CAT) and xenobiotic acetyltransferases (XAT). The AACs are
members of the GNAT superfamily and are known to acetylate and inactivate
aminoglycosides, including Kanamycin, Amikacin, Neomycin and Streptomycin153.
Recent evolution of the function of a subset of AACs has endowed these
acetyltransferases with the ability to acetylate the synthetic fluoroquinolone class of
antibiotics, such as ciprofloxacin154.
Chloramphenicol (CAM) and Virginiamycin are two natural product antibiotics that
have a molecular mechanism that is inhibition of the bacterial ribosome. CAM is a
broad-spectrum antibiotic that was first isolated form Streptomyces venezulae in
1948155. CAM, despite having a relatively high level of toxicity, was used to treat
many infections in the late 20th century156.

CAM is still widely used in many

developing countries because of its broad spectrum of activity and affordability, while
in the developed world it is used to treat ophthalmic infections and as a last resort in
life-threatening brain infections. The molecular target of CAM is the 50S subunit of
the bacterial ribosome, where it binds the A-site and prevents the binding of the
amino-acyl moiety of the A-site tRNA, leading to inhibition of protein synthesis157.

Figure 8.

Natural product antibiotics that are acetylated by bacterial

acetyltransferases.
The antibiotics in this figure are both deactivated via acetylation by bacterial
acetyltransferases. (A) Chloramphenicol (CAM) and (B) Virginiamycin M1, a
streptogramin-class antibiotic.
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Virginiamycin, is a member of the streptogramin, natural product antibiotic family that
was first isolated from Streptomyces pristinaspiralis and S. virginiae in 1953158. The
streptogramin antibiotics can be divided into two chemically distinct classes of cyclic
molecules, type A and B, which are chemically unrelated but structurally similar.
Streptogramins are used for the treatment of serious Gram-positive pathogens,
including methicillin-resistant S. aureus and vancomycin-resistant E. faecium112. The
streptogramins molecular mechanism is binding to the 50S subunit of the bacterial
ribosome and interfering with peptidyltransferase activity.

The type A and B

streptogramins bind to separate but overlapping binding sites in the ribosomal P site.
Binding of the type A streptogramins induces a ribosomal conformation change that
significantly increases the binding affinity of the type B streptogramins159. Type A
streptogramins inhibit protein synthesis by interfering with substrate attachment to
both A and P sites of the A and P sites of the 50S ribosome. Type B streptogramins
block peptide bond synthesis during elongation by causing incorrect positioning of
the peptidyl tRNA at the P site160.
Resistance to multiple antibiotics was first observed in Japan in the 1950s, including
a resistance determinant for CAM on mobile genetic elements, in this case plasmids
responsible for transferable phenotype. The molecular mechanism for this CAM
resistance was shown to be an enzymatic inactivation by O-acetylation of the C3
primary hydroxyl of CAM, which subsequently prevented the acetylated product from
binding to bacterial ribosomes. CAT was identified as the enzyme responsible for
CAM acetylation and subsequently the acetyltransferase was identified as being
widespread and well conserved, among the bacterial genera. The type III CAT
enzyme is the most active of the known CAT variants and the determined steadystate parameters highlight that this enzyme has evolved to be an efficient catalyst of
CAM.
In addition to the CATIII class of chloramphenicol acetyltransferases, a new class of
acyltransferases was identified that were able to modify CAM in 1991 from
Agrobacterium tumefaciens161. The new class of CAT, classified as Xenobiotic
acetyltransferases (XAT), share no homology with the previously characterised
CATIII enzymes but can catalyse O-acetylation of the C3 and C1 primary hydroxyls
of CAM. An early exemplar of the XAT enzymes, the satA gene product from
Enterococcus faecium, was shown to inactivate, by acetylation, the streptogramin
group A antibiotics, including virginiamycin M1, along with low level acetylation of
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chloramphenicol162. Subsequent studies identified several XAT acetyltransferases
from a diverse selection of bacteria, including E. coli, P. aeruginosa, S. aureus, all of
which shared the same LβH structural motif82,163. Streptogramin resistance is now
widespread and has arisen from multiple mechanisms, with chemical modification
through acetylation one of the most pertinent, have reduced the effectiveness of
these compounds. This antibiotic resistance caused by chemical modification of
inhibitors via acetylation, highlights that the deployment of LβH acyltransferases is
an effective bacterial survival mechanism.

1.3 Peptidoglycan biosynthesis and GlmU
1.3.1 Peptidoglycan biosynthesis in bacteria
The cell wall is a unique macromolecule common to both Gram-positive and Gramnegative bacteria but the biochemical and structural composition vary significantly
between bacterial species164. Peptidoglycan (or murein), as previously discussed is
composed of linear glycan strands that are cross-linked by short peptides. The
repeating glycan strands are made up of alternating N-acetylglucosamine (GlcNAc)
and N-acetylmuramic acid (MurNAc) or N-glycolylmuramic acid (UDP-MurNGlyc)
residues, which are linked by β-(1,4) bonds (Figure 9). The peptidyl component of
M. tuberculosis peptidoglycan is formed by substitution of the ᴅ-lactoyl group of each
MurNAc residue with a peptide stem, which is often composed of ʟ-Ala-γ-ᴅ-Glumeso-DAP (or ʟ-Lys)-ᴅ-Ala-ᴅ-Ala (meso-DAP, 2,6-diaminopimelic acid)165.

The

Mycobacterium peptidoglycan can be cross-linked, typically between corresponding
tetrapeptide side chains, comprising of either “3,3” (between meso-DAP residues) or
“4,3” (ᴅ-Ala to meso-DAP residues).

The Mycobacterium species (spp.)

peptidoglycan is highly cross-linked (70-80%) in comparison to E. coli (30-50%),
which provides added structural integrity (Figure 10)166.
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Figure 9. Structure of a representative peptidoglycan monomer.
R1, N-glycolymuramic acid residue of another monomer; R2, N-acetylglucosamine
residue of another monomer; R3, H or the linker unit of arabinogalactan; R4, OH, NH2
or Gly; R5, OH or NH2; R6, H, or cross-linked to penultimate ᴅ-Ala or the ᴅ-centre of
another meso-DAP residue; R7, OH or NH2.
The biosynthesis of peptidoglycan is a complex, multi-enzyme process that involves
approximately 20 reactions167. The initial biosynthesis steps occur in the cytoplasm,
which predominantly encompasses the synthesis of the nucleotide precursors of
peptidoglycan. The peptidoglycan precursor is then acted upon at the inner side of
the cytoplasmic membrane to synthesise lipid-linked intermediates, followed by
polymerisation reactions on the extracellular surface of the phospholipid bilayer168.
The cytoplasmic steps of peptidoglycan biosynthesis can be broadly divided into four
processes, which include formation of UDP-N-acetylglucosamine (UDP-GlcNAc)
from fructose 6-phosphate (Fruf-6P), followed by generation of UDP-Nacetylmuramic acid (UDP-MurNAc) and subsequent modification to add the
pentapeptide that is assembled from the side pathway synthesis products ᴅ-Glu and
ᴅ-alanyl-ᴅ-alanine169.
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Figure 10. Representative schematic of the arrangement of Mycobacterium
peptidoglycan.

Peptidoglycan biosynthesis begins with the generation of UDP-GlcNAc from Fruf-6P
in a four reaction, three enzyme biosynthetic pathway (Scheme 3).

The three

enzymes involved in the UDP-GlcNAc biosynthetic pathway are glucosamine 6phosphate (GlcN-6P) synthase (GlmS), phosphoglucosamine mutase (GlmM) and
the bifunctional N-acetyl-glucosamine-1-phosphate (GlcNAc-1P) acetyltransferase
uridylyltransferase (GlmU).
GlmS is a glutamine-dependent amidotransferase that catalyses the formation of ᴅglucosamine 6-phosphate (GlcN-6P) from ʟ-glutamine (ʟ-Gln) and Fruf-6P170. GlmS
is an essential enzyme comprised of two structurally and functionally distinct
domains, which are an N-terminal glutaminase domain and a C-terminal isomerase
domain. The glutaminase domain promotes glutamine hydrolysis into glutamate and
ammonia, while the isomerase domain binds the previously formed products to
catalyse the conversions of Fruf-6P into GlcN-6P171. The catalytically active enzyme
is a homodimer and the kinetic mechanism is a sequential ordered bi-bi mechanism
where Fruf-6P binds first followed by ʟ-glutamine172. The M. tuberculosis GlmS has
not been studied but sequence alignments and homology modelling indicate that the
polypeptides fold in a similar manner and the catalytic residues identified by studying
the E. coli orthologue are conserved173.
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GlmM catalyses the interconversion of ᴅ-glucosamine 6-phosphate to ᴅ-glucosamine
1-phosphate174. The E. coli orthologue was the first to be identified, purified to near
homogeneity and subsequently characterised kinetically. The structure of GlmM was
determined for both the Bacillus anthracis (pdb 3PDK) and S. aureus (pdb 6GYZ)
and the tertiary structure was arranged as four structural domains, with domains 1 to
3 consisting of a mixed α/β core and domain 4 comprising a three stranded
antiparallel β-sheet, flanked by two α-helices175.
GlmU is a bifunctional enzyme that catalyses the N-acetylation of GlcN-1P and the
uridylylation of GlcNAc-1P to form UDP-GlcNAc. GlmU will be described in more
depth in section 1.3.2.

Scheme 3. Formation of UDP-GlcNAc from Fruf-6P and ʟ-Gln.
The generation of UDP-MurNAc and subsequent modification with the pentapeptide,
which is synthesised in a sequential pathway catalysed by the Mur ligases A to F.
The first two steps of UDP-MurNAc are catalysed by MurA, a UDP-Nacetylglucosamine

1-carboxyvinyltransferase

acetylenolpyruvoylglucosamine reductase.

and

MurB,

a

UDP-N-

MurA catalyses the addition of the

enoylpyruvyl moiety of phosphoenoyl pyruvate to UDP-GlcNAc, followed by MurB
reduction of UDP-GlcNAc-enol-pyruvate to a lactyl ether of UDP-MurNAc using an
equimolar amount of NADPH and a solvent derived proton.

The next step of

peptidoglycan biosynthesis, formation of UDP-MurNGlyc, is rare and only occurs in
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the Mycobacterium spp. and a small number of closely related genera of bacteria.
The M. tuberculosis enzyme NamH (Rv3808), a UDP-N-acetylmuramic acid
hydroxylase, catalyses the formation of UDP-MurNGlyc, by hydroxylation of the
methyl group of the MurNAc moiety of UDP-MurNAc, providing both types of UDPmuramyl substrates176. Mycobacterium spp. peptidoglycan is comprised of a mixture
of both UDP-MurNAc and UDP-MurNGlyc, which confers an increase in intrinsic
strength, by potentially alleviating the susceptibility of UDP-MurNAc to lysozyme, in
addition to an elevation in the number of potential hydrogen bonding sites176.

Figure 11.

A schematic of the cytoplasmic steps of M. tuberculosis

peptidoglycan biosynthesis.
Utilisation of UDP-GlcNAc as a substrate by (A) MurA and (B) MurG highlighted.
Figure inspired by similar images from a number of publications, including Abrahams
and Besra177, Typas, et al.178 and Chellat, et al.179.
The UDP-MurNAc and UDP-MurNGlyc intermediates are then processed through
the peptidoglycan biosynthetic pathway beginning with UDP-N-acetylmuramoyl:Lalanine ligation by MurC. This is followed by ᴅ-isoglutamate ligation by MurD, mesoDAP addition by MurE, and finally ᴅ-alanyl-ᴅ-alanine ligation by MurF (Figure 11)168.
The final product of this ligation cascade is known as Park’s nucleotide180, a
muramylpentapeptide: UDP-MurNAc/Glyc-ʟ-Ala- γ-ᴅ-Glu -meso-DAP-ᴅ-Ala-ᴅ-Ala181.
There have been numerous reviews of the ATP-dependent Mur ligase pathway in
recent years168,182-184; and there is increasing information regarding the M.
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tuberculosis enzymes. A recent study reconstituted the M. tuberculosis MurA-F
pathway in vitro185, in addition MurA (Rv1315), MurB (pdb 5JZX, Rv0482)186, MurC
(Rv2151c)187, MurD (Rv2155c)188, MurE (pdb 2WTZ, Rv2158c)189 and MurF
(Rv2157c)
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have been biochemically characterised. The Mur ligases C-F have

different amino acid specificities; however, the four enzymes share common
properties, including kinetic mechanism, six invariant residues that are characteristic
of the Mur ligases, a preserved ATP-binding sequence and conserved threedimensional structure168.
The final cytoplasmic enzyme involved in peptidoglycan biosynthesis is ᴅ-Ala-ᴅ-Ala
ligase (Ddl), which catalyses the ATP-dependent formation of the ᴅ-Ala-ᴅ-Ala
dipeptide. Prior to synthesis of the ᴅ-Ala-ᴅ-Ala dipeptide, the racemisation of ᴅ-Ala
from ʟ-Ala, is catalysed by alanine racemase (Alr), which is a pyridoxal 5‐phosphate‐
dependent enzyme191,192. The formation of ᴅ-Ala-ᴅ-Ala by Ddl provides MurF with
substrate for the final cytoplasmic ligation reaction to form Park’s nucleotide. The M.
tuberculosis Ddl (Rv2981c) has been structurally characterised (pdb 3LWB)193 and
the kinetic mechanism, which is an ordered ter-ter mechanism, has been
elucidated191.
The first membrane-associated peptidoglycan precursor is generated by the
translocation of Park’s nucleotide to decaprenyl phosphate (C50-P), catalysed by
MurX, Phospho-N-acetyl-muramoyl-pentappeptide-transferase, (also known as
MraY)194, forming Lipid I. The final intracellular step of peptidoglycan synthesis is
catalysed by the glycosyltransferase, MurG, which forms a β-(1,4) linkage between
GlcNAc (from UDP-GlcNAc) and MurNAc of MurNGlyc of Lipid I, leading to the
generation of Lipid II, the monomeric building block of peptidoglycan195. To date the
biochemical characterisation of the M. tuberculosis MurX (Rv2156c) and MurG
(Rv2153c) enzymes has not been documented.
1.3.2 Bifunctional acetyltransferase/uridylyltransferase, GlmU
The Mycobacterium biosynthetic pathway of UDP-GlcNAc is critical for the formation
of two key components of the cell wall.

UDP-GlcNAc is the core cytoplasmic

precursor of peptidoglycan, incorporated as one of the two amino sugars that make
up the disaccharide subunit of the linear glycan strand165. Addition of UDP-GlcNAc
to Lipid I to form Lipid II, the final monomeric unit of peptidoglycan, is catalysed by
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MurG. Additionally, UDP-GlcNAc is utilised as the sole, initial donor for generation
of the second amino sugar of the peptidoglycan disaccharide subunit, UDPMurNAc196. To form the UDP-MurNAc precursor UDP-enoylpyruvyl-GlcNAc, MurA
catalyses enoylpyruvyl transfer from phospho-enoyl-pyruvate to UDP-GlcNAc.
In addition to the dual utilisation in the generation of peptidoglycan, UDP-GlcNAc is
also the initiating donor of GlcNAc-1P for the formation of ᴅ‐N‐acetylglucosamine‐ʟ‐
rhamnose (ᴅ-N-GlcNAc-ʟ-Rha), which is the linker unit between peptidoglycan and
arabinogalactan197.

The first step in the biosynthesis of ᴅ-N-GlcNAc-ʟ-Rha is

catalysed by GlcNAc‐1‐phosphate transferase (WecA, Rv1302), which generates
decaprenyl phosphate-GlcNAc from UDP-GlcNAc and decaprenyl monophosphate
(DecP) (Scheme 4)198. Interestingly, cell wall biosynthesis in Gram-negative bacteria,
such as E. coli and S. typhimurium, requires UDP-GlcNAc, which is one of two
essential precursors for Lipid A (or Endotoxin) synthesis. The initial reaction in the
biosynthesis of Lipid A is the acylation of UDP-GlcNAc by LpxA, another LβH
acyltransferase enzyme, using ACP thioesters as the donor substrate199.

Scheme 4.

UDP-GlcNAc utilisation in the first step of arabinogalactan

biosynthesis.
WecA catalysed formation of decaprenyl phosphate-GlcNAc, the first membraneanchored glycophospholipid in the arabinogalactan biosynthetic pathway.
The enzymes and the reactions involved in the biosynthetic pathway of UDP-GlcNAc
were first postulated and tentatively identified by a number of groups between the
period of 1968-70200-202, however, it wasn’t until 1988 until the first member of the
cascade, GlmS, was purified and initially characterised203. Previous E. coli DNA
sequencing studies in 1984, characterising the nucleotide sequence around unc
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operon identified an open-reading frame (ORF) preceding the glmS gene that was
initially designated EcoURF-1204. A gene from Bacillus subtilis, tms, was identified
in 1989, with an ORF of 456 codons, resulting in a putative translation product with
an expected molecular weight of 49.55 kDa205. The tms gene product was postulated
to share 43% amino acid sequence similarity with the EcoURF-1 gene product and
was later re-designated as gcaD and identified as a GlcNAc-1P uridylyltransferase206.
Subsequent studies were carried out on the E. coli EcoURF-1 gene, in 1993, which
found that a thermosensitive, conditional mutation led to inhibition of peptidoglycan
synthesis, upon impairment of the gene synthesis.

Additionally, weakening of

EcoURF-1 gene synthesis at 43 °C caused alterations to E. coli morphology and
ultimately cell lysis, which when analysed had 37% lower peptidoglycan content than
normally growing bacteria.

Further analysis of the lysates identified a large

accumulation of GlcNAc-1P and reduction of the levels of the seven peptidoglycan
nucleotide precursors. These peptidoglycan quantification data identified that the
conditional mutation introduced blocked uridylylation of GlcNAc-1P. Overexpression
of the EcoURF-1 gene, re-designated as glmU, in E. coli led to a large increase in
GlcNAc-1P uridylyltransferase activity and the application of a two-chromatographic
step protein purification strategy enabled isolation of homogeneous enzyme207.
Further studies utilising the E. coli glmU gene product, in 1994, identified that GlmU,
a 456-amino acid, 49.13 kDa protein, is a bifunctional enzyme that catalyses the
preceding step of GlcN-1P acetyl transfer, in addition to GlcNAc-1P uridylylation.
The kinetic parameters for both GlmU activities were characterised, in addition to
initial identification that the acetyltransferase activity of the E. coli enzyme was
sensitive to thiol-alkylating agents, suggesting the presence of a catalytically
important Cys residue208. Additional characterisation of the E. coli GlmU kinetic
mechanism elucidated the order of the bifunctional enzyme activities with the GlcN1P acetyltransferase activity preceding the GlcNAc-1P uridylyltransferase function.
Domain dissection experiments demonstrated that acetyltransferase activity was
associated to the C-terminal domain of GlmU and the N-terminal domain was
identified as the location of the uridylyltransferase active site209,210.
The three-dimensional structure of a truncated version E. coli GlmU was initially
determined in 1999 and was subsequently followed by the full-length version in 2001,
both achieved by X-ray crystallography211. The GlmU tertiary structure is divided into
two distinct domains located at the N- and C-terminals of the polypeptide and the
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quaternary structure is comprised of a homotrimer, arranged around a threefold
crystallographic axis of symmetry212.

Subsequently, the structures of GlmU

orthologues from several bacteria including; Streptococcus pneumoniae (PDB ID
1G95), Haemophilus influenzae (PDB ID 2V0H) and M. tuberculosis (PDB ID 3D98)
have been determined213-215. These structures show a high degree of similarity to
the E. coli orthologue and confirm that in all cases the monomer of GlmU is folded
into two distinct domains. The C-terminal domain (residues 263-478) is formed by a
LβH, which is similar to a number of acetyl- or acyltransferase enzymes, such as
SAT, GAT, MAT, PaXAT, DapD, LpxA and LpxD, which make up the LβH
superfamily73,78,79,81,95,216.

As previously described in section 1.2.2, proteins

belonging to the LβH superfamily have a structure comprising a parallel β-helix with
repeating isoleucine-rich hexapeptide motifs and left-handed connections (Figure
12).

Figure 12. Structure of E. coli GlmU, a LβH acetyltransferase.
This figure depicts the E. coli GlmU (pdb 2OI5) quaternary structure. Each monomer
is displayed as a cartoon representation of the secondary structure. (A) Side view
of the trimer, showing two Mg2+ ions bound, (B) top view of the GlmU trimer and (C)
representation of the bottom of the GlmU trimer.
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The C-terminal domain of E. coli GlmU is similar to the canonical LβH fold and is the
longest example observed, comprising eleven complete or partial coils (Figure 12
(A)). The prismatic coil of the LβH domain is interrupted once between residues
Thr384 and Thr395 by a 10-residue inserted loop that projects from the T3 turn of
coil C8 into the inter-subunit space and adjacent to the thiol group of CoA-SH. The
E. coli homotrimer has two Mg2+ ions bound on the three-fold axis, which are
coordinated by the three copies, one from each monomer, of the side chain
carboxylate of Asp406 (Figure 12 (A)). The key distinguishing feature of the GlmU
LβH is the truncation of the T3 turn, which are shortened by one residue for five of
the eleven turns. The T3 turn position of the LβH is typically where loops are inserted
in hexapeptide enzymes, which provide a means by which these acyltransferases
attain structural and functional diversity217. The acetyltransferase active site of GlmU,
in a similar manner to other members of the LβH family, is located at a cleft between
two monomers of the homotrimer, with interacting residues contributed from both
polypeptides. GlmU is unique amongst the LβH acyltransferases in its use of all
three subunits to form its acetyltransferase active site and in the interactions of its
19-residue

C-terminal

tail

extension

with

the

cofactors

of

two

distinct

acetyltransferase active sites (Figure 12 (C)). The GlmU orthologues that have been
structurally characterised using X-ray crystallography are detailed in Table 7.
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Table 7. Published GlmU structures in the Protein Data Bank (pdb)
GlmU

Number of

orthologue

structures

E. coli

6

pdb code (s)

4AA7, 3TWD, 2OI5,
2OI6, 2OI7, 1HV9

Ligands investigated
Anti-bacterial inhibitor (x2), UDPGlcNAc, Ac-CoA, CoA-SH,
desulpho-CoA, Mg2+

4KNR, 4KNX, 4KPX,

H. influenzae

14

4KPZ, 4KQL, 4EIK,

Anti-bacterial inhibitor (x7), UDP-

2W0V, 2W0W, 2V0H,

GlcNAc, Ac-CoA, CoA-SH, UDP,

2V0I, 2V0J, 2V0K,

Mg2+

2V0L, 2VD4

S. pneumoniae

7

4AAW, 4AC3,1HM0,

Anti-bacterial inhibitor (x2), UDP-

1HM8, 1HM9, 1G95,

GlcNAc, Ac-CoA, UDP, Mg2+,

1G97

Ca2+

6GE9, 4K6R, 4G3P,

M. tuberculosis

15

4G3Q, 4G3S, 4G87,

UDP-GlcNAc, Ac-CoA, Glc-1P,

4HCQ, 3SPT, 3ST8,

GlcN-1P, GlcNAc-1P, ATP, CoA-

3FOQ, 3DJ4, 3DK5,

SH, PPi, Mg2+, Co2+

3D8V, 3D98, 2QKX
Yersinia pestis

2

4FCE, 3FWW

GlcN-1P, Mg2+

A baumannii

1

5VMK

N.A.

The pyrophosphorylase N-terminal domain of E. coli GlmU was the first of its type to
be crystallised and have its three-dimensional structure solved218.

Sequence

comparison of the E. coli GlmU N-terminal domain with other nucleotide sugar
pyrophosphorylase domains, including ADP-Glc, UDP-Glc and GDP-Man, reveals
similarities ranging from 12 - 24% and a close resemblance with the dinucleotidebinding Rossmann fold211,219. The overall structure of the E. coli N-terminal domain
pyrophosphorylase domain is that of a seven-stranded mixed β-sheet surrounded by
six α-helices and a two-stranded β-sheet sitting atop the larger mixed sheet (Figure
12 (B)). The active site pocket is bounded by two lobes, the first of which interacts
with the nucleotide moiety of UDP-GlcNAc and the second that primarily interacts
with the GlcNAc portion of the sugar nucleotide. Divalent metal ion binding in the
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pyrophosphorylase active site, coordinated by the side chains of Asp105 and Asn227,
induces conformational change, which moves the first lobe toward the UDP-GlcNAc.
The metal ion is also coordinated by two well-ordered H2O molecule and the α– and
β-phosphates of UDP-GlcNAc. A number of divalent metal ions, including Mg2+, Co2+,
Ca2+ and Mn2+ have been shown to stimulate pyrophosphorylase activity of GlmU
and the aforementioned nucleotide sugar homologues212. The first lobe comprises
a mobile loop that has a sequence of L-X2-G-X-G-T-X-M-X4-P-K, which is a
conserved pyrophosphorylase sequence fingerprint, between residue Leu11 –
Lys25212.

Scheme 5. GlmU catalysed formation of UDP-GlcNAc.
(A) Predicted GlmU acetyltransferase activity chemical mechanism. (B) Predicted
GlmU uridylyltransferase activity chemical mechanism.
The catalytic mechanism of both of activities of bifunctional GlmU, from any bacterial
species, has been inferred from structural biology studies, rather than kinetic studies,
utilising classical enzymology techniques, such as initial velocity and inhibitor pattern
studies, pH-rate profiles and SKIEs.

The inferred acetyltransferase catalytic

mechanism from X-ray crystallography studies, in addition to mutational analysis,
applying SDM, is that the active site contains a catalytic triad comprised of a
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conserved His residue, along with either an acidic Glu or Asp and a Ser (Scheme 5).
The first substrate proposed to bind to GlmU is Ac-CoA, which is then followed by
GlcN-1P. The acidic Glu or Asp (Glu349, E. coli GlmU) residue is proposed to
orientate the His imidazole (His363, E. coli GlmU) in a catalytically favourable
position, in addition to increasing the basicity of the sidechain. The Nε2 of the His
imidazole is proposed to act as a general base, which deprotonates the 2-amino
group of GlcN-1P, enabling subsequent nucleophilic attack on the Ac-CoA thioester.
After nucleophilic attack, the resulting tetrahedral oxyanion intermediate is proposed
to be stabilised by either the main-chain amide of either an Ala or the hydroxyl side
chain of a Ser (Ala380 or Ser405, E. coli GlmU)220. However, despite the paucity of
kinetic catalytic mechanism studies, steady-state kinetic parameters have been
determined for several GlmU orthologues and are detailed in Table 8.
Table 8. Published GlmU steady-state kinetic parameters a
kcat,

kcat,

acetyltransferase

uridylyltransferase

(s-1)

(s-1)

E. coli209

77

E. coli210

GlmU
orthologue

H.
influenzae221
B. subtilis222

M.
tuberculosis223

Y. pestis224

a Values

Km, Ac-CoA

Km, GlcN-1P

Km, UTP

Km, GlcNAc-

(mM)

(mM)

(mM)

1P

21

0.32

0.25

0.017

0.018

1,350

330

0.2

0.3

0.1

0.07

N.D.

N.D.

0.39

0.29

N.D.

N.D.

0.81 ± 0.01

N.D.

1.82 ±

0.33 ±

0.3

0.01

N.D.

N.D.

82.4 ± 3.2

3.1 ± 0.51

0.22 ±

0.061 ±

0.024 ±

0.044 ±

0.07

0.005

0.002

0.005

853 ± 69

95 ± 8

0.095 ±

0.061 ±

0.027

0.017

0.52 ±
0.1

0.3 ± 0.09

collated from individual manuscripts and www.BRENDA-enzymes.org.

72

(mM)

Chapter 1 Introduction

The inferred catalytic mechanism of GlmU catalysed uridylyl transfer has been
extensively studied for several bacterial orthologues, primarily for the H. influenzae
enzyme, using structural biology and SDM studies. The proposed condensation of
UTP and GlcNAc-1P is thought to follow an ordered sequential mechanism (Scheme
5). The first substrate proposed to bind to the apoenzyme is UTP, which conserves
the active site in the open conformation. The binding of UTP is followed by GlcNAc1P, which is thought to elicit a conformation change that enables an environment for
catalysis to occur, upon binding of Mg2+ coordinated by Asp and Asn residues
(Asp102 or Asn227, H. influenzae GlmU). The phosphate group of GlcNAc-1P is
then proposed to attack the phosphorous atom of the α-phosphate of UTP, which is
stabilised by Arg and Lys residues (Arg15 or Lys22, H. influenzae GlmU), releasing
PPi and inversing the configuration of the α-phosphate225.
The selective advantage to bacteria, conferred by having both acetyltransferase and
pyrophosphorylase activities localised on the same polypeptide has yet to be
elucidated210.

In particular, there is no apparent requirement for a common

regulation of the two activities at the level of either transcription or translation. The
glmU gene is co-transcribed with glmS in E. coli, and has been reported to be
expressed at a high constitutive level regardless of growth conditions226. In addition,
studies into the reaction mechanisms of GlmU, utilising radiolabelled substrates, it
was demonstrated that GlcNAc-1P was released by the enzyme before being used
as a substrate for the second activity. In the same study, concentrations of GlcNAc1P were observed to accumulate after acetyl transfer and prior to uridylyl transfer209.
1.3.3 UDP-GlcNAc biosynthesis in eukaryotes
In eukaryotes, the pathway for UDP-GlcNAc biosynthesis is significantly different as
acetyl transfer occurs on GlcN-6P and not GlcN-1P and, most importantly,
acetyltransferase and uridylyltransferase activities are carried out by two distinct
monofunctional enzymes (Scheme 6). In mammalian cells, the GlmS equivalent,
known as, glutamine: fructose-6-P amidotransferase (GFAT), is an insulin-regulated
enzyme that controls the flux of glucose into the hexosamine pathway227. GFAT is
280 kDa in size, and it is composed of four subunits; it belongs to the Ntnamidotransferase family and possesses a Cys1 residue, as does the E. coli GlmS228.
GFAT is subject to allosteric regulation by UDP-GlcNAc and can also be regulated,
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via product inhibition, by GlcN-6P.

In mammals, the pyrophosphorylases that

condense UTP and GlcNAc-1P, are two isoforms of the same enzyme, known as
AGX1 (pdf 1JV1) and AGX2 (pdf 1JVD)229. These enzymes are comprised of a large
central core, flanked by two smaller extra domains, referred to as the N- and Cterminal domains. The central core domain comprises α/β structure arranged in a
domain resembling the nucleotide binding Rossmann fold. The C-terminal domain
of both enzymes contribute the majority of the interactions in formation of a
catalytically active dimer.

The AGX fold shares significant homology with the

pyrophosphorylases, including GlmU, as well as Glc-1P thymidylyltransferase
(RmlA) and CAMP-acylneuraminate (CAMP-NeuAc) synthetase230. The homologies
between these enzymes are mainly centred on the Rossmann fold-like domains of
the aforementioned enzymes, however, there are similarities beyond this domain.
The long helix at the start of the C-terminal domain of AGX1/2 corresponds to the
long helical arm that connects N- and C-terminal domains of GlmU229. In humans,
N-acetylation of GlcN-6P to form GlcNAc-6P is carried out by the enzyme GlcN-6P
N-acetyltransferase 1 (GNA1), which is an amino sugar N-acetyltransferase member
of the GNAT superfamily231. The human enzyme involved in the conversion of
GlcNAc-6P to GlcNAc-1P is a phosphoglucomutases, N-acetylglucosaminephosphate mutase (either AGM1 or PGM3)232,233.

Scheme 6. Formation of UDP-GlcNAc from Fruf-6P and ʟ-Gln, in eukaryotes.
The biosynthetic pathway of UDP-GlcNAc formation in eukaryotes. The main
difference between mammals and yeast is the exchange of AGX1/2 for UAP1.
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In yeast, such as Saccharomyces cerevisiae and Candida albicans, the hexosamine
metabolism has also been well studied and the four different enzymes involved in
this pathway have been shown to be essential for cell viability234. The first reaction
that leads to the formation of GlcN-6P from Fruf-6P, is catalysed by GFA1, which is
a homo-tetramer of 80 kDa235,236. The second step is the N-acetylation of GlcN-6P
by the GNA1 acetyltransferase to yield GlcNAc-6P237. The GNA1 is a member of the
GNAT superfamily of acetyltransferases and has a three-dimensional structure that
is comprised of a dimer of two identical subunits (pdf 1I21)238. The sequence
similarity of GNA1 between S. cerevisiae and C. albicans is 44% and there is limited
sequence similarity to GlmU234. The next step of UDP-GlcNAc biosynthesis is the
isomerisation of GlcNAc-6P to GlcNAc-1P by AGM1, which is a 60 kDa GlcNAc
phosphate mutase enzyme (pdb 2DKC)239.

The final step in the UDP-GlcNAc

biosynthetic pathways is the uridylylation of GlcNAc-1P by the enzyme UDP-Nacetylglucosamine-pyrophosphorylase (UAP1)240. The crystal structure of the C.
albicans enzyme has been solved recently (pdb 2YQC)241, which revealed a high
degree of homology with the human and Mus musculus homologues.
1.3.4 M. tuberculosis GlmU
Sequencing of the M. tuberculosis H37Rv genome was completed in 1998, which
allowed initial classification and annotation of the 4000 genes identified242, followed
by re-annotation in 2002243. GlmU was initially identified as being encoded by the M.
tuberculosis Rv1018c gene and was subsequently cloned, expressed and purified in
E. coli BL21(DE3) cells244. The purified protein from the aforementioned study was
characterised with both acetyltransferase and uridylyltransferase activities identified.
The three-dimensional structure of M. tuberculosis GlmU was determined in 2009,
revealing a homo-trimer that shared a high degree of similarity with the previously
determined structures for S. pneumoniae, E. coli and H. influenzae GlmU (Figure 13).
To successfully crystallise the GlmU polypeptide, it has previously been speculated
that it was necessary to co-crystallise the enzyme with either UDP-GlcNAc or AcCoA, which are believed to stabilise the N- and C-terminal domains, respectively245.
The quaternary structure of GlmU in solution was confirmed as a homo-trimer
utilising dynamic light scattering and analytical gel filtration experiments.
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Figure 13. First reported structure of M. tuberculosis GlmU.
This figure depicts the M. tuberculosis GlmU (pdb 3DV8) quaternary structure. Each
monomer is displayed as a cartoon representation of the secondary structure. (A)
The GlmU monomer, showing a distinct two domain organisation on the polypeptide.
The N-terminal domain is a nucleotide-binding Rossmann fold, while the C-terminal
is a LβH fold. (B) A side view of the GlmU trimer, which shows the organisation of
the three monomers around a threefold axis of symmetry. In addition, the extraterminal region of each C-terminal monomer can be seen folding around the
neighbouring partner in the trimer.
The C-terminal domain (residues 263-478) is comprised of LβH structure, with
repeating isoleucine-rich hexapeptide motifs arranged as a triangular prism with a
diameter of about 17 Å. The interior of the LβH is comprised of mainly hydrophobic
residues, generally arranged in stacks of aliphatic or aromatic residues, which results
in a long, narrow channel, aligned with the helix axis, measuring 2 - 3 Å. A cacodylate
ion was observed on the threefold trimer axis, coordinated by Arg323 from each
monomer. The Ac-CoA binding site is defined by the outer faces of two adjacent
LβH domains, including an external, mobile loop that interrupts the eighth helical coil
of one domain and a C-terminal tail donated by the third monomer of the trimer. The
M. tuberculosis GlmU C-terminal domain has a C-terminal extension, comprising of
two α-helices, which are linked by a series of β-turns. This C-terminal extension,
which is 30-residues in length, differentiates M. tuberculosis GlmU from its
orthologues, as it is significantly longer and is postulated to provide additional
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stability to both the trimer and Ac-CoA binding site215 (Figure 13 (B)).

The

acetyltransferase domain stabilises the polar groups of Ac-CoA with hydrogen bonds,
in addition to making hydrophobic interactions with the large carbon chain of the
cofactor. The adenine ring of Ac-CoA is bound by hydrogen bonds made with Ala434,
as well as stabilisation by hydrophobic interactions by Ala451 and Val449. Further
hydrogen bonds with Ser416, Trp460 and Lys464 are proposed to stabilise Ac-CoA,
in addition to hydrophobic contacts with Gly390 and Val396. The thiol of Ac-CoA is
stabilised by hydrogen bonds to Ala391 and Ser416. The aforementioned mobile
loop contributes Tyr398 to the Ac-CoA binding site, which interacts with the acetyl
and amino group of Ac-CoA.

The proposed catalytic mechanism is like S.

pneumoniae, E. coli and H. influenzae GlmU, in that the conserved active site His
(His374, M. tuberculosis GlmU) deprotonates the amine group of GlcN-1P, followed
by subsequent nucleophilic attack on the carbonyl carbon of Ac-CoA.

The

tetrahedral intermediate is then postulated to be stabilised by either an oxyanion Ala
or Ser residue (Ala391 or Ser416, M. tuberculosis GlmU)245.
The two domains are joined by a long α-helical arm of 22 residues, suggesting that
GlmU evolved by fusion of an uridylyltransferase- and an acetyltransferase-encoding
gene.
The N-terminal domain of M. tuberculosis GlmU shares a high degree of similarity
with the uridylyltransferase domain of S. pneumoniae GlmU.

The apoenzyme

structure of M. tuberculosis GlmU reveals that the GlcNAc binding site of the
uridylyltransferase domain is in a closed conformation. The holoenzyme structure
with UDP-GlcNAc bound is very similar to the conformations observed in the S.
pneumoniae GlmU structure. The alternate holoenzyme structure with GlcNAc-1P
bound confirms that the interactions made with the GlcNAc moiety drive binding and
the subsequent orientation in the uridylyltransferase active site. The later liganded
M. tuberculosis GlmU structure led to the proposal that the order of substrate binding
is UTP first, followed by GlcNAc-1P. The uridylyltransferase reaction mechanism is
proposed to proceed after GlcNAc1-P binding, when the phosphate O atom initiates
a nucleophilic attack on the α-phosphate of UTP, followed by a pentacoordinate
intermediate at the α-phosphate of UTP stabilised by the Mg2+ ion. The final steps
are believed to include the inversion of stereochemistry at the α-phosphate, UTP
hydrolysis and release of PPi. The uridylyltransferase active site Mg2+ is proposed to
fulfil several roles in catalysis, including enforcement of the appropriate geometry for
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catalysis through its octahedral coordination, polarisation of the P—O bond of the αphosphate of UTP, which activates the phosphorus for nucleophilic attack and finally,
to balance the negative charge of the transition state. There have been reports that
the N-terminal domain of M. tuberculosis GlmU utilises two Mg2+ ions per active site,
whereby Mg2+A enables nucleophilic activation and Mg2+B subsequently stabilises the
transition state246,247. The Arg19 residue in the uridylyltransferase active site is
important for the proposed catalytic mechanism as this residue is believed to bind
the α-phosphate or the β-phosphate of UTP prior to the reaction.

This Arg19

interaction would stabilise the phosphate charge and directing it away from the site
to be occupied by GlcNAc-1P, leaving the α-phosphate open to direct attack from
GlcNAc-1P215.
1.3.5 M. tuberculosis GlmU essentiality
In order to identify conditionally essential genes in mycobacteria, Sassetti, et al. in
2001, developed a new technique, transposon site hybridisation (TraSH), which
allows rapid functional characterisation by identifying the complete set of genes
required for growth under different conditions248. Transposons are mobile DNA,
genetic elements, that can change position within the genome and were first
identified over seventy years ago by Barbara McClintock, who was awarded the
Nobel Prize in 1983 for this discovery249. Transposition of these mobile genetic
elements can create or reverse mutations, which alters the cell’s genetic identity and
genome size. Transposons have subsequently been used to develop techniques to
identify essential and pathogenicity-related genes in microorganisms250. TraSH is a
combination of transposon mutagenesis and microarray hybridisation, which is a
technique that relies on hybridisation between two DNA strands. The probe DNA
strands are immobilised on a small chip and subsequently hybridise target cDNA or
cRNA. Probe-target hybridisation is detected and quantified by detection of either
fluorophore-, silver- or chemiluminescence-labelled targets to determine relative
abundance of nucleic acid sequences. The application of TraSH requires the use of
a delivery system, such as a bacteriophage, in addition to a transposase gene, for
instance Sassetti et al. used the C9 Himar1 gene. Subsequently, large and diverse
libraries of transposon insertion mutants are then generated in the target
microorganism. Previous studies have shown that transposition is relatively random
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aside from a requirement for the dinucleotide TA, which, for most mycobacteria
genomes, would lead to saturating mutagenesis (Figure 14).
Transposon site hybridisation mutagenesis studies by Sassetti, et al. in 2003, to
identify genes required for mycobacterial growth. This study identified genes that
were subsequently assigned to essential pathways, where possible, as well as those
that had unknown function. There were ten genes that were assigned to the M.
tuberculosis peptidoglycan biosynthesis pathway and seven of these were identified
as essential, including GlmU251. To confirm the TraSH study findings, analysis of the
genes that were identified as essential were compared to the orthologous
mycobacteria, Mycobacterium leprae, the causative agent of Leprosy. M. leprae has
undergone reductive evolution, leading to a much-reduced genome consisting of
orthologues of 40% of the functional genes found in the M. tuberculosis genome252.
Most of the genes identified as being essential for M. tuberculosis were conserved
in the degenerate genome of M. leprae, suggesting that non-essential functions have
been selectively lost since divergence of the two species.

Figure 14. TraSH schematic.

The TraSH studies were followed by targeted, GlmU-specific studies carried out to
investigate the essentiality of glmU for the growth of the M. tuberculosis orthologue,
Mycobacterium smegmatis, which is often used as a surrogate for other
mycobacteria, as it is both a “fast-grower” and non-pathogenic253. The M. smegmatis
glmU gene was knocked out and growth was only observed in the presence of a
temperature-dependent rescue plasmid coding for M. tuberculosis glmU. As the
temperature of the growth conditions were altered, the transcription of glmU was
reduced, leading to a reduction of the total amount of GlmU and a dramatic change
in the morphology of M. smegmatis244.
Recently, homologous recombination studies of glmU in M. tuberculosis
demonstrated that both the acetyltransferase and uridylyltransferase activities of
GlmU, through incorporation of K26A and H374A active site mutations, are
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independently essential for bacterial survival in vitro. Additionally, GlmU depletion
resulted in compromised survival of M. tuberculosis both ex vivo in a THP-1 cellular
infection model, as well as in vivo in a guinea pig infection model254. During the THP1 infection study, the impact of GlmU depletion was evident after 24 hrs and led to a
significant reduction in survival of the pathogen 48 hrs post-infection. The in vivo
guinea pig infection study highlighted that GlmU depletion prevented detection of M.
tuberculosis upon doxycycline treatment, whereas discrete bacilli were observed in
the control conditions. The pathology of the guinea pig lungs, upon termination of
the study, displayed significant differences between the control and the GlmU
depleted infections. Considerable granulomatous architecture was observed for the
control infection and normal lung parenchyma observed for the M. tuberculosis GlmU
mutant254. Scanning electron microscopy of M. tuberculosis bacilli depleted of GlmU
in the study carried out by Soni et al. in 2015, displayed a similar deformed
morphology to the GlmU mutated M. smegmatis bacilli observed by Zhang et al. in
the aforementioned 2008 study244,254.
In the past decade several independent, transposon insertion studies, using more
sophisticated deep sequencing methodologies have been carried out to better
characterise and understand the original TraSH study data presented by Sassetti, et
al. in 2003. Deep sequencing is a next-generation sequencing (NGS) technique that
is used to sequence a genomic region multiple times to detect small differences.
These deep sequencing techniques, along with increased levels of transposon
insertion saturation, have allowed greater understanding of sequence preference for
transposon insertion. The application of the deep sequencing of transposon (Tn)
insertion (TnSeq) approach, has allowed the assessment of the essentiality for M.
tuberculosis growth of a comprehensive set of small genomic regions, including small
ORFs, promoters, and small (noncoding) RNAs (sRNAs). These studies have all
independently identified, and confirmed, that glmU is an essential gene for M.
tuberculosis growth255-257.
The results of the studies reviewed within this section, taken collectively, provide
strong evidence that the glmU gene and both catalytic activities of the transcribed
enzyme are essential for M. tuberculosis growth. Furthermore, to confirm these
observations,

site

directed

mutations

in

both

the

acetyltransferase

and

uridylyltransferase active sites, described in Section 1.3.4, have been shown to
inactivate the respective catalytic activities of GlmU.
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1.4 Anti-bacterial drug discovery
1.4.1 A history of antibiotic drug discovery
The discovery of novel pharmacologically active chemical substances has long been
an arduous, protracted and invariably expensive interdisciplinary endeavour.
Pharmacologically active chemical substances or novel molecular entities (NMEs),
better known today as drugs, have been researched in earnest for over a century,
ultimately culminating in the approval for use in USA of over 1453 (as of 2013) NMEs
by the US Federal Food and Drug Administration (FDA)258. The years since 2013
have been particularly productive for NME approvals by the US FDA, with an average
of 43 drugs approved per year over the five year period259. This increase in approvals
has come at significant cost, which has been well documented260, and is frequently
reported as a decrease in productivity per billion US$ spent on pharmaceutical
research and development (R&D)261.

The decrease in pharmaceutical R&D

productivity has come at a time when the approaches available to find novel chemical
entities (NCEs) are, arguably more plentiful than ever before.

In addition, the

subsequent mechanisms to either inhibit or activate the drug target of interest are
increasingly more innovative, for example the recruitment of the cellular protein
degradation machinery to remove a protein of interest using bivalent small molecules
known as proteolysis-targeting chimeras (PROTACs)262.

Figure 15. Structures of the early antibiotics.
The growth of several large pharmaceutical companies in the mid-twentieth century,
was due to the need for industrial partners to help scale the production of penicillin,
81

Chapter 1 Introduction

one of the first antibiotics. The first antibiotics, originally known as “chemotherapy”,
arsphenamine (Salvarsan) and neoarsphenamine (Neosalvarsan) were discovered
by Paul Ehrlich, at the beginning of the twentieth century, to treat the bacterium
Treponema pallidum, the causative agent of syphilis (Figure 15 (A-B)).

These

arsenic-containing antibiotics were the products of Ehrlich’s search for “magic bullets”
that would attack the parasite while sparing the host263. Ehrlich was one of the first
to describe the idea of receptors based on his interest in the immunology and
chemotherapy of infectious diseases. His idea was that bacterial toxins combine
with nutrient-capturing structures of cells, known as “sidechains”, which
subsequently starved them. The cells respond by making more of these sidechains,
some of which escape into the circulation as “antibodies” that combine with the toxin
and make it harmless264. Paul Ehrlich was awarded the Nobel Prize for Physiology
or Medicine in 1908, primarily for his work on both anti-diphtheria serum, as well as
his discovery of Salvarsan265. Ehrlich’s discovery led to systematic screening of
thousands of drug-like molecules at the German chemical company IG Farben (a
legacy conglomerate that included Bayer AG), which led to the discovery of the
antibiotic Prontosil (sulfamidochrysoïdine) by Gerhard Domagk, a German
bacteriologist who was awarded the Nobel Prize in 1939266 (Figure 15 (C)). The
famous discovery of penicillin by Alexander Fleming and the subsequent work by
Howard Florey and Ernst Chain, who developed the use of penicillin for medical
applications, was recognised by the award of a joint Nobel Prize for Medicine in
1945267 (Figure 15 (D)). The initial discovery of penicillin was in 1929 and by 1939 a
team including Florey and Chain, were able to isolate enough penicillin to carry out
a small clinical trial of the new antibiotic268,269. Due to World War II the British were
unable to scale the production of penicillin and sought help from the USA and the US
Department of Agriculture, where a team from the Northern Research Laboratory
optimised the production of the compound and with the help of industrial partners,
were able to produce enough of the antibiotic to satisfy the demands of the Allied
Armed Forces within two years. The industrial pharmaceutical companies involved
in the production of penicillin such as Merck (now Merck Sharp & Dohme or MSD),
Pfizer, Abbott Laboratories and Squibb (now Bristol Myers Squibb) all continued to
produce and sell the drug after World War II, starting what is known as the “Golden
Era” of antibiotics, which is the period between the 1950s and 1970s. This period,
further encouraged by Waksman’s discovery of Streptomycin, saw the exploitation
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of natural product scaffolds and alternative versions of the aforementioned antibiotics,
which were uncovered by mining the specialised metabolism of bacteria and fungi or
by the chemical modification of existing scaffolds. This period of antibiotic-wealth,
allowed researchers to shift their focus to other areas such as oncology, inflammation
and neurosciences, while physicians, aided by antibiotics, were able to pioneer
countless invasive surgeries, that today are viewed as routine procedures270. In
addition to the discovery of novel antibiotics from microorganisms, several
pharmaceutical companies utilised their microbiological capabilities to identify drugs
that exerted other pharmacological or chemotherapeutic properties, including
Lovastatin, a HMG-CoA reductase inhibitor and the immuno-suppressant
Cyclosporin A, which was discovered in 1972 during an antimicrobial screening
programme271.
There has been a recent renaissance in natural product drug identification, which
has culminated in the award of the 2015 Nobel Prize in Physiology or Medicine to
William C. Campbell and Satoshi Omura, for the discovery of the microbial natural
product avermectins, and to Youyou Tu, for the discovery of the plant natural product
artemisinin. The derivative of avermectins, ivermectin, have lowered the incidence
of the neglected tropical diseases onchocerciasis (also known as river blindness)
and lymphatic filariasis (also known as elephantiasis). Artemisinin has significantly
reduced the mortality rates for patients suffering from malaria and has an advantage
over other malarial drugs, as it has a rapid rate of kill at all life cycle stages of the
parasites272. In part, the advent of HTS and combinatorial compound synthesis has
seen many pharmaceutical companies significantly scale back or abandon natural
product screening. Additionally, issues with natural product compound collection
purity, storage and supply issues have also played a part in the down-prioritisation
of this drug discovery approach. However, recent advances in capabilities in the
following disciplines; microbial genomics and metagenomics, metabolomics,
synthetic biology, natural product biosynthesis, bioinformatics and analytical
technologies, has prompted a growth in the utilisation of natural products with an
increasing number of therapeutics in drug development, such as the anti-cancer
chemotherapeutic, monomethyl auristatin E, a synthetic analogue of dolastatin 10
from the sea hare Dolabella auricularia273.
The concept of target-based drug discovery is largely based on the inter-related
disciplines of receptor pharmacology and enzymology.
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characterisation of the enzyme carbonic anhydrase was first described in 1933, was
later followed, in 1949, by the discovery that sulphanilamide, the active metabolite of
the sulphonamide, Prontosil, inhibited this enzyme274,275. This discovery lead to both
better carbonic anhydrase inhibitors and the optimisation of the sulphanilamides as
drugs, which are still used today to treat conditions as diverse as type II diabetes
mellitus, edema and glaucoma276.
Receptor pharmacology was originally based on the early work of John N. Langley
and Paul Ehrlich and then later formalised by Alan J. Clark, who, in 1933, published
a book entitled “The Mode of Action of Drugs on Cells”, that quantified the
relationship between drugs and receptors277. The quantification of these interactions
were based on the mathematical approaches used in enzyme kinetics and based on
the simple premise that, for many drug-receptor interactions, the relationship
between drug concentration and biological effect followed a simple hyperbolic
function278. A seminal manuscript by Raymond P. Ahlquist, in 1948, divided the
adrenergic receptors, a class of G-protein coupled receptors (GPCRs), into the αand β-adrenoreceptor subtypes279.

The study presented in Ahlquist’s paper

thoroughly characterised the pharmacology of the adrenergic receptors in almost all
organs, which helped characterise the activity of several existing drugs and also
provided the basis of a large number of diverse future chemotherapeutics (over 117
approved agents by 2017), including β-blockers, β-agonists and benzodiazepines280.
1.4.2 Drug discovery strategies
1.4.2.1 High-throughput diversity screening
Rapid advances in genomic sciences, widespread DNA sequencing, molecular
biology, cell-based assays and combinatorial chemistry in the late-twentieth century
led to the industrialisation of the drug discovery process by the pharmaceutical
industry281-285. The combination of the advances in the aforementioned disciplines
in most pharmaceutical and biotechnology companies, and also to a lesser extent in
large universities and research institutes, was manifested in the application of highthroughput screening (HTS) to drug targets of interest.

The HTS concept is

essentially an “all-against-all” exercise, whereby a company or institute, will screen
a drug target of interest, be it either an isolated protein, cell line over-expressing the
target or a disease-specific primary cell, against their amassed collection of small
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molecules. The assays used for HTS vary depending on the nature of the drugtarget but in almost every case the intention is to apply the simplest, most robust and
cost-effective methodology, regardless of detection technology used286. The assay
is then used to screen a collection of compounds that can vary from thousands to
millions and which is intended to cover as much of the hypothesised “drug like”
chemical space as possible287. A HTS compound collection represents the chemical
history of company or institute, based on their historical portfolio of internal projects,
directed efforts to target small molecule libraries to specific areas of biological
relevance, and synthesis or acquisition based on chemical diversity and synthetic
tractability288.

The success of the HTS strategy, set against the backdrop of

decreasing pharmaceutical R&D productivity and increasing costs, has been
extensively debated with no consensus reached261,287.
An issue that has afflicted many HTS projects is an underlying false positive hit rate,
caused by nuisance or pan-assay interference compounds (PAINS)289.

These

PAINS molecules can be artefacts; their activity does not always depend on a
specific, drug-like interaction between molecule and protein. Nuisance compounds
have non-ideal reactivities that appear to be drug-like binding, which yields false
results across a broad cross section of assay technologies and drug targets. The
observations of Baell, et al. have prompted a number of measures across the drug
discovery community, including a set of guidelines from the American Chemical
Society (ACS)290.

At GSK, it has been necessary to employ a variety of filter

strategies: sub-structures for reactivity, desirability, stability, and true PAINS, as well
as molecular property, promiscuity (IFI), and sample provenance considerations291.
In addition to nuisance filters, GSK has also prepared a set of a thousand known
PAINS and other non-desirable molecules, termed the “nuisance set”, which is
screened prior to any hit identification screen to assess the susceptibility of both the
molecular target and the assay to PAINS molecules.
1.4.2.2 Mechanism-based and knowledge-based drug discovery
Increasingly it is has become apparent that the complexities of the mechanism of
action of the drug target of interest have been neglected in the reductionist HTS
approach. Enzymes have progressively become an important drug target class,
while enzyme inhibitors and inactivators now comprise roughly half of all marketed
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drugs and have transformed human medicine292,293. The discovery of the HIV-1
protease inhibitors, saquinivir and indinavir, by rational design drug design, greatly
contributed to the downgrading of HIV/AIDS from a fatal to a manageable disease294.
In essence, enzymes are dynamic proteins and throughout their catalytic cycle they
represent essentially different targets by consequence of the different substrate-,
intermediate or product-bound states295. However, it is rare for an enzyme target to
be thoroughly characterised, in terms of both the kinetic mechanism (the order of
substrate addition and product release) and the chemical mechanism of catalysis,
prior to initiation of inhibitor discovery projects296.

In neglecting to thoroughly

characterise the enzyme of interest, opportunities to rationally design substrate- or
product-based inhibitors are missed, generally due to time pressures and over
reliance on HTS or diversity compound screening. The failure to find progress-able
small molecule inhibitors from HTS has led to a reinvigoration of interest in enzyme
mechanistic studies, with many pharmaceutical and biotechnology companies
increasing their focus on using more physiologically relevant enzyme kinetic studies
during the lead identification and optimisation phases.

Generating further

information from enzyme inhibitor characterisation, such as measures of residence
time, in addition to the traditionally determined half-maximal inhibitory concentration
(IC50) values, are of interest297-299. To fully maximise the benefit of full mechanistic
characterisation of both the enzyme of interest and the subsequent inhibitors it is
essential to utilise this information in combination with the complimentary
approaches of biophysics and protein structural biology, to provide an integrated
pharmacological profile300. This detailed information can then be utilised effectively
to understand the translation of the pharmacological profile of the inhibitor into cellbased and phenotypic assays.
A natural progression of utilising increasing knowledge of the mechanism of drug
targets, and more specifically enzymes, is rational or knowledge-based inhibitor
design. This approach utilises knowledge of the specific chemical mechanism of the
enzyme of interest, which allows design of mimetics of either substrate, transitionstate or product inhibitors. Transition-state analogues, which are stabilised forms of
the enzymatic transition state, bind tightly and have been extensively studied for a
number of systems by Schramm, et al.301. The design of transition-state analogues
requires extensive use of kinetic isotope effects to isolate the contributions of specific
atoms in the substrate on the reaction rate, as well as both chemical and protein
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crystallography. The complexity and slow timelines for developing transition-state
analogue inhibitors has restricted this approach to academic studies, with few reports
of pharmaceutical or biotech company activity. There are many more reports of
inhibitory substrate analogues, from both industry and academia, with perhaps the
most successful examples being both the HIV aspartic and Renin protease
inhibitors302,303.
1.4.2.3 Compound binding-based drug discovery
Another widely used method form of rational drug discovery is the use of structurebased inhibitor design, which can effectively be utilised in tandem with small
molecule fragment-based screening (FBS)304.

FBS involves the utilisation of

sensitive biophysical techniques, such a surface plasmon resonance (SPR) or
isothermal calorimetry (iTC), to detect binding of small molecule fragments to the
protein of interest. Structural biology methods, such as X-ray crystallography or
Nuclear Magnetic Resonance (NMR) spectroscopy, can then be used to rationalise
compound binding and direct synthetic chemistry modifications to these small
fragments305. This approach can rapidly and efficiently increase compound affinity
for the protein target, while allowing other attributes of the small molecule, such as
physio-chemical properties, to be effectively controlled from an early stage. This
approach can be binding site agnostic, so increasing the chance of identifying novel
and potentially allosteric binding hot spots on the protein target. An example of a
successful fragment-based drug discovery project is a FBS for the M. tuberculosis
pantothenate synthetase, which used a multi-biophysical assay screening cascade
to initially screen in excess of a thousand fragments and triage these hits to identify
molecules that bound to three distinct sites on the enzyme306.
Another binding agnostic approach to drug discovery is a screening method known
as DNA-encoded library technology (ELT), which is based on a concept first
proposed in 1992307. This small molecule screening approach relies on the binding
of compounds to the protein of interest rather than competition with a known binding
partner or inhibition of an enzymatic activity. This allows the protein of interest to be
probed with the DNA-encoded compounds in a non-biased manner, which offers the
opportunity to identify novel compound binding sites. The ELT screening collection
is comprised of small molecules that are unique as each molecule carries a DNA
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sequence that specifically encodes its structure and serves as a template for its
amplification308. The GSK ELT libraries, known as DNA-encoded libraries or DELs,
were constructed using a combination of enzymatic and chemical synthesis in a splitand-pool format309. The DNA-encoded molecules are selected by binding to the
protein target of interest, which is immobilised on a solid-state matrix prior to
exposure to compounds. The compounds that bind to the protein, are then released
by protein denaturation and identified by DNA sequencing. The compounds of
interest identified from the DEL screening are then followed up by off-DNA chemical
synthesis and protein binding affinity characterised using either an orthogonal
biochemical or biophysical assay. At GSK, there are more than a hundred DELs,
which comprise of billions of unique molecules that have been generated from over
forty chemical reaction types. The optimisation of the ELT process has enabled
multiple proteins to be screened in parallel, which allows, for instance, potential drug
targets to be assessed for druggability. A recent study by Machutta, et al. used the
GSK collection of DELs to assess proteins from S. aureus, A. baumannii and M.
tuberculosis, to identify and prioritise the tractability of these potential drug targets310.
1.4.2.4 Focussed compound set-based drug discovery
A contrasting strategy to the full diversity, HTS approach is to utilise sets of
compounds that have been collated based on prior knowledge of either the drug
target of interest, or related proteins. The contrasting approach is known as focussed
screening and has been increasingly popular, due to improving computational
chemistry techniques, as well as maturing knowledge of small molecule interactions
with specific classes of drug targets, such as kinases, proteases and class A
GPCRs311. Indeed, several of these focussed sets of small molecules have been
made available to the wider scientific community by research institutes or companies,
including the Structural Genomics Consortium (SGC)312 and GSK. These sets are
targeted against either epigenetic reader domains or kinases, with the later known
as the “Published Kinase Inhibitor Set” (PKIS)313. As well as published focussed sets,
several groups have reported screening strategies using proprietary knowledgebased collections314. The main advantage of using the focussed set screening
strategy is that there are generally a much lower number of compounds than HTS
collections, which makes this a much more resource- and cost-effective approach.
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This can be particularly beneficial if the protein or cellular drug target is only available
in small amounts, due to either difficulty in preparing the screening reagents,
regulatory restrictions (such as higher biosafety levels) or cost.

The use of

increasingly complex cellular systems and more specifically either biologically
relevant human or bacterial assays, make the use of focussed compound screening
even more desirable.
As previously discussed, prior to the advent of the genomics era of the late twentieth
century, drug discovery was primarily carried out using phenotypic assays. Recently,
an analysis of FDA approvals between 1999 and 2008 demonstrated that phenotypic
screening delivered more first-in-class drugs than molecular target-based
approaches315. These data highlighted that phenotypic screening is gaining new
momentum in drug discovery and this approach may help bridge the gap between
R&D expenditure and productivity316.

It should be noted that the same study

highlighted that target based molecular screening strategies were more successful
for follower drugs.
1.4.2.5 Phenotypic-based drug discovery
The definition of phenotypic screening is the use of a biological system, for example
cells, tissue explant or whole organism, to identify small molecules that induce a
desired, observable outcome, such as inhibition of cellular proliferation, cell death,
induction of hormone secretion, amongst others. The benefit of utilising a phenotypic
screening approach is that one can directly assess a test compounds ability to
directly modulate a disease-relevant phenotype, for instance the up-regulation of an
anti-inflammatory cytokine, such as interleukin 10 (IL10) from a human T cell, or
activation of phagocytosis of bacteria by macrophages317,318. Phenotypic screening
is a step beyond the binding site agnostic approaches of FBD and ELT screening, it
is a black-box system, where the direct molecular target of the test compound is left
as an unknown variable (or the test compound may modulate multiple proteins, which
is known as network pharmacology or polypharmacology319)320. The rationale for the
current success of phenotypic screening is that the there is an unbiased identification
of either the pharmacologically relevant pathway, the molecular target, or both
leading to a more thorough understanding of the test compound mechanism of
action285.

In many cases, where novel inhibitors have been identified using a
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phenotypic screening approach and subsequently the molecular mode of action
(MMOA)

has

been

determined,

totally unprecedented mechanisms

were

characterised. A good example of this is the identification of a novel MMOA for
reduction of PCSK9 in Chinese Hamster Ovary (CHO) cells, whereby the hit
molecules were found to stall the ribosome in a gene-specific manner321.
The challenge for phenotypic drug discovery is whether to proceed without any
knowledge of the MMOA, or to deconvolute the screening assay to ascertain the
mechanism. The risks of proceeding without knowing the MMOA are difficulties
selecting clinical does, prediction of toxicity and understanding of on and off target
toxicity. There have been many advances in molecular technologies that can be
utilised to characterise the MMOA of novel inhibitors, such as chemoproteomics322,
genomics323 and metabolomics324. An example of the deconvolution of a phenotypic
screen to identify a novel MMOA, is from a screen to monitor overexpression of
apolipoprotein A1 (ApoA1), a major component of high-density lipoprotein (HDL),
from HepG2 cells, which identified novel small molecules325. The MMOA of these
molecules were subsequently identified, using a chemoproteomic approach, as
bromodomain with extra-terminal tail (BET) inhibitors326.
However, despite the risks associated, it is not essential to know the MMOA of a
phenotypically identified inhibitor while progressing through lead optimisation and
into drug development. Perhaps the most notable example of a drug discovered and
developed with knowledge of the MMOA is Aspirin, also known as acetylsalicylic acid,
which is a medication used to treat pain, fever or inflammation316. Acetylsalicylic acid
was discovered by chemists at Bayer in 1897 and subsequently marketed and sold
as Aspirin from 1899. However, the MMOA was only discovered in 1971, by John
Robert Vane (who was later awarded the Nobel Prize for his work327), who identified
that Aspirin suppressed the release of prostaglandins and thromboxanes, through
irreversible inhibition of the cyclooxygenase enzyme, COX-1. This identification of
the Aspirin MMOA was 72 years after the first drug was sold to patients and the full
mechanism is still not fully understood, as additional actions have been subsequently
identified328.
A disease translation challenge for phenotypic screening approaches is that the
assay used must predict the clinical therapeutic response to a drug with a specific
MMOA.

The disease translation of phenotypic assays for the oncology and

neuroscience therapeutic areas are difficult, mainly due to either the complexity and
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heterogeneity of most late stage cancers, or the lack of predictive animal models for
neuropsychological disorders.

In direct contrast, phenotypic drug discovery

approaches for infectious diseases where inhibition of the replication of bacteria,
viruses or parasites in an assay, often have a strong translation to anti-infective
activity in in vivo preclinical models.
1.4.2.6 Anti-infective phenotypic-based drug discovery
In recent years, there have been several reports of anti-infective HTS approaches,
where large collections of small molecules are screened using phenotypic assays
that monitor inhibition of growth of the test microorganism329. The nature of HTS
screening collections, numbering between one to two million compounds, present
several challenges, including the requirement of a high-throughput, microplate assay,
in addition to counter-screens to control for non-specific cytotoxicity. From 2008 to
2010, three research organisations, Novartis330, GSK331,332 and St. Jude’s Children’s
Research Hospital333 published the results of Plasmodium falciparum phenotypic
HTS drug discovery efforts, including compound structures, to provide novel starting
points for anti-malarial researchers. GSK have been prolific in making HTS derived
hit compound sets available to the wider scientific community334, publishing the
results of screens against M. tuberculosis335,336 and three kinetoplastid parasites
(Leishmania donovani, Trypanosoma cruzi and Trypanosoma brucei)337.
Phenotypic drug discovery for anti-mycobacterial inhibitors have been successful
recently, Bedaquiline (brand name SirturoTM, formerly TMC207), was first recognised
as a potential drug in a whole-cell M. tuberculosis H37Rv assay. This potential antimycobacterial activity was confirmed against a number of Mycobacterium species,
as well as drug-resistant strains of M. tuberculosis338.
The GSK anti-mycobacterial phenotypic screen was carried out in multiple phases;
first Mycobacterium bovis Bacillus Calmette-Guerin (BCG) was utilised to screen the
2 million compound GSK HTS collection at a single concentration to identify initial
hits. The aim of the project was to identify a collection of chemical starting points for
inhibition of M. tuberculosis growth.

Prior to initiating the HTS, the GSK team

screened a subset of the compound collection against both mycobacteria to validate
the use of the M. bovis BCG assay as a surrogate for M. tuberculosis H37Rv. The
data generated from the validation experiment were decidedly mixed, with only 55%
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of the M. bovis BCG hits (identified screening the subset at 10 µM of test compound)
able to inhibit M. tuberculosis growth. The validation experiment was also carried
out at 25 µM of test compound and 86% of M. bovis BCG hits were confirmed as
pan-active.

These data highlighted that the planned screening strategy would

identify a significant number of M. bovis BCG-only hits but the advantage of not
having to carry out the HTS at biocontainment level 3, was deemed to be the more
important factor. After the initial M. bovis BCG single concentration HTS and filtering
of hit compounds through several chemical and physiochemical filters, a set of 3509
compounds were identified for further testing. The next phase of the HTS project
was to, in parallel, determine IC50 values against M. bovis BCG and assess the
selectivity of these hits by testing dose responses of compounds in a human HepG2
(an immortalised liver cancer cell line) counter-screen. The final stage of the hit
discovery project was to test 777 M. bovis BCG, non-cytotoxic compounds in the M.
tuberculosis assay to determine minimum inhibitory concentrations (MIC).

The

research team ultimately shared a set of 177 compounds, that could be broadly
divided into seven chemical families, in Ballel, et al in 2013335. A further antimycobacterial HTS, utilising parallel testing of 254043 compounds in both M. bovis
BCG and M. tuberculosis assays was carried out. This screen identified an additional
set of 50 small molecules that were presented by Rebollo-Lopez et al. in 2015336.
The set of 227 M. tuberculosis inhibitors have subsequently been used as a focussed
small molecule set for target-based drug discovery to identify the molecular targets
for these hits. Two recent reports have identified the molecular targets of the 227 M.
tuberculosis “TB set” compounds; GSK3011724A was found to bind and inhibit βketoacyl synthase (KasA)339, while a sulfolane and two indoline-5-sulfonamides were
identified as tryptophan synthase inhibitors340. Additionally, an expanded collection
of M. tuberculosis compounds, known as the “TB box” set, which consists of 10 000
small molecules (based on a selection of compounds from the original, GSK M. bovis
BCG HTS) was screened in a modified M. bovis BCG assay, with inosine
monophosphate dehydrogenase (IMPDH) over-expressed. This cell-based, targetspecific screen identified seven inhibitors of the enzyme GuaB2 (Rv3411c), which is
the only catalytically active and essential M. tuberculosis IMPDH (essential by
TraSH)341.
The ongoing innovations and information sharing in anti-infective drug discovery are
urgently needed as TB, malaria, visceral leishmaniasis and Chagas disease, still
92

Chapter 1 Introduction

pose a threat to human lives, particularly in the developing world. The target product
profiles set out for the discovery and development of new drugs for TB are particularly
challenging. A new TB drug is required to shorten the duration of current treatment,
demonstrate efficacy against drug-sensitive and drug resistant strains and show
potential for use in drug combinations in developing countries342.
1.4.3 Antibiotics and antibiotic resistance
An overview of antibiotics and the bacterial mechanisms of resistance have
previously been discussed in Section 1.2.5, however the significance of this class of
therapeutics and specifically, the discovery of new drugs is an important issue facing
pharmaceutical R&D.

Antibiotic resistance has been an issue from the first

observations of the enzymatic degradation of penicillin343, to recent studies that have
shown the pathogenic bacteria, such as Enterobacteriaceae, which have become
resistant to natural product drugs but also semi-synthetic penicillins, cephalosporins
and newer carbapenems344. A review by Fischbach and Walsh, in 2009, classified
antibiotic-resistant pathogens into three groups, all of which are major threats to
public health. The first is methicillin-resistant S. aureus (MRSA), which is estimated
to cause roughly 19 000 deaths per year in the United States. MRSA infections are
estimated to cost to $3-4 billion per year and, in addition increases the likelihood of
vancomycin-resistance S. aureus (VRSA), which is just as deadly but more
challenging to treat. The second class was identified as multi-drug resistant (MDR)
and pan-drug-resistant (PDR) Gram-negative bacteria.

These pathogens that

include strains of A. baumannii, E. coli, K. pneumoniae, and P. aeruginosa are less
prevalent than MRSA, but pose threat of infections that are truly untreatable. MDR
and PDR Gram-negative bacteria are resistant to some or all the commonly used
antibiotics, including penicillins, cephalosporins, carbapenems, monobactams,
quinolones, aminoglycosides, tetracyclines, and polymyxins.

The final class of

antibiotic-resistant bacteria comprises of MDR- and XDR-TB, which have been
previously discussed as a rising health threat in the developing world345.
The cost of antibiotic resistance is huge, most importantly for human health and life
but also economically. There have been predictions that, in the next 30 years, 2.4
million people in the developed world will die from infections with resistant
microorganisms, which will cost up to US$3.5 billion per year. Furthermore, many
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low and middle-income countries already have high resistance rates, which are
predicted to increase disproportionately346. A recent study found that burden of
bacterial resistance infections is comparable to that of influenza, TB and HIV/AIDS
combined and worryingly, the study found that 39% of all these resistant infections
were caused by bacteria that could not be treated with even the last-line antibiotics347.
There is a clear and pressing need for new antibiotics.

There have been two

historical lines of antibiotic discovery, which have previously been discussed;
synthetic chemical efforts and isolation of new natural product scaffolds. A report
from a group at GSK in 2007 detailed the relative failure of 70 HTS drug discovery
projects, using a synthetic chemical collection, carried out on either individual targets,
complete macromolecular biosynthetic pathways or whole-cells.

The targets

selected by GSK were identified using a genomic approach, after detailed evaluation
of more than 300 genes348.

This report, which focussed on the advent of the

genomics-era in the late-twentieth century, provided a cautionary tale of an overreliance on new advances. In addition, in the two decades following the revolution
in target-based drug discovery, no new antibiotics have been discovered by this
approach. A later manuscript from AstraZeneca, detailing their anti-microbial drug
discovery efforts spanning the period between 2001 and 2010, which broadly
confirmed the findings of the GSK team. This review highlighted that although it was
possible to identify tractable chemical hits from target-based screens, the translation
of these hit molecules to leads, capable of inhibiting in vivo bacterial growth, proved
challenging349.
The target validation of potential bacterial targets for drug discovery has relied
heavily on genomic data, technology and innovation. The use of high-throughput
techniques that can create precise deletions at the genome scale that have been
used to identify essential genes in the following bacteria; B. subtilis350, E. coli351, S.
aureus352, P. aeruginosa353 and M. tuberculosis354.

The issue that has been

identified with these gene essentiality studies, is that these are dependent on the
growth conditions of the bacteria, as well as the genomic context can greatly
influence the dispensability of the corresponding gene355.
Strategies to identify new antibiotics have been proposed by several experts, with
some similar common themes. There is broad agreement that there is a requirement
for new drug discovery targets and novel chemical starting points, ideally based on
unprecedented compound scaffolds. There are many risks in progressing new anti94
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bacterial drug targets. The validation of novel targets must be thorough, ensuring
that a range of growth conditions are considered, and there has been great progress
in the fundamental biology research in academia, despite a continuing shortfall in
funding.

As well as thorough validation of novel drug targets in vivo, deep

biochemical characterisation of the purified protein prior to any hit identification
efforts.

An understanding of the complex mechanisms of existing antibiotics,

including the polypharmacology of compound classes such as the fluoroquinolones,
could inform future drug discovery efforts and the design of new inhibitors. A recent
study revealed previously unknown knowledge of the mechanism of an old antibiotic,
ᴅ-cycloserine (DCS), first discovered in 1954. The antibiotic was believed to inhibit
two sequential enzymes involved in the biosynthesis of peptidoglycan, Alr and
Ddl356,357. However, in 2013 researchers at the Francis Crick Institute demonstrated
that DCS is a time-dependent inhibitor of both M. tuberculosis and E. coli Ddl
enzymes358, while, in an additional study, DCS was recently shown to be
phosphorylated during inhibition of Ddl. These studies demonstrate there is still
much to learn about the mechanisms of even the most established antibiotics and
that novel observations can offer unique insights that can be utilised to develop new,
improved drugs359.
A greater understanding of the permeability of bacterial cell walls may inform
selection of compounds for screening based on the physical properties of known
antibiotics and chemicals that overcome these barriers. Natural product scaffolds do
not conform to the physio-chemical properties of conventional medicinal chemistry
but are able to penetrate bacterial cell barriers and interact with antibiotic targets.
There could be much to be learned from the better understanding of natural product
antibiotics that may inform the choice of synthetic chemicals for screening. Finally,
better prioritisation of potential antibiotic leads, prior to medicinal chemistry
optimisation is required. The conventional assays to monitor a molecules ability to
inhibit cell growth, leading to determination of an MIC, are simplistic and do not
correspond to more complex features of bacteria, such virulence factors and aspects
of metabolism270.
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1.4.4 The Tuberculosis drug discovery and development landscape
The WHO has called for a new global strategy for TB R&D, as the authors of the
2017 WHO report on Global Investments in TB R&D, state that complex research
endeavours are required to end the TB epidemic360. An estimate by the Stop TB
Partnership of an increase in investment of US$ 9 billion is required between 2016
and 2020. Indeed, the same partnership estimate a 5-year delay in TB R&D funding
could lead to an additional 8.4 million TB cases and 1.4 million TB deaths by 2030,
equating to incurred excess treatment costs of over US$ 5 billion. Shockingly, as
one of the leading drivers of antibiotic resistance, not investing in TB R&D now, will
ultimately lead to greater economic losses of in excess US$ 100 trillion by 2050.
The global TB R&D spend between 2005 and 2015 was US$ 6.3 billion, with an
overall increase in annual funding from US$ 358 million to US$ 620 million. However,
this expenditure on TB R&D was far from steady, with decreases in some years in
the aforementioned period, which highlights the unpredictability in funding. Most of
the TB R&D investment between 2005 and 2015 came from the public sector, with
the largest funders being the US National Institutes of Health (NIH) and the Bill and
Melinda Gates Foundation, who together contributed 37% of all money spent on
global TB research. Annual pharmaceutical industry investment in TB R&D peaked
at US$ 145 million in 2011 before falling to US$ 87 million in 2015. This decline in
TB R&D investment from the pharmaceutical industry has largely been due to the
withdrawal of major multinational companies such as Novartis, AstraZeneca and
Pfizer from active R&D between 2012-2014. Encouragingly, there has been a recent
increase in TB R&D investment with funding exceeding US$ 700 million in both 2016
and 2017361. However, this increase in investment is still only 35% of the annual
expenditure required to achieve the total investment of US$ 9 billion by 2025. The
current levels of investment, impacted by the decline of industry investment and flat
funding from public sector investors highlight the need for new resources in the TB
research field and the need to develop innovative, flexible and collaborative
mechanisms for advancing the science needed to end TB. There are learnings from
history that give hope in the fight against TB, specifically in the second half of the
twentieth century where the power of research to better public health was at its most
productive. TB research advanced rapidly progressed throughout the 1940s and
1950s, taking TB treatment from sanatoriums, which were medical facilities for long96
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term illnesses, into an antibiotic age362. As previously discussed in Section 1.1.6,
the introduction of multiple new antibiotics from the 1950s to the 1970s culminated
in the short-course DOTS combination chemotherapy that is still in use today. The
advances in anti-tubercular drug therapies were complemented by earlier
technologies, including the BCG vaccine363, which was introduced in 1921, and
diagnosis of TB through acid-fast sputum smear microscopy, developed in the late
nineteenth century364. TB research has contributed to biomedical science in many
ways, for instance the development of the BCG vaccine was one of the first
demonstrations of a powerful new technique for vaccine creation, known as
attenuation via serial passage365. The Medical Research Council (MRC) in the
United Kingdom was originally founded in 1901 to investigate the links between
human and animal TB366. In 1948, in another TB research contribution to medical
sciences, the MRC TB unit organised and carried out the world’s first randomised
and controlled drug trial, investigating streptomycin to treat TB367.
As outlined in Section 1.1.6, the majority of the drugs that are still used today as first
and second-line drugs were discovered in the 20 years after the approval of
streptomycin to treat TB368. The MRC TB unit in collaboration with the US Public
Health Service (USPHC) developed the current successful but flawed treatment
regimens that rely on drug combinations to decrease and control the emergence of
resistant strains of M. tuberculosis47. Counter-intuitively, TB research suffered for its
early success, with investments in R&D declining rapidly in the 1970s and 1980s,
culminating in the MRC and USPHS disbanding their TB research programs in
1986369. The funding for TB R&D declined almost to nothing in the late-1980s and
early-1990s with only modest annual NIH investments of US$ 1-2 million to individual
researchers370. The situation did not improve significantly until 2000, based on
reports of the global increase in incidences of TB cases and deaths (the spread of
HIV, especially in Africa and the emergence of MDR-TB)371, when the UN published
the millennium health goals and the creation of a global fund to fight HIV/AIDS, Tb
and Malaria11.
Today, TB drug discovery and development is more successful than at any point in
the previous 50 years with a number of new molecules and therapeutic combinations
in preclinical and clinical trials372. The first novel treatments since the release of
Ofloxacin in 1980, delamanid and bedaquiline, were approved for use as treatments
for drug resistant TB in 2012 and 2013373,374. These two drugs have been fast
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tracked with limited efficacy data and known serious safety issues, such as instances
of QT prolongation that can lead to abnormal and potentially fatal heart rhythm65.
The criteria for developing new TB drug candidates comprises a fully validated safety
profile, greater potency than existing treatments, inhibition against a new target, as
well as a compatibility with antiretroviral therapy (ART) and established or new TB
drugs. The aim is to shorten the duration of TB treatment, demonstrate effectiveness
against resistant strains of M. tuberculosis, enable co-treatment with patients also
infected with HIV and provide the opportunity for future novel drug regimens375.
Many of the drug candidates in clinical trials are repurposed molecules that are used
to treat other infectious diseases, such as fluoroquinolones, which are inhibitors of
DNA gyrase and DNA topoisomerase in many bacteria372. The other drugs in preclinical and clinical trials are new, TB-specific small molecules, many of which were
discovered as anti-mycobacterial agents and have novel mechanisms of action, such
as diarylquinoline (bedaquiline) that inhibits the c subunit of ATP synthase376.
Target-based TB drug discovery can be successful if the drug target of choice has
been shown to be essential for M. tuberculosis growth, such as the enzyme
decaprenylphosphoryl-D-ribose

oxidase

(DprE1)377

and

the

transporter

Mycobacterial membrane protein Large 3 (MmpL3), which mediates the transport of
substrates across the cell membrane378. The aforementioned targets have been
extensively studied and there are a number of diverse small molecule series that
have been identified as potential drugs, such as the benzothiazinones and diamine
derivatives379. This precedent offers the opportunity to screen other essential M.
tuberculosis proteins against targeted compound sets, in order to identify new
chemical starting points for these potential drug targets and then directly optimise
these molecules using target-based approaches-380.
1.4.5 GlmU drug discovery
The identification of attractive targets for antibacterial drug discovery requires
consideration of several criteria, which, while not guaranteeing success, may
mitigate any progression issues with the lead molecules selected. The main targetbased considerations are essentiality (at least in vitro), lack of close human
homologues and absence of target-based cross-resistance. GlmU is an attractive
antibiotic target, primarily due to its importance in bacterial cell wall biosynthesis, in
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addition to studies that have shown its essentiality in both M. tuberculosis and E. coli,
as well as the absence of any comparable enzymes in humans. There have been
several reports that have shown the success in targeting both domains of GlmU from
different bacteria, with small molecule inhibitors. A novel H. influenzae isoenzyme
inhibitor, with a relatively modest IC50 of 18 µM, was identified by a HTS of the Pfizer
compound collection targeting the uridylyltransferase domain and was later found to
bind, using X-ray crystallography, a previously undescribed allosteric site on the Nterminal domain(pdb 2W0V and 2W0W)214,225.

Figure 16. Exemplars of reported GlmU acetyltransferase inhibitor series.
Small molecule inhibitors of GlmU acetyltransferase activity of various isozymes. (A)
Three lead compounds from a screen carried out by Pereira, et al. against E. coli
GlmU381.
(B) GlmU acetyltransferase inhibitors identified by screening a
commercially available compound library (Chembridge) in two separate studies by
researchers at the CSIR-Indian Institute of Integrative Medicine382,383. (C) GlmU
acetyltransferase inhibitors identified by researchers at AZ and reported in three
separate manuscripts; (1)221, (2)384 and (3)385.
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Inhibitors of E. coli GlmU acetyltransferase were identified from a HTS of 50 000
small molecules, using a coupled, assay that monitored the release of PPi after
uridylyltransferase activity. This HTS identified an initial set of 63 hits, which upon
further deconvolution confirmed that 37 of these compounds were acetyltransferase
activity inhibitors. Subsequent confirmation screening and mode-of-inhibition studies
identified that the hit compounds were competitive with Ac-CoA and dependent on
the presence of GlcN-1P. These findings, for the E. coli isoenzyme, suggest that the
acetyltransferase kinetic mechanism progresses by initial binding of GlcN-1P,
followed by Ac-CoA, which is contrary to structural biology studies that proposed that
the mechanism follows the reverse order of substrate binding220. Kinetic mechanism
studies determined for the other GlmU orthologues confirm that the acetyltransferase
mechanism is ordered bi-bi, but the order of substrate binding agrees with the later
observation, which is Ac-CoA binding first followed by GlcN-1P. The authors of the
E. coli GlmU acetyltransferase HTS hit identification study stated that none of the
three lead compounds were able to inhibit growth of E. coli MC1061 in culture381
(Figure 16).
There have been further HTS studies, carried out by researchers at AstraZeneca,
probing the acetyltransferase of E. coli GlmU, which identified a series of inhibitors,
containing a sulphonamide group (Figure 16). The binding of these sulphonamidecontaining inhibitors to the Ac-CoA binding site were confirmed using several
biophysical techniques, including NMR and isothermal titration calorimetry.
Optimisation of the sulphonamide-containing inhibitors lead to a 300-fold increase in
potency of this chemical series against another Gram-negative GlmU, from H.
influenzae but remained weaker or inactive against Gram-positive isozymes, from S.
pneumoniae and S. aureus. The sulphonamide-containing inhibitors were shown to
be anti-microbial in a strain of H. influenzae, which was lacking its major efflux pump.
The inhibition of UDP-GlcNAc incorporation into bacterial macromolecules was
shown to be consistent with anti-microbial activity being caused by disruption of
peptidoglycan and fatty acid biosynthesis. However, anti-microbial activity against
wild type strains of H. influenzae and a strain of E. coli lacking its AcrB-TolC efflux
system suggested that the compounds were poorly cell permeably221.
In parallel, the research team at AstraZeneca, carried out a HTS against the
uridylyltransferase activity of H. influenzae, which identified an aminoquinazoline
inhibitor series.

This series of compounds were confirmed to be GlmU
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uridylyltransferase inhibitors using secondary assays and medicinal chemistry
optimisation led to several exemplar inhibitors that were equipotent against both H.
influenzae and E. coli isozymes. Structural biology studies using with H. influenzae
GlmU and aminoquinazoline inhibitors identified that this series of compounds
occupy the UTP binding pocket in the uridylyltransferase active site. These X-ray
crystallography experiments, in combination with enzymology and biophysical
studies confirmed that the aminoquinazoline inhibitors are UTP competitive. Antimicrobial studies to determine MIC values using aminoquinazoline compounds were
not successful using either the wild type H. influenzae and E. coli or the ArcB or TolC
efflux pump mutants of both species386. Subsequently the aminoquinazoline inhibitor
series were optimised through a combination of medicinal chemistry techniques,
including virtual screening, increased potency of these compounds 1000-fold but
failed to confer any significant anti-bacterial activity385.
As previously mentioned, Payne et al. published a review in 2007 of anti-bacterial
early drug discovery projects at GSK between 1995 and 2001. In this period 67 HTS
projects were carried out using the legacy SmithKline Beecham compound collection
(which consisted of 260,000 – 530,000 compounds) against several S. pneumoniae,
S. aureus and H. influenzae targets, which had previously been identified as
essential in vitro. As part of these extensive anti-bacterial drug discovery efforts,
both activities of S. aureus GlmU were explored through three separate HTS studies,
which included two acetyltransferase screens. The stated outcome of these HTS
projects was that no progress able hit compounds of either of the activities of S.
aureus GlmU were identified348.
There have been few M. tuberculosis GlmU inhibitor screening efforts and one study
identified hit compounds that inhibited acetyltransferase activity, with IC50 values
ranging from 9 to 70 µM.

Anti-bacterial activity of two lead compounds were

determined in both drug-susceptible and -resistant M. tuberculosis strains, as well as
showing increased MIC values in combination with rifampicin, isoniazid and
ethambutol. Further studies identified that one of the lead compounds was cytotoxic
in a eukaryotic cell line, while the other had previously been reported as an inhibitor
of a number of other M. tuberculosis enzymes382.
Structural alignments of the GlmU analogues revealed that the N-terminal domain
allosteric site identified from the H. influenzae isozyme was also present on the M.
tuberculosis protein.

Virtual screening identified a lead compound that was
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subsequently synthesised and shown to inhibit GlmU uridylyltransferase activity, as
well as stabilise the M. tuberculosis enzyme Tm in DSF biophysical studies. The M.
tuberculosis GlmU inhibitor was then shown to inhibit bacterial growth of the H37RV
strain and to a lesser extent an engineered bacterial cell line that over-expressed
GlmU. However, the allosteric M. tuberculosis GlmU inhibitor was shown to be
poorly efficacious and the study failed to show any additional related inhibitor studies
to support the observations made with the lead molecule254.
The M. tuberculosis GlmU protein prepared for this PhD project was included in a
large-scale ELT binding screen project against 161 proteins from A. baumannii, S.
aureus and M. tuberculosis. This study ranked GlmU as a low tractable drug target,
which was due to the low number of specific binding compounds identified.
Interestingly, a related LβH acyltransferase, LpxD from A. baumannii was ranked as
a tractable drug target and a novel chemical series was identified, which had in vitro
anti-bacterial inhibitor activity310. The M. tuberculosis GlmU ELT binding compounds
were followed up in an acetyltransferase activity assay and the results of this
experiment are presented in Chapter 5.
Collectively, the studies reviewed in this section, demonstrate that GlmU is an
attractive, broad-spectrum anti-bacterial drug target. The identification of a selection
of novel GlmU small molecule inhibitors, against both acetyltransferase and
uridylyltransferase activities, demonstrates that both active sites are moderately
druggable and once compound series are identified the potency can be optimised
through a range of medicinal chemistry approaches. The essentiality of both GlmU
enzyme activities in M. tuberculosis, E. coli and H. influenzae were confirmed by
novel, specific GlmU inhibitors. Inhibition studies using the aforementioned inhibitors
of either the GlmU acetyltransferase or uridylyltransferase functions led to in vitro
anti-bacterial activity. There are many other criteria that need to be satisfied before
GlmU is fully validated as a good anti-bacterial drug target. What remains to be fully
validated is the selectivity and safety of GlmU inhibitors in higher mammals and
humans. Additionally, the susceptibility of GlmU to target-based resistance and
subsequent rapid resistance selection has yet to be characterised. However, the
evidence presented in this section demonstrates that both the activities of GlmU are
essential, so targeting both functions may be a strategy to prevent antibiotic
resistance from active site mutations. In addition, the presence of one potential
allosteric binding site situated on the N-terminal domain of GlmU may provide an
102

Chapter 1 Introduction

opportunity to identify and optimise small molecules that elicit an inhibitory effect that
do not directly bind to the uridylyltransferase active site. This review of GlmU
inhibitors highlights that there are still chemistry challenges, which are universally
applicable to all antibiotics, including permeability of bacterial cells to small
molecules and, once these compounds are in the cell, avoiding bacterial efflux
pumps387-389.

1.5 Project aims and objectives
The central hypothesis of this project is that the acetyltransferase activity of GlmU is
essential for optimal M. tuberculosis growth.

The mechanism of GlmU

acetyltransferase activity has not been studied kinetically and there are many
unknown or unproven aspects, including, amongst others, the order of substrate of
binding and product release, and the identity of the key residues for binding and
catalysis. The initial aim of this project is to utilise, where possible, continuous assay
approaches to characterise both the kinetic and chemical mechanism of GlmU
catalysed acetyl transfer.

The further aim of this project is to utilise the

characterisation of the acetyltransferase activity to develop sensitive microplate
based, kinetic screening assays to identify GlmU inhibitors. The final aim of this
project is to utilise orthogonal approaches to confirm the GlmU hit compounds, prior
to assessment of these compounds as M. tuberculosis inhibitors. These main project
aims can be divided into three distinct segments of study that are detailed in the
following sections.
1.5.1 Characterisation of the kinetic mechanism of GlmU catalysed acetyl
transfer
The initial aim is to utilise the expression and purification methods previously
reported for GlmU and orthologues to produce soluble, full length protein. Purified
protein will then be quantified, prior to configuration of kinetic assays for both
acetyltransferase and uridylyltransferase activities and initial determination of
steady-state parameters for both functions of GlmU.

The role, specificity and

requirement for divalent metal ions during GlmU catalysed acetyl transfer will be
investigated. Initial velocity pattern studies will then be carried out to ascertain the
likely kinetic mechanism of GlmU acetyltransferase activity. The Ac-CoA and GlcN103
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1P substrate specificity will be assessed to understand the tolerances of the
acetyltransferase active site for close analogues. The acetyltransferase products will
be assessed to identify whether, at high concentration there is any inhibition of
catalysis. Product and dead-end substrate analogues will be utilised for inhibitor
pattern studies to ascertain the likely order of substrate binding and product release.
Finally, structural biology experiment using X-ray crystallography will be utilised to
compliment the kinetic studies and help elucidate the critical interactions made in a
dead-end mimic of the ternary complex.
1.5.2 Characterisation of the chemical mechanism of GlmU catalysed acetyl
transfer
The effect of varying pH on GlmU acetyltransferase Michealis-Menten kinetic
parameters, using a kinetic assay, will be studied to assess the role of general acidbase chemistry in catalysis and substrate recognition. To identify the ionisable
groups involved in GlmU acetyltransferase activity, 1D NMR studies will be carried
out to determine the pKa value of the GlcN-1P amine group under the standard kinetic
absorbance assay conditions, while varying the pH conditions.

Site-directed

mutagenesis studies will be carried out to investigate the effect of mutating important
acetyltransferase active site residues. The mutant GlmU enzymes will be assessed
by carrying out pH-rate studies to ascertain the effect on Michealis-Menten kinetic
parameters, when compared to the WT (WT) profiles. will allow identification of the
expression and purification methods previously reported for GlmU and orthologues
to produce soluble, full length protein. Finally, Solvent kinetic isotope effect studies
will be carried out to investigate the acetyl transfer chemical mechanism by
identifying whether 1H transfer is involved in catalysis, in addition to ascertaining
whether either the solvent, or exchangeable groups on either GlmU or the substrates
act as a 1H donor.
1.5.3 GlmU acetyltransferase small molecule inhibitor identification and hit
qualification
The characterisation of GlmU acetyltransferase activity will provide parameters for
the development of robust, sensitive microplate-based screening assays that will be
validated using GSK training small molecule sets.
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acetyltransferase assays intent will be used to screen small molecules form several
different compound collections, both diverse collections of non-targeted compounds,
in addition to focussed sets that have previously been shown to inhibit the growth of
M. tuberculosis.

Any hit compounds identified will be initially confirmed using

titrations of test small molecules to allow quantification and ranking of inhibition by
determination of IC50.

To further confirm inhibiting compounds, orthogonal

biophysical assays will be utilised to either monitor both enzymatic activities in a
label-free system or determine direct binding to GlmU. The direct label-free detection
of both enzymatic activities will be enabled by use of the Rapidfire high throughput
mass spectrometry methodology, while techniques such as Differential Scanning
Fluorimetry (DSF) and MicroScale Thermophoresis (MST) will be utilised for direct
binding studies. Finally, whole cell M. tuberculosis assays will be used to determine
MIC values for novel GlmU inhibitors identified in the previous screening studies.
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Materials & Methods

2.1 Materials
2.1.1 General materials
All chemicals were of analytical or reagent grade and were used without further
purification unless otherwise stated. All solutions were prepared using water from
an 18.2 MΩ·cm Milli-Q synthesis A10 Q-Gard system which was filtered through a
0.22 µm filter. CoA-SH thioesters, Glucosamine 1-phosphate, buffers, and all other
chemicals were of analytical or reagent grade and were purchased from either
Sigma-Aldrich or Fisher Scientific, unless otherwise stated. All chromatographic
columns were obtained from GE Healthcare.
2.1.2 UDP-Glucosamine preparation
UDP-Glucosamine (UDP-GlcN) was prepared by Martin Rejzek and Rob Field from
the Molecules from Nature laboratory, John Innes Centre, Norwich. The chemical
synthesis of UDP-GlcN was performed as published by Morais et al.390, with some
modifications, primarily, a change in the phosphorylation step was utilised. This
change replaced the use of butyllithium to deprotonate the hemiacetal 1, followed by
dibenzyl chlorophosphate, with the application of lithium diisopropylamide (LDA)
followed by the use of the commercially available tetrabenzyl pyrophosphate, to
generate dibenzylphosphate 2. The yield of UDP-GlcN was 82.0 mg, which was
obtained in the form of diammonium salt after a single-step purification in an overall
yield of 8.5% over seven synthetic steps.

The analytical data were in good

agreement with the literature precedent390.
2.1.3 Knowledge-based inhibitor design and preparation
Novel GlcN-1P analogues, modified at the C-2 amine position, based on the
proposed transition state, or simplified versions of the tetrahedral intermediate, were
designed.

Two GlcN-1P analogues, were designed to conserve some of the

interactions made by CoA-SH, GSK217A (sulfonamide) or GSK3536777A (truncated
CoA-SH sulfonamide). Three GlcNAc-1P analogues were designed to investigate
the consequence of varying amide substitution length and steric bulk; GSK436A,
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GSK017A and GSK930A. The final GlcNAc-1P analogue prepared was designed to
contain a truncate of the carbon backbone believed to be present in the tetrahedral
intermediate, GSK439A.

The chemical structures of these knowledge-based

inhibitors can be found in Figure 119. The design and synthesis of these novel GlcN1P analogues was carried out by Ben Whitehurst, a PhD candidate in the Department
of Pure and Applied Chemistry at the University of Strathclyde. The full synthetic
routes for the preparation of these molecules is detailed in Ben Whitehurst’s PhD
thesis, entitled, “Development of Novel Inhibitors of Carbohydrate-Processing
Targets Involved in Mycobacterium tuberculosis Cell Wall Biosynthesis”.

2.2 Methods
2.2.1 General methods and equipment
Sonication was used to lyse E. coli cells, prior to ultracentrifugation, during protein
purification, utilising a Sonics VCX750 Ultrasonic processor (Sonics & Materials Inc.)
equipped with a medium high gain probe. Cell pellet was resuspended by stirring in
a lysis buffer, then, while keeping the cell slurry on ice, sonicating for a total of 10
minutes, using cycles of 9 second pulses at 60 % amplitude, followed by 9 second
cooling period.
Ultracentrifugation was utilised, prior to chromatography steps during the protein
purification process, to remove unbroken cells, lipids, and particulate matter from the
lysate solution. Lysate was equally divided into 40 ml centrifuge tubes, which were
accurately balanced and added to an Avanti J-30I Ultracentrifuge (Beckman Coulter),
in a JA-30.50 rotor, before centrifugation at 100000 x g for 30 mins while constantly
maintaining the temperature at 4 °C. Subsequently, the clarified lysate was pooled
on ice, taking care not to disrupt the pelleted cell material.
All chromatography steps during the protein purification process were carried out at
4 °C using an ÄKTA purifier 100 (GE Healthcare) equipped with a FRAC 950 fraction
collector.
Chromatography fractions were assessed by sodium dodecyl sulfate-polyacrylamide
(SDS-PAGE) gel electrophoresis using a method derived from the original Laemmli
protocol were applied.53 Fractions, selected from chromatography traces where an
increase in the absorbance at 280 nm was observed, were added to a PCR plate
and

diluted

with

SDS-PAGE
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Tris(hydroxymethyl)aminomethane (Tris-HCl) (pH 6.8), 2 % SDS, 25 % glycerol, 100
mM Dithiothreitol (DTT), 0.1 % bromophenol blue], before incubation at 95 °C using
a heat block for 10 mins to denature the samples.
Denatured samples were added to 4-20% Tris-Glycine Mini SDS-PAGE gels (Novex),
submerged in Laemmli buffer and exposed to a constant voltage of 125 V, at 50 mA
for 40 mins using a XCell SureLock Mini-Cell System (Thermo Fisher). In order to
visualise protein molecular weight ranges during electrophoresis, SeeBlue® Plus2
Pre-Stained (Thermo Fisher) was added to the outermost wells of all gels. Following
electrophoresis, SDS-PAGE gels were stained, while gently shaking, for 10 mins with
Instantblue Coomassie reagent, before washing in H2O and gel image capture using
a G:Box Chemi XT Analyser (Syngene).
Non-reducing and native gel electrophoresis were used to analyse purified protein
products, to identify either the presence of disulphide linkages or higher order
oligomeric states, respectively. The non-reducing gel electrophoresis protocol is
very similar to the reducing gel method, with the notable omission of 100 mM DTT
from the SDS-PAGE sample buffer. The native gel electrophoresis protocol involved
5 µg of protein being prepared in Tris-Glycine native sample buffer [100 mM Tris-HCl
(pH 8.6), 10 % glycerol, 0.0025 % bromophenol blue] before loading on a 4-20%
Novex native PAGE gel (Thermo Fisher Scientific, cat. no. XP04200BOX) alongside
Native Mark standards (Life Technologies LC0725). The gel was loaded in a XCell
SureLock Mini-Cell System, submerged in Tris-Glycine native running buffer [25 mM
Trizma (Tris-base) (pH 8.3), 192 mM Glycine] and exposed to a constant voltage of
125 V, at 50 mA for 2.5 hrs, at 4 °C.
Protein concentrations of homogeneous preparations were measured using the
Bradford colorimetric protein assay391. Pooled SDS-PAGE fractions were titrated 1
in 2 from stock, in duplicate, leaving a final volume of 10 µl in a clear 96-well
microplate. A standard titration of bovine serum albumin (BSA) from 1 mg/ml to 0.2
mg/ml was added in 10 µl volumes, in duplicate, to the same microplate, as well as
10 µl duplicates of the protein storage buffer, followed by additions of 250 µl Pierce
Coomassie reagents to all sample containing wells on the test microplate. The 96well test microplate was then transferred to a SPECTRAmax Plus (Molecular
Devices) and absorbance measured at 595 nm. The absorbance at 595 nm of the
standard curve was fitted to a four-parameter quadratic curve fit and these data are
then used to calculate the protein concentration of the test samples. In the case that
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the pooled SDS-PAGE protein fractions concentration is in significantly in excess of
1 mg/ml, the test sample is then diluted 1 in 10 in storage buffer, prior to titration and
measurement of absorbance at 595 nm.
Protein, when necessary, was concentrated in Amicon Ultra filters with Ultracel-10
membranes (Merck Millipore) by centrifugation at 4000 rpm in an Eppendorf 5810R
centrifuge, while maintaining the temperature at 4 °C.

Samples were initially

centrifuged for 10 mins, before mixing by pipetting to ensure that protein doesn’t stick
to the membrane. The centrifugation and mixing cycle is then repeated until the
sample volume is reduced to a level corresponding to the desired concentration.
Purified GlmU was analysed by electrospray ionization mass spectrometry (ESI-MS)
for accurate determination of the monomer mass and peptide mass-fingerprinting
(PMF) to confirm protein identity.
All spectrophotometric and fluorescence assays were monitored at 30 °C using
Tecan Safire 2, Tecan M1000 Infinite or Tecan M1000 Infinite Pro quad4
monochromator-equipped microplate readers.

Prior to measurement of assay

signals on the aforementioned plate readers, microplates were spun at 1000 rpm for
1 min using an Eppendorf 5810R. Absorbance assays were carried out exclusively
in clear-bottom, black polystyrene, 384-well microplates (Greiner Bio-One cat. no.
781096), while fluorescence assays were performed in small volume, black
polystyrene, 384-well microplates (Greiner Bio-One cat. no. 784076).
Differential Scanning Fluorimetry (DSF) experiments were carried out using a Roche
LightCycler 480 II real-time polymerase chain reaction (RT-PCR) instrument
equipped with a 384-well thermal block and performed in sealed Accuflow Roche
480, white, PCR, 384-well microplates.
All concentrations of GlmU WT and SDM mutants reported are the final
concentrations used based on the molecular weight of the monomer.
To add reagents to microplates two liquid handlers were used, either the Multidrop
Micro (Thermo Fisher), which was utilised for bulk reagent additions while screening
small molecules, or the dragonfly discovery (TTP LabTech) that was employed for
titrations of aqueous reagents and detailed mechanistic studies.
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2.2.2 GlmU wild type plasmid preparation
The Rv1018c gene sequence from M. tuberculosis H37Rv was codon adapted for
optimal protein expression in E. coli, and its nucleotide sequence was synthetically
prepared and ligated into the pJ411 plasmid (DNA 2.0). The GlmU DNA sequence
was confirmed upon preparation and delivery to GSK by Sanger sequencing. Two
GlmU constructs were designed and prepared; one containing a N-terminal
hexahistidine affinity purification tag separated from the protein sequence by a
Tobacco Etch Virus (TEV) protease sequence and another construct with a Cterminal hexahistidine affinity purification tag preceded by a TEV protease sequence.
In order to confirm the DNA sequence, Sanger sequencing was used, utilising the
primers, which were produced by Sigma-Aldrich and prepared as 100 µM stocks in
RNAse free H2O, listed below:

GlmU 441 forward - ATTGCGACCCACCGTGCGG
GlmU 901 forward – TCGGCCGTGACACCGTGATT
GlmU 1320 forward – TTTGTTGCGCCGGTCACG
GlmU 441 reverse – CCGCACGGTGGGTCGCAAT
GlmU 901 reverse - AATCACGGTGTCACGGCCGA
GlmU 1320 reverse – CGTGACCGGCGCAACAAA

The above primers were diluted into 10 µM in RNAse free H2O and 1 µl added to 250
ng WT DNA and made up to 20 µl with RNase free H2O, in a 96-well microplate prior
to submission to the GSK sequencing group.
The E. coli codon optimised, GlmU DNA constructs with either N- or C-terminal
purification sequences are listed below:

GlmU N-terminal hexahistidine and TEV cleavage site, DNA sequence:

AGGAGGTAAAACATATGGCACATCATCACCACCACCACGCGGAGAACTTGTAT
TTTCAGGGCATGACATTCCCAGGTGACACAGCAGTTTTAGTATTAGCAGCAGG
TCCAGGTACACGCATGCGCAGCGATACCCCGAAAGTGCTGCATACGTTGGCG
GGTCGCAGCATGTTGAGCCACGTTCTGCACGCGATTGCCAAACTGGCTCCGC
AGCGTTTGATTGTTGTGCTGGGTCACGACCACCAACGTATTGCTCCGCTGGTT
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GGCGAGCTGGCGGATACCCTGGGCCGTACGATTGATGTTGCGCTGCAGGAT
CGTCCGCTGGGCACCGGCCATGCGGTCCTGTGCGGCCTGAGCGCGCTGCCG
GATGACTACGCCGGTAACGTCGTGGTGACGTCCGGTGATACCCCGTTGTTGG
ACGCGGACACCCTGGCCGACCTGATTGCGACCCACCGTGCGGTGAGCGCAG
CCGTGACCGTGCTGACTACCACCTTGGACGATCCGTTCGGCTACGGTCGTAT
TCTGCGCACGCAAGACCACGAAGTGATGGCAATCGTGGAGCAGACCGATGC
GACCCCGTCCCAGCGCGAAATCCGTGAGGTCAATGCCGGTGTCTATGCGTTT
GATATCGCAGCTCTGCGTTCTGCTCTGAGCCGTCTGTCCAGCAACAACGCGC
AGCAGGAGCTGTACCTGACCGATGTCATTGCGATCCTGCGTAGCGACGGTCA
AACCGTGCACGCTAGCCATGTCGACGACTCTGCACTGGTCGCGGGTGTGAAC
AATCGTGTTCAGTTGGCGGAGCTGGCATCCGAACTGAATCGCCGCGTTGTGG
CAGCGCACCAACTGGCGGGTGTCACCGTCGTGGACCCGGCGACTACGTGGA
TCGACGTTGACGTGACGATCGGCCGTGACACCGTGATTCACCCGGGTACCCA
GCTGCTGGGTCGTACGCAAATCGGCGGTCGTTGTGTGGTTGGTCCTGATACC
ACTCTGACCGACGTTGCAGTGGGTGACGGTGCGAGCGTTGTACGCACCCAC
GGCTCTAGCAGCAGCATTGGTGATGGTGCAGCCGTTGGCCCGTTTACGTATC
TGCGTCCGGGCACCGCGCTGGGTGCCGATGGTAAGCTGGGTGCGTTCGTCG
AAGTTAAGAATAGCACGATTGGCACCGGCACGAAAGTCCCGCATCTGACCTAT
GTTGGCGATGCAGATATCGGTGAGTACTCGAATATCGGCGCATCCAGCGTTTT
CGTCAACTACGACGGTACGAGCAAGCGTCGCACGACCGTTGGCAGCCATGTG
CGTACTGGCTCTGATACCATGTTTGTTGCGCCGGTCACGATCGGTGATGGCG
CTTATACGGGTGCCGGTACGGTGGTCCGTGAAGATGTCCCGCCAGGTGCGCT
GGCGGTTAGCGCTGGTCCGCAACGCAACATCGAGAACTGGGTTCAGCGTAAA
CGCCCTGGCAGCCCGGCAGCACAAGCCAGCAAGCGTGCGAGCGAAATGGCG
TGCCAGCAGCCGACCCAACCGCCGGACGCCGACCAAACCCCGTAACTCGAG

GlmU C-terminal hexahistidine and TEV cleavage site, DNA sequence:

AGGAGGTAAAACATATGACATTCCCAGGTGACACAGCAGTTTTAGTATTAGCA
GCAGGTCCAGGTACACGCATGCGCAGCGATACCCCGAAAGTGCTGCATACGT
TGGCGGGTCGCAGCATGTTGAGCCACGTTCTGCACGCGATTGCCAAACTGGC
TCCGCAGCGTTTGATTGTTGTGCTGGGTCACGACCACCAACGTATTGCTCCGC
TGGTTGGCGAGCTGGCGGATACCCTGGGCCGTACGATTGATGTTGCGCTGCA
GGATCGTCCGCTGGGCACCGGCCATGCGGTCCTGTGCGGCCTGAGCGCGCT
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GCCGGATGACTACGCCGGTAACGTCGTGGTGACGTCCGGTGATACCCCGTTG
TTGGACGCGGACACCCTGGCCGACCTGATTGCGACCCACCGTGCGGTGAGC
GCAGCCGTGACCGTGCTGACTACCACCTTGGACGATCCGTTCGGCTACGGTC
GTATTCTGCGCACGCAAGACCACGAAGTGATGGCAATCGTGGAGCAGACCGA
TGCGACCCCGTCCCAGCGCGAAATCCGTGAGGTCAATGCCGGTGTCTATGCG
TTTGATATCGCAGCTCTGCGTTCTGCTCTGAGCCGTCTGTCCAGCAACAACGC
GCAGCAGGAGCTGTACCTGACCGATGTCATTGCGATCCTGCGTAGCGACGGT
CAAACCGTGCACGCTAGCCATGTCGACGACTCTGCACTGGTCGCGGGTGTGA
ACAATCGTGTTCAGTTGGCGGAGCTGGCATCCGAACTGAATCGCCGCGTTGT
GGCAGCGCACCAACTGGCGGGTGTCACCGTCGTGGACCCGGCGACTACGTG
GATCGACGTTGACGTGACGATCGGCCGTGACACCGTGATTCACCCGGGTACC
CAGCTGCTGGGTCGTACGCAAATCGGCGGTCGTTGTGTGGTTGGTCCTGATA
CCACTCTGACCGACGTTGCAGTGGGTGACGGTGCGAGCGTTGTACGCACCCA
CGGCTCTAGCAGCAGCATTGGTGATGGTGCAGCCGTTGGCCCGTTTACGTAT
CTGCGTCCGGGCACCGCGCTGGGTGCCGATGGTAAGCTGGGTGCGTTCGTC
GAAGTTAAGAATAGCACGATTGGCACCGGCACGAAAGTCCCGCATCTGACCT
ATGTTGGCGATGCAGATATCGGTGAGTACTCGAATATCGGCGCATCCAGCGT
TTTCGTCAACTACGACGGTACGAGCAAGCGTCGCACGACCGTTGGCAGCCAT
GTGCGTACTGGCTCTGATACCATGTTTGTTGCGCCGGTCACGATCGGTGATG
GCGCTTATACGGGTGCCGGTACGGTGGTCCGTGAAGATGTCCCGCCAGGTG
CGCTGGCGGTTAGCGCTGGTCCGCAACGCAACATCGAGAACTGGGTTCAGC
GTAAACGCCCTGGCAGCCCGGCAGCACAAGCCAGCAAGCGTGCGAGCGAAA
TGGCGTGCCAGCAGCCGACCCAACCGCCGGACGCCGACCAAACCCCGGAGA
ATCTGTACTTTCAGGGTGCCCACCATCATCATCACCACGCGTAACTCGAG

The corresponding, predicted protein sequences for GlmU with either N- or Cterminal additions are listed below:

GlmU N-terminal hexahistidine and TEV cleavage site predicted protein sequence:
MAHHHHHHAE
VLGHDHQRIA
DLIATHRAVS
ALSRLSSNNA
TVVDPATTWI
AAVGPFTYLR
RTTVGSHVRT
KRASEMACQQ

NLYFQGMTFP
PLVGELADTL
AAVTVLTTTL
QQELYLTDVI
DVDVTIGRDT
PGTALGADGK
GSDTMFVAPV
PTQPPDADQT

GDTAVLVLAA
GRTIDVALQD
DDPFGYGRIL
AILRSDGQTV
VIHPGTQLLG
LGAFVEVKNS
TIGDGAYTGA
P

GPGTRMRSDT
RPLGTGHAVL
RTQDHEVMAI
HASHVDDSAL
RTQIGGRCVV
TIGTGTKVPH
GTVVREDVPP
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PKVLHTLAGR
CGLSALPDDY
VEQTDATPSQ
VAGVNNRVQL
GPDTTLTDVA
LTYVGDADIG
GALAVSAGPQ

SMLSHVLHAI
AGNVVVTSGD
REIREVNAGV
AELASELNRR
VGDGASVVRT
EYSNIGASSV
RNIENWVQRK

AKLAPQRLIV
TPLLDADTLA
YAFDIAALRS
VVAAHQLAGV
HGSSSSIGDG
FVNYDGTSKR
RPGSPAAQAS
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GlmU C-terminal hexahistidine and TEV cleavage site predicted protein sequence:
MTFPGDTAVL
ADTLGRTIDV
TTTLDDPFGY
TDVIAILRSD
GRDTVIHPGT
ADGKLGAFVE
VAPVTIGDGA
ADQTPENLYF

VLAAGPGTRM
ALQDRPLGTG
GRILRTQDHE
GQTVHASHVD
QLLGRTQIGG
VKNSTIGTGT
YTGAGTVVRE
QGAHHHHHHA

RSDTPKVLHT
HAVLCGLSAL
VMAIVEQTDA
DSALVAGVNN
RCVVGPDTTL
KVPHLTYVGD
DVPPGALAVS

LAGRSMLSHV
PDDYAGNVVV
TPSQREIREV
RVQLAELASE
TDVAVGDGAS
ADIGEYSNIG
AGPQRNIENW

LHAIAKLAPQ
TSGDTPLLDA
NAGVYAFDIA
LNRRVVAAHQ
VVRTHGSSSS
ASSVFVNYDG
VQRKRPGSPA

RLIVVLGHDH
DTLADLIATH
ALRSALSRLS
LAGVTVVDPA
IGDGAAVGPF
TSKRRTTVGS
AQASKRASEM

QRIAPLVGEL
RAVSAAVTVL
SNNAQQELYL
TTWIDVDVTI
TYLRPGTALG
HVRTGSDTMF
ACQQPTQPPD

2.2.3 GlmU wild type and H374A expression
GlmU wild type and H374A expression was carried out by using 1 µl of the desired
plasmid at 100 ng/µl to transform BL21(DE3)pLysS E. coli competent cells (Thermo
Fisher Scientific cat. no. C606003) at 25 °C for 10 mins, followed by a heat shock
step at 42 °C for 45 secs and then a further incubation step at 4 °C for 2 mins. The
transformants were then plated on kanamycin and 1% glucose containing LB agar
plates and incubated for 12 hours at 37 °C. Following the overnight incubation, two
colonies per plate were picked and used to inoculate two 200 ml flasks each filled
with 100 ml LB broth containing kanamycin and 1% glycerol.
GlmU wild type protein expression was carried out in BL21(DE3)pLysS cells, grown
in LB broth, supplemented with 1% glucose and 0.05 mg/ml kanamycin, at 37 °C
until an optical density at 600 nm of 0.5 – 0.8 was achieved. The temperature was
subsequently shifted to 25 ºC and the culture induced with 1 mM IPTG and then
incubated for a further 20 hrs at the National Institute for Medical Research (NIMR)
Large Scale Laboratory, using a 20-litre fermenter. A total yield of 120 g of cell pellet
were obtained in an overnight fermentation.
GlmU H374A cultures were incubated at 30 °C, while shaking at 200 rpm for 16 hours
before adding 20 mls to 2.5 L ultra-flasks, which contained 1 L of Turbo medium,
plus 1 ml of 50 mg/ml kanamycin, 1% glucose and 0.5 ml Antifoam. The ultra-flasks
were then incubated at 37 °C, while shaking at 200 rpm until an optical density at
600 nm of 0.5 – 0.8 was achieved and then inducing with the addition of 1 mM IPTG.
The absorbance of the induced cells was monitored until an optical density at 600
nm of 5.5 was achieved. The cultures were then harvested by centrifugation at 4000
x g for 20 mins while maintaining a temperature of 4 °C.
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2.2.4 GlmU WT protein purification

Figure 17. GlmU WT protein purification workflow.
This protein purification workflow was applied to four separate protein preparations;
one C-terminal hexahistidine GlmU, one N-terminal hexahistidine GlmU in the
absence of 10 mM MgCl2 and two N-terminal hexahistidine GlmU in the presence of
10 mM MgCl2. Details of the methods at each stage can be found in the method
section below.
Throughout the GlmU protein purification process, all steps were performed at 4 °C.
Frozen BL21(DE3)pLysS (pJ411::GlmU) cells were thawed on ice, and lysed by
sonication,

in

the

presence

of

lysis

buffer,

either

[25

mM

N-[2-

hydroxyethyl]piperazine-N′-[2-ethanesulfonic acid] (HEPES) at pH 7.5, 100 mM NaCl
and 1 mM EDTA], or [25 mM HEPES (pH 7.5), 100 mM NaCl, 10 mM MgCl2 and 1
mM EDTA], with both buffers supplemented with 10 mg/ml lysozyme, 1 µl/ml
benzonase and 1 ml/L protease inhibitor cocktail (Sigma Aldrich cat. no. P8340).
Soluble protein was separated from cell debris by ultracentrifugation at 100000 x g
for 60 min. The soluble fraction was loaded on to two in-line, 5 ml Ni-NTA columns
(GE Healthcare HisTRAP HP, cat. no. 17-5248-02) pre-equilibrated with 10 column
volumes at 5 ml min-1 of buffer A, either [25 mM HEPES (pH 7.5), 100 mM NaCl and
10 mM Imidazole], or [25 mM HEPES (pH 7.5), 100 mM NaCl, 10 mM MgCl2 and 10
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mM Imidazole]. The hexahistidine tagged protein was loaded onto the Ni-NTA
column at 1 ml min-1, followed by a column wash with 5 column volumes of buffer A.
The sample is then eluted at 1 ml min-1 using a two-phase gradient of buffer B, either
[25 mM HEPES (pH 7.5), 100 mM NaCl and 1 M Imidazole] or [25 mM HEPES (pH
7.5), 100 mM NaCl, 10 mM MgCl2 and 1 M Imidazole], with the first phase from 0 %
to 50% buffer B in 20 column volumes and the second phase, from 51 % to 100 %
buffer B covered in 10 column volumes. Fractions of 2 ml volumes were collected in
high volume, polypropylene, 96-well microplates (Nunc cat. no. 278743) and the
samples spanning the ÄKTA chromatograph A280 nm peak, were then analysed by
SDS−PAGE gel electrophoresis. The fractions containing only a single GlmU-sized
band were pooled together and loaded onto a HiTrap SP HP 5 ml ion exchange
column (GE Healthcare, cat. no. 17115201), pre-equilibrated with 30 column
volumes of buffer C, either [25 mM HEPES (pH 7.5)], or [25 mM HEPES (pH 7.5),
10 mM MgCl2] at 1 ml min-1. The protein was loaded onto the column at 0.5 ml min1

and subsequently eluted at 0.5 ml min-1 using a gradient from 0 % to 100 %, over

20 column volumes of buffer D, either [25 mM HEPES (pH 7.5), 1 M NaCl] or [25 mM
HEPES (pH 7.5), 10 mM MgCl2 and 1 M NaCl].

The fractions spanning the

chromatograph A280 nm peak, were then analysed by SDS−PAGE gel electrophoresis
and only those containing a single GlmU-sized band were selected and combined
for further purification. The pooled protein was loaded onto a 320 ml HiLoad 26/60
Superdex 200 prep grade column (GE Healthcare, cat. no. 17-1071-01) at 1 ml min1

using a 10 ml Superloop, which had previously been pre-equilibrated with 1.2

column volumes of buffer E, either [25 mM HEPES (pH 7.5), 100 mM NaCl] or [25
mM HEPES (pH 7.5), 10 mM MgCl2 and 100 mM NaCl]. The protein sample was
then eluted at 1 ml min-1 over 1.2 column volumes using buffer E and 2 ml fractions
were collected in high volume, polypropylene, 96-well microplates (Nunc cat. no.
278743). Fractions were selected that spanned the ÄKTA chromatograph A280 nm
peak and analysed by SDS-PAGE gel electrophoresis, with only the samples that
contained GlmU-sized, single bands combined.

In some cases, particularly for

structural biology studies, it was necessary to remove the hexahistidine tag from a
proportion of the semi-purified material, which was separated after the ion exchange
step. An aliquot of 10 mls of protein solution was combined with 100 µl of 10 mg/ml
TEV protease and incubated at 4 °C for 12 hours, while the solution was continuously
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mixed, before the aforementioned size exclusion chromatography process was
followed.
2.2.5 Site directed mutagenesis
The following mutations, GlmU R344A, GlmU K362A, GlmU H374A, GlmU Y377A
and GlmU N388A, were attempted using site-directed mutagenesis (SDM) of the WT
expression construct. The following mutagenesis primers were designed following
the instructions detailed in the Phusion (Thermo Scientific, cat. no. F-541) SDM
method, synthesised by Integrated DNA Technologies (IDT) and subsequently
prepared as 25 mM stocks in RNAse free H2O:

Primer sequences
R344A forward - CCGTTTACGTATCTGgccCCGGGCACCGCGCTG
R344A reverse - GCCAACGGCTGCACCATCACCAATGCTGCTGCT
K362A forward - GCGTTCGTCGAAGTTgccAATAGCACGATTGGC
K362A reverse - ACCCAGCTTACCATCGGCACCCAGCGCGGTGCC
H374A forward – GGCACGAAAGTCCCGgccCTGACCTATGTTGGC
H374A reverse – TTCGTCGAAGTTAAGAATAGCACGATTGGCACC
Y377A forward - AGTCCCGCATCTGACCgccGTTGGCGATGCAGA
Y377A reverse – TTCGTGCCGGTGCCAATCGTGCTATTCTTAACT
N388A forward - ATCGGTGAGTACTCGgccATCGGCGCATCCAGC
N388A reverse - ATCTGCATCGCCAACATAGGTCAGATGCGGGAC
Linear amplification for each mutant was carried out by adding 32 ng of WT plasmid
(stock concentration of 3.2 ng/µl) using 0.5 µM of phosphorylated SDM primer pairs
and 0.02 U/µl Phusion Hot Start II High-Fidelity DNA Polymerase (Thermo Scientific)
into a total volume of 50 µl. The PCR cycling protocol, carried out on a BioRad
C1000 Touch Thermal Cycler (BioRad), was one cycle of an initial denaturation at
98 °C for 30 s, followed by 25 cycles consisting of denaturation at 98 °C for 5 s,
annealing at 68 °C for 30 s and extension for 72 °C 30 s/kb. The final extension step
is carried out at 72 °C for 10 mins followed by an indefinite hold at 4 °C.
PCR success was assessed by agarose gel electrophoresis, which was carried out
by adding 5 µl of each of the PCR mixes to a E-Gel with SYBR Safe (Thermo
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Scientific) and the samples separated using the E-Gel iBase Power system (Thermo
Scientific) followed by image capture on a G-Box imager (Syngene).
The methylated WT template DNA was then degraded using an addition of 1 µl DpnI
(New England Biolabs, cat. no. R0176S) to the PCR mixes, followed by an incubation
at 37 °C for 60 mins.
Ligation reactions were carried out using 20 ng PCR product that was circularised
using 0.5 µl T4 DNA Ligase in a 10 µl reaction volume for 5 mins at 25 °C, followed
by storage at 4 °C.
Ligated SDM DNA was then used for transformation of One Shot chemically
competent TOP10 E. coli cells (Thermo Scientific cat. no. C404006). After addition
of 1 µl each of SDM DNA to 50 µl TOP10 E. coli cells, there was an incubation of 10
mins followed by a heat shock step at 42 °C for 45 s and then a further incubation
step at 4 °C for 2 mins. The cells were then added to 250 µl SOC medium and
incubated at 37 °C, while shaking, for one hour before adding 100 µl of competent
cells to Kanamycin containing LB agar plates. The agar plates were then incubated
for 12 hours at 37 °C before picking two colonies per SDM mutant and adding to two
separate 200 ml LB broths containing Kanamycin. The cells were incubated, with
vigorous shaking, for 12 hours at 37 °C and then harvested by centrifugation at 8000
rpm for 3 mins at 25 °C.
SDM DNA was then amplified using the Qaigen Miniprep kit following the QIAprep
Spin Miniprep and microcentrifuge protocol (Qaigen cat. no. 27106).
The DNA concentration of the SDM preparations was assessed using the NanoDrop
spectrophotomer (Thermo Scientific) by adding 1 µl and measuring the absorbance
of nucleic acids at 260 nm.
To confirm SDM DNA sequences, Sanger sequencing was used, utilising the
following primers which were previously used for WT DNA sequence confirmation:
Sequencing primer sequences
GlmU 901 forward - TCGGCCGTGACACCGTGATT
GlmU 1320 reverse - CGTGACCGGCGCAACAAA
The primers were then diluted into 10 µM in RNAse free H2O and 1 µl added to 250
ng SDM DNA and made up to 20 µl with RNase free H2O, in a 96-well microplate
prior to submission to the GSK sequencing group.
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2.2.6 GlmU H374A purification
The protein purification of GlmU H374A was carried out following a modified version
of the protocol used for the WT enzyme.

Figure 18. GlmU H374A protein purification workflow.
This protein purification workflow was applied to two separate protein preparations
of N-terminal hexahistidine GlmU H374A in the presence of 10 mM MgCl2. Details
of the methods at each stage can be found in the method section below. The ion
exchange and additional SEC steps (Figure 17) were omitted as the GlmU H374A
protein, post-SEC (1), had no contaminants.
Frozen BL21(DE3)pLysS (pJ411::GlmU H374A) cells were thawed on ice, and lysed
by sonication, in the presence of lysis buffer consisting of 25 mM HEPES (pH 7.5),
100 mM NaCl, 10 mM MgCl2 and 1 mM EDTA, supplemented with 10 mg/ml
lysozyme, 1 µl/ml benzonase and 1 ml/L protease inhibitor cocktail (Sigma Aldrich
cat. no. P8340). Soluble protein was obtained by centrifugation at 100000 x g at
4 °C for 60 min. The soluble fraction was loaded on to two in-line, 5 mL Ni-NTA
columns, pre-equilibrated with 10 column volumes of buffer A comprising of 25 mM
HEPES (pH 7.5), 100 mM NaCl, 10 mM MgCl2 and 10 mM Imidazole, at 3.5 ml min1.

The hexahistidine tagged protein was loaded onto the column at 1 ml min-1 and

then eluted using the same gradient as previously described for the WT protein of
buffer B comprising of 25 mM HEPES (pH 7.5), 100 mM NaCl, 10 mM MgCl2 and 1
M Imidazole. Fractions spanning the ÄKTA chromatograph A

280 nm

peak were

analysed by SDS−PAGE. Fractions containing only a single GlmU-sized band were
pooled together and loaded onto a 320 ml HiLoad 26/60 Superdex 200 prep grade
column, pre-equilibrated with size exclusion chromatography (SEC) buffer,
comprising of 25 mM HEPES (pH 7.5), 10 mM MgCl2 and 100 mM NaCl. The protein
was eluted at 1 ml min-1 over 1.2 column volumes using SEC buffer. Peak fractions
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were analysed by SDS-PAGE and only those containing GlmU were pooled together.
Hexahistidine tag removal was carried out on a proportion of the purified material,
which was separated after the affinity chromatography step. GlmU was incubated
with TEV protease at 4 °C overnight and then was loaded onto a 320 ml HiLoad
26/60 Superdex 200 prep grade column, prior to following the previously described
SEC elution protocol.

Purified GlmU H374A was analysed by SDS-PAGE gel

electrophoresis and electrospray ionization mass spectrometry (ESI-MS) for
accurate determination of the monomer mass.
2.2.7 Further GlmU SDM expression and purification
Expression and purification of the SDM mutants GlmU R344A, GlmU K362A and
GlmU Y377A was carried out using a high throughput, magnetic bead-based
methodology developed at GSK. To control for use of a novel protein purification
process, GlmU WT and GlmU H374A were prepared to allow comparison with
material prepared by the previously described column chromatography-based
methods. Frozen BL21(DE3) pLysS cells were thawed on ice and transferred, in 12
µl volume, to five wells of a 96-well PCR microplate, followed by addition of 50-100
ng of each of the SDM plasmids before leaving at 4 °C for 30 mins. The 96-wel PCR
microplate was then transferred to a PCR block and subjected to 42 °C, to heat shock
the cells for 1 min before putting the microplate back on ice for 2 mins. The cells
were then transferred to wells containing 500 µl LB media in a high volume,
polypropylene, 96-well microplate block (Nunc cat. no. 278743) and incubated for
37 °C, while shaking at 200 rpm for 2 hrs. Following the incubation, 500 µl LB media,
containing 50 µg/ml Kanamycin, was added to each cell suspension, before
incubation at 37 °C, while shaking at 200 rpm, for 12 hrs.
A high volume, polypropylene, 96-well microplate block (Nunc cat. no. 278743), was
filled with 1 ml of Overnight Express media per active well, supplemented with 50
µg/ml Kanamycin, before inoculating 8 wells per plasmid with 30 µl of the overnight
seed cultures (total of 40 wells inoculated). The 96-well block was then incubated
for 37 °C, while shaking at 200 rpm, for 2 hrs, before reducing the incubation
temperature to 17 °C and increasing the shaking speed to 300 rpm, for 12 hrs.
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After overnight incubation, the 8 x 1 ml cultures for each construct were collated into
one well of a 24-well microplate, before centrifugation at 4000 rpm for 30 mins
followed by removal of the supernatant and freezing of the pellets for 12 hrs at -20 °C.
After overnight incubation, the 24-well microplate was thawed, and 700 µl of lysis
buffer was added to each pellet and pipetted to resuspend before incubation at room
temperature, while shaking at 120 rpm for 2 hrs. The 24-well microplate was then
centrifuged for 10 mins at 3000 rpm to prepare clarified lysate for purification using
the KingFisher™ Flex System (Thermo Fisher Scientific cat. no. 5400610).
Following centrifugation, 150 µl of Pierce™ Ni-NTA Magnetic Agarose Beads
(Thermo Fisher Scientific cat. no. 78605) to 5 wells, one per construct, on a
KingFisher™ polypropylene, V-bottom, high volume 96-well microplate (Thermo
Fisher Scientific cat. no. 95040450). These additions were , followed by a 350 µl
addition of equilibration buffer [50 mM sodium phosphate, 0.3 M NaCl, 10 mM
imidazole, 0.05% Tween™-20, pH 8.0]. In addition, in a further high volume 96-well
microplate, 500 µl of equilibration buffer was added to every well. Furthermore,
another 96-well microplate, was prepared by adding 700 µl of each construct to
separate wells, followed by additions of 300 µl equilibration buffer to each condition.
Two 96-well microplates were prepared to act wash plates, by adding 1 ml of wash
buffer [50 mM sodium phosphate, 0.3 M NaCl, 15 mM imidazole, 0.05% Tween™20, pH 8.0] in every well. Finally, two high volume 96-well microplates were filled
with 100 µl elution buffer [50 mM sodium phosphate, 0.3 M NaCl, 0.3 M imidazole
pH 8.0]. All the microplates were then added to the stage of the KingFisher Flex
System and purification programme initiated using the following basic protocol; cells
were lysed, followed by collection of magnetic beads, which were then added to the
aforementioned sample.

The beads were agitated and then collected, before

washing of the samples, prior to elution of the protein and removal of the beads.
The two elution plates were removed and 100 µl per sample collated into the same
well on one 96-well microplate, which are then further collated to combine all the
individual construct wells into one well per SDM or WT enzyme.
To minimise the amount of imidazole present in the buffer of the pooled proteins, the
sample were concentrated by centrifugation, using Amicon Ultra centrifuge tubes
(see Section 2.2.1) and diluted in storage buffer [25 mM HEPES pH 7.5, 100 mM
NaCl, 10 mM MgCl2]. This process of concentration and subsequent dilution in
storage buffer was repeated 5 times, prior to snap freezing of the samples on dry ice.
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The five GlmU protein preparations were then assessed using SDS-PAGE gel
electrophoresis (see Section 2.2.1) and Caliper LabChip GXII Touch High
Throughput (HT) Protein Characterisation System (Perkin Elmer cat. no.
CLS138161). The Caliper LabChip instrument utilises microfluidics to separate the
denatured protein or molecular weight samples, utilising the following basic
methodology; samples were denatured by the addition of 1 M DTT before being
added to a 96-well microplate. The samples and ladder were further denatured by
application of 100 °C for 5 mins, before adding 32 µl to the test samples and 120 µl
to the molecular weight ladder marker. The test microplate was taken into the
instrument and the samples and marker were then aspirated, separated and
detected by the LabChip GXII.
2.2.8 Measurement of acetyltransferase activity
GlmU acetyltransferase forward reaction was monitored by reacting 4,4 ′
dithiodipyridine (DTP) with the free thiol of the product coenzyme A (CoA-SH), which
leads to the formation of 4-thiopyridone (4-TP) (Scheme 7). The formation of 4-TP
causes a change in absorbance at 324 nm (ε = 19800 M-1 cm-1)392,393, which leads
to an increase in optical density (OD). A typical reaction mix contained 50 mM
HEPES

at

pH

7.5,

50

mM

NaCl,

10

mM

MgCl2,

1

mM

3-[(3-

Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPS), 400 µM
DTP, 100 µM Ac-CoA and 200 µM GlcN-1P.

All reagents, when prepared as

intermediate stocks in the aforementioned assay buffer, were stored at 4 °C prior to
use. Reactions were carried out in 100 µl, in a black, polystyrene 384-well, clear
bottomed microplate and were generally initiated by an addition of GlmU, typically 5
nM final concentration, unless otherwise stated.

The microplate containing the

reaction mixture was mixed by centrifugation at 1000 rpm for 1 minute, prior to the
final, initiating reagent addition.

Following the reaction initiating addition, the

microplate was immediately transferred to a Tecan M1000 PRO or Safire2
monochromator multimode readers and the change in absorbance monitored at 324
nm ± 5 nm, using 5 flashes per well, at 30 °C. The microplate was monitored for a
duration of 30 to 45 minutes, using the minimum time interval, determined by the
number of wells being read. Kinetic data analysis was carried out as detailed in
Figure 19.
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Figure 19. Acetyltransferase absorbance assay data analysis workflow.
The workflow presented above is specific for the use of DTP. When using DTNB
absorbance at OD412nm is measured but all other data analysis steps remain the
same.
Absorbance change at 324 nm, measured as optical density, was pathlength
corrected to 1 cm and then converted to concentration of CoA-SH formed by utilising
the absorbance extinction coefficient of 4-TP and Beer-Lambert law (see Section
2.2.30)394. Subsequently, the concentration of CoA-SH per time point were plotted
against time (in secs) and fitted to a Pearson correlation coefficient equation (see
Section 2.2.30). All data with a r2 value greater than 0.99 were then fitted to a linear
regression equation to determine both the gradient and intercept (see Section 2.2.30).

Scheme 7 DTP detection of sulphydryl molecules.
Reaction scheme for DTP detection of the sulphydryl of CoA-SH.
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An alternative thiol detection approach, utilising 5,5-Dithiobis(2-nitrobenzoic acid)
(DTNB2-, or DTNB)395 were investigated to monitor the GlmU acetyltransferase
forward reaction. DTNB reacts with the free thiol of CoA-SH that leads to formation
of 2-nitro-5-thiobenzoic acid (NTB2−), which is photometrically detectable, with a
maximum absorption at 412 nm (ε = 14140 M-1 cm-1). The assay protocol for using
the alternative thiol, absorbance detection is unchanged, other than replacing 400
µM DTP, with equimolar amount of DTNB (Scheme 8).

Scheme 8 DTNB detection of sulphydryl molecules.
Reaction scheme for DTNB detection of the sulphydryl of CoA-SH.
To monitor sensitivity of the thiol detection approaches, titrations of CoA-SH were
carried out from 500 µM, in the standard assay buffer, using fixed, previously stated
concentrations of either DTP or DTNB and the corresponding microplate. The CoASH titration was mixed with the desired detection reagent by centrifugation at 1000
rpm for 1 minute, prior to measurement of the assay signal using either the Tecan
M1000 PRO or Safire2 monochromator multimode microplate readers.
2.2.9 Preparation of uridylyltransferase reagents
Reagents used for GlmU uridylyltransferase studies had to have low free inorganic
phosphate (Pi) contamination, as both assay methodologies utilised detect an
increase in Pi, which are coupled through pyrophosphatase (PPase) to convert the
product, pyrophosphate (PPi), to Pi. Any contaminating Pi in the assay reagents will
increase the background of the assay and subsequently will minimise the maximum
attainable signal window.
To minimise the concentration of contaminating Pi, reagents were treated with a
coupled enzyme system to utilise free Pi and convert it to either ribose-1-phosphate,
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uric acid or H2O. Scheme 9 shows the coupled system utilised to prepare reagents
for uridylyltransferase studies.

Scheme 9. Reaction scheme of enzyme coupled Pi scrubbing.
Reaction scheme for Pi removal enzyme coupled system.
Initially, to remove potential contaminants, 200 µl catalase immobilised on agarose
beads was added to 1 ml deionised (DI) H2O in 1.5 ml microcentrifuge tubes and
mixed thoroughly by inversion before centrifugation at 2500 rpm for 2 minutes using
a 5418R bench top centrifuge (Eppendorf, cat. no. 5418000068) and removal of the
supernatant. This process was repeated two times, then after the final supernatant
removal, 200 µl immobilised catalase was incubated at 4 °C while the reagent mix
was prepared. A typical reaction mix comprised of 1 ml assay buffer [50 mM HEPES
(pH 7.4), 50 mM NaCl, 10 mM MgCl2] was prepared, which contained the following
reagents; 10 mM reagent to be scrubbed (for example, UTP or GlcNAc-1P), 22.5 mM
Inosine, 4 U/ml Xanthine oxidase (XOD) and 0.3 U/ml Purine nucleoside
phosphorylase (PNPase). The reaction mix was then added in 1 ml volume to 200
µl immobilised catalase and subsequently mixed at 4 °C on a tube roller for 30
minutes. After the incubation, the mixture was then centrifuged for 1 min at 13000
rpm to pellet the immobilised catalase and the supernatant reagent was removed,
sub-aliquoted and stored at -20 °C.
2.2.10 Measurement of uridylyltransferase activity
Initial velocities for the forward uridylyltransferase reaction of GlmU were performed
at 30 °C using inorganic pyrophosphatase (PPase) and two different assay
methodologies to detect the formation of pyrophosphate (PPi) and subsequently
inorganic phosphate (Pi). The two assay methodologies have both been previously
described and are; an enzyme coupled system to detect the formation of free
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phosphate in solution through the formation of the fluorescent product resorufin396,
and a 7-Diethylamino-3-((((2-Maleimidyl)ethyl)amino)carbonyl)coumarin (MDCC)labelled phosphate binding protein (MDCC-PBP)397.
The enzyme coupled phosphate detection assay (referred to hereon in as PiXan)
relies on coupling phosphate generation to purine nucleoside phosphorylase,
xanthine oxidase, and horseradish peroxidase, which is detailed in Scheme 10. The
assay utilised the following buffer; [50 mM HEPES (pH 7.5), 50 mM NaCl, 10 mM
MgCl2, 1 mM CHAPS], with care taken to minimise buffer phosphate contamination
by using MQ DI H2O and avoiding re-used glassware. A typical reaction mix was
prepared in the assay buffer and contained the following; 1.5 mM inosine, 50 µM
Amplex Red, 0.02 IU/ml PNPase, 0.4 IU/ml XOD, 1 IU/ml horseradish peroxidase
(type XII) (HRP), 20 µM UTP and 50 µM GlcNAc-1P. The fluorescence signal
obtained was measured using a Tecan Infinite M1000 Pro microplate reader using a
wavelength of 530 nm for the excitation and 590 nm for the emission. Reactions
were initiated by the addition of enzyme, typically at final concentrations of 5 nM
GlmU and 1 IU/ml PPase.

Scheme 10. Reaction scheme of enzyme coupled Pi detection assay (PiXan).
Reaction scheme for the enzyme coupled assay utilised to detect Pi.
The MDCC-PBP biosensor assay is based on binding of Pi to the A197C mutant of
E. coli phosphate binding protein (PBP), which causes a conformational change in
the biosensor, alleviating fluorophore quenching, leading to an increase in
fluorescence intensity. A typical reaction mix was prepared in assay buffer [50 mM
HEPES (pH 7.5), 50 mM NaCl, 10 mM MgCl2, 1 mM CHAPS] and contained 15 µM
PBP, 20 µM UTP and 50 µM GlcNAc-1P. The fluorescence signal obtained was
measured using a Tecan Infinite M1000 Pro microplate reader exciting the MDCC
fluorophore of PBP at a wavelength of 425 nm and measuring fluorescence emission
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at 474 nm. Reactions were initiated by the addition of enzyme, typically at final
concentrations of 2.5 nM GlmU and 1 IU/ml PPase.
To monitor sensitivity of the Pi detection assays, titrations of a Pi standard were
carried out from 500 µM, in the standard assay buffer, using fixed, previously stated
conditions for either the enzyme-coupled or the MDCC-PBP approaches and the
corresponding microplate.

The Pi standard titration was then mixed with the

detection assay by centrifugation at 1000 rpm for 1 minute, prior to measurement of
the assay signal using either the Tecan M1000 PRO or Safire2 monochromator
multimode microplate readers.
2.2.11 Rapidfire Mass Spectroscopy
An alternative GlmU acetyltransferase assay was initially investigated using the
RapidFire high-throughput (HT) mass spectrometry system to simultaneously detect
decrease in concentrations of GlcN-1P and increase in concentrations of GlcNAc1P. Initially, GlmU was titrated from 250 nM in an assay buffer [50 mM 2-(Nmorpholino)ethanesulfonic acid (MES), 50 mM HEPES, 100 mM ethanolamine, 10
mM MgCl2, and 1 mM CHAPS] in clear, 384-well polypropylene microplates (Greiner,
cat. no. 781281) before initiating addition of fixed concentrations of 200 µM GlcN-1P
and 100 µM Ac-CoA and then additions of either 0.5 % formic acid to quench the
reaction every 1 min. Further small molecule inhibitor screening was carried out
using a modification of the aforementioned method maintaining GlmU at a fixed
concentration of 4 nM, which was pre-incubated with 100 µM of test compound, prior
to reaction initiation with the acetyltransferase substrates.
To help monitor the performance of the Rapidfire MS detection technology, GlcN-1P
and GlcNAc-1P were titrated the same assay buffer in the same microplates before
addition of 0.5 % formic acid, prior to quantification on the Rapidfire system.
After addition of the acidic quench, microplates were stable and could either be
stored at −20 °C or analysed immediately.

All reagent additions to the assay

microplates were performed using either a Multidrop Combi (ThermoFisher) or
dragonfly discovery (TTP Labtech).
Test microplates were transferred onto a RapidFire200 high-throughput autosampler
solid-phase extraction (SPE) system (Agilent Technologies) and 10 µl of sample was
aspirated directly and loaded onto the RapidFire micro-scale solid-phase C4
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extraction cartridge to remove buffer salts in combination with a 2 sec wash cycle,
comprised of a HPLC-grade H2O wash containing 0.1 % formic acid. Analytes were
then co-eluted into the mass spectrometer, using a 2.5 sec elution cycle using a
solution comprised of 80 % acetonitrile and 0.1 % formic acid. GlcN-1P and GlcNAc1P were monitored on a Sciex API QqQ mass spectrometer (Applied Biosystems) in
negative electrospray injection (ESI) mode following multiple-reaction monitoring
(MRM) transitions at 279.3/179.0 and 351.4/271.1, respectively.

The mass

spectrometer used an ESI voltage of 5500 V and a source temperature of 600 °C,
with a dwell time of 50 ms for each transition.
Individual MRM transitions were saved as text files, and the extracted ion
chromatograms (XIC) were integrated and processed using the RapidFire peak
integration software (version 3.6). The integrated peak area data for each condition
monitored were used to determine the extent of conversion of GlcN-1P to GlcNAc1P (see Section 2.2.30).
2.2.12 Electrospray Injection Liquid Chromatography Mass Spectroscopy
The accurate mass of protein samples was determined using ESI LC-MS on either
a Waters 2795 LCT Premier or Agilent 6224 Time-of-flight (TOF) LC-MS equipped
with an Agilent 1200 series autosampler, which have the detection limits set at either
800 - 2500 or 1700 - 3200 m/z. For the Waters 2795 LCT Premier, samples were
loaded at 0.25 ml min-1 onto a 2.1 x 150 mm PLRP-S 8 µm 1000A column (Polymer
Labs), which was maintained at a temperature of 60 °C for the duration of the
experiment. A gradient was then applied to elute the sample, using buffer A [95 %
pure water, 5% acetonitrile, 0.05 % TFA] and buffer B [95 % acetonitrile, 5 % pure
water, 0.05 % TFA]. The ESI spectrum was obtained in the multichannel acquisition
mode, with scanning from 500 to 1800 m/z at a scan time of 7 secs. The mass
spectrometer is equipped with MassLynx and Transform software for data acquisition
and spectrum handling.
For the Agilent 6224, 10 µl samples were loaded at 0.5 ml min-1 onto a 1 x 50 mm
PLRP-S 5 µm 1000A column (Polymer Labs), which was maintained at a
temperature of 70 °C for the duration of the experiment. A gradient was then applied
to elute the sample, using buffer A [99.8 % pure water, 0.2 % (v/v) formic acid] and
buffer B [99.8 % acetonitrile, 0.2 % (v/v) formic acid]. Gradient conditions were
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initially 10 % B, increasing to 30 % after 0.5 min, and then linearly to 80 % B over
4.5 min, prior to a 1.2 min flush with 100 % B and then a 1.9 min equilibration with
10 % B prior to the next injection. Mass spectra were then deconvoluted using
Agilent MassHunter Qualitative Analysis version B.06.00 over the mass range 35 170 kDa to obtain the intact protein mass.
2.2.13 Preparation and quantification of GlmU protein for metal ion modulation
studies
To investigate the metal ion dependence of GlmU, initially, two different protein
preparations, purified in the absence and presence of Mg2+, were incubated with 25
mM EDTA for 18 hours at 4 °C. To remove EDTA, protein mixtures were dialysed
on two occasions for 12 hours, while gently stirring on a magnetic stirrer, at 4 °C in
1 litre of buffer composed of 25 mM HEPES (pH 7.5), 100 mM NaCl using a D-Tube
Dialyzer Midi, MWCO 3.5 kDa (Merck Millipore, cat. no. 71506).
The concentration of dialysed GlmU protein preparations were then assessed using
a Bradford protein assay (see Section 2.2.4).
Acetyltransferase activity of the dialysed GlmU preparations were assessed by
titrating the enzymes and monitoring a CoA-SH release using the absorbance assay
(see Section 2.2.8) in a buffer composed of 50 mM HEPES (pH 7.5), 50 mM NaCl,
1 mM CHAPS and either 10 mM MgCl2 or MnCl2, in the presence of 200 µM Ac-CoA,
GlcN-1P and 400 µM DTP.
2.2.14 Acetyltransferase metal ion modulation
Metal ion dependence of GlmU acetyltransferase was initially investigated using the
CoA-SH release absorbance assay (see Section 2.2.8) by titrating either Ac-CoA or
GlcN-1P from 2 mM, at several fixed concentrations of either MgCl2, MnCl2 or CaCl2,
ranging from 30 mM to 1.5 mM. Acetyltransferase initial velocities were calculated
for each condition and the data fitted to the Michaelis-Menten kinetic model (see
Section 2.2.30).
Metal ion effects were investigated by titrating MgCl2, MnCl2, CaCl2, CoCl2, NiCl2,
ZnCl2, or Zn(OAc)2 from 30 mM by monitoring the acetyltransferase activity of
dialysed preparations of GlmU, in an assay buffer composed of 50 mM HEPES (pH
7.5), 50 mM NaCl, 1 mM CHAPS, in the presence of 200 µM Ac-CoA, GlcN-1P and
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400 µM DTP. Acetyltransferase initial velocities were calculated for each condition
and the data fitted, where appropriate, to either Michaelis-Menten kinetic or four
parameter IC50 model (see Section 2.2.30).
Further metal ion effects as competitors to Mg2+, either in the assay buffer or bound
to the enzyme, were investigated by titrating MgCl2, MnCl2, CaCl2, CoCl2, NiCl2,
ZnCl2, or Zn(OAc)2 from 30 mM by monitoring the acetyltransferase activity of
dialysed or non-dialysed GlmU, in an assay buffer composed of 50 mM HEPES (pH
7.5), 50 mM NaCl, 1 mM CHAPS with or without 10 mM MgCl2, in the presence of
200 µM Ac-CoA, GlcN-1P and 400 µM DTP. Acetyltransferase initial velocities were
calculated for each condition and the data fitted, where appropriate, to either
Michaelis-Menten kinetic or four parameter IC50 model (see Section 2.2.30).
2.2.15 Acetyltransferase initial velocity patterns
Initial velocity pattern experiments were carried out for GlmU acetyltransferase using
the CoA-SH release absorbance assay (see Section 2.2.8) by titrating Ac-CoA from
400 µM at several fixed concentrations of GlcN-1P ranging from 500 to 13 µM.
Further

initial

velocity

pattern

experiments

were

carried

out

for

GlmU

acetyltransferase using the CoA-SH release absorbance assay (see Section 2.2.8)
by titrating Pro-CoA from 500 µM at several fixed concentrations of GlcN-1P ranging
from 6000 to 100 µM.
Acetyltransferase initial velocities were calculated for each condition tested and the
data subsequently fitted to both Ping-pong and Ternary complex mechanism models
(see Section 2.2.30).
2.2.16 Acetyltransferase substrate specificity
GlmU acetyltransferase Ac-CoA substrate specificity was assessed by utilising the
CoA-SH release absorbance assay (see Section 2.2.8) by titrating Ac-CoA
analogues from 2 mM in the presence of 2 mM GlcN-1P.

Ac-CoA substrate

analogues investigated in this study were; AAc-CoA, Pro-CoA, Bu-CoA, Dethio-CoA,,
Eth-CoA, IsoBu-CoA, Mlo-CoA, Cro-CoA and Suc-CoA.
GlmU acetyltransferase GlcN-1P substrate specificity was assessed by utilising the
CoA-SH release absorbance assay (see Section 2.2.8) by titrating GlcN-1P
analogues from 2 mM in the presence of 2 mM Ac-CoA.
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analogues investigated in this study were; GlcN-6P, GalN-1P, GalN-6P, GlcNAc,
Glc-1P, GlcN-6P, Gal-1P, GlcN, ManN, ManN-1P, ManNAc, Glc-6P and Man-6P.
Acetyltransferase initial velocities were calculated for each condition tested and the
data subsequently fitted to the Michaelis-Menten kinetic model (see Section 2.2.30).
2.2.17 Acetyltransferase product and dead-end inhibition
Acetyltransferase inhibition by either the products of the reaction, CoA-SH and
GlcNAc-1P, or potential dead-end, substrate analogues, which were selected from
the non-substrate acyl-CoAs and sugars assessed in the previous method (see
Section 2.2.16). To be able to investigate CoA-SH as a product inhibitor of the
acetyltransferase

activity,

using

the

previously

described

thiol

detection

methodologies, CoA-SH was incubated was an equimolar concentration, typically 5
mM, of N-ethylmaleimide (NEM), which was freshly prepared as a concentrated
stock in 100 % DMSO, before diluting in assay buffer and then being incubated at
25 °C for 1 hr, prior to use.
Products and potential dead-end analogue inhibition were assessed by utilising the
CoA-SH release absorbance assay (see Section 2.2.8) by titrating the test
compounds from 10 mM in the presence of 200 µM Ac-CoA or Pro-CoA and GlcN1P.

Acetyltransferase initial velocities were determined for each condition

investigated and the data subsequently fitted to a four parameter IC50 model (see
Section 2.2.30).
2.2.18 Acetyltransferase product and dead-end inhibitor patterns
Acetyltransferase dead-end inhibitor patterns were carried out using either Bu-CoA
or Glc-1P. To determine dead-end inhibitor patterns and the inhibition constants (Kii
and Kis), Bu-CoA or Glc-1P were titrated from 2 mM or 20 mM, respectively, at
several fixed concentrations of either Ac-CoA or Glc-1P, within the concentration
range of 800 to 10 µM and GlmU activity was monitored using the CoA-SH release
absorbance assay (see Section 2.2.8). When varying concentrations of Ac-CoA
were investigated, a saturating concentration of 2 mM GlcN-1P was added,
alternatively, if GlcN-1P was varied a high concentration of 1 mM Ac-CoA was added.
In the case of uncompetitive inhibitor patterns, a variation from the aforementioned
methodology is that the matrix titrations of dead-end inhibitor and substrate are
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repeated at varying concentrations of the second substrate, which was previously
used at a saturating concentration.
Acetyltransferase product inhibitor patterns were carried out using CoA-SH. To
determine product inhibitor patterns and the inhibition constants (Kii and Kis), CoASH was titrated from 1.5 mM at several fixed concentrations of either Ac-CoA or Glc1P, within the concentration range of 1.5 to 0.15 mM and GlmU acetyltransferase
activity was monitored indirectly by coupling through the uridylyltransferase using
either the enzyme coupled or PBP Pi accumulation fluorescence assays (see Section
2.2.10). When varying concentrations of Ac-CoA were investigated, a saturating
concentration of 2 mM GlcN-1P was added, alternatively, if GlcN-1P was varied a
high concentration of 1 mM Ac-CoA was added.

To ensure that the

uridylyltransferase activity is not limiting, a saturating concentration of 100 µM UTP
was added.
For all experiments, acetyltransferase or uridylyltransferase initial velocities were
calculated for each condition tested and the data subsequently fitted to one of the
three reversible inhibition models (see Section 2.2.30).
2.2.19 Acetyltransferase dead-end inhibitor mutual exclusivity studies
Acetyltransferase dead-end inhibitor mutual exclusivity studies were carried out
using Bu-CoA and Glc-1P. Inhibitor mutual exclusivity was assessed utilising the
CoA-SH release absorbance assay (see Section 2.2.8) by titrating Bu-CoA from 2
mM at several fixed concentrations of Glc-1P, ranging from 35 to 2.5 mM.
Acetyltransferase substrates, 200 µM Ac-CoA and GlcN-1P, were added to GlmU
and the dead-end titrations to initiate the experiment.

Acetyltransferase initial

velocities were determined for each condition investigated and the data subsequently
fitted to a Yonetani-Theorell mutual exclusivity model (see Section 2.2.30).
2.2.20 Acetyltransferase pH-rate profiles
To investigate the pH dependence of GlmU acetyltransferase variations of the CoASH release absorbance assay (see Section 2.2.8) were utilised in all experiments.
Initially, detection of a titration of CoA-SH from 400 µM by 400 µM DTP was
investigated at varying pH from 6 to 10 in a constant ionic strength buffer comprised
of 50 mM MES, 50 mM HEPES, 100 mM ethanolamine, 10 mM MgCl2, and 1 mM
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CHAPS.

This constant ionic strength buffer was used for all pH dependence

experiments and the pH adjusted by 0.25 (for GlmU WT) or 0.5 (for GlmU H374A,
R344A, K362A and Y377A) increments by additions of either 10 M NaOH or 6 M HCl.
GlmU WT and H374A acetyltransferase activity over the pH range from 6 to 10 was
investigated by titrating enzyme from a range of concentrations from 400 nM (pH 6
and 10) to 25 nM (pH 7 to 9), with the addition of 200 µM Ac-CoA and GlcN-1P to
initiate the reaction, either immediately or after a two hour incubation, at 4 °C, of
GlmU in the varying buffer pH conditions. Acetyltransferase initial velocities were
determined for each condition investigated and plotted against the concentration of
GlmU used.
The pH dependences of V/KGlcN-1P (kcat/Km) and V (kcat) were determined by titrating
the concentration of GlcN-1P using a range of starting concentrations from 6 to 2
mM (depending on the pH condition) at fixed, saturating concentrations of Ac-CoA
between 4 to 2 mM. The pH dependences of V/KAc-CoA (kcat/Km) and V (kcat) was
determined by titrating the concentration of Ac-CoA using a range of starting
concentrations from 4 to 2 mM (depending on the pH condition) at fixed, saturating
concentrations of GlcN-1P between 6 to 2 mM. Acetyltransferase initial velocities
were determined for each condition investigated and the data subsequently fitted to
the most appropriate pH-rate profile model (see Section 2.2.30).
The pH dependences of GlmU H374A, R344A, K362A and Y377A V/KGlcN-1P (kcat/Km)
and V (kcat) were determined by titrating the concentration of GlcN-1P from 4 mM at
fixed, saturating concentrations of 2 mM Ac-CoA. In parallel, to control for the GlmU
H374A studies, GlmU WT V/KGlcN-1P (kcat/Km) and V (kcat) were determined by titrating
the concentration of GlcN-1P from 4 mM at a fixed, saturating concentration of 2 mM
Ac-CoA. The pH dependences of GlmU H374A, R344A, K362A and Y377A V/KAcCoA

(kcat/Km) and V (kcat) were determined by titrating the concentration of Ac-CoA

from 2 mM at fixed, saturating concentrations of 4 mM GlcN-1P. Acetyltransferase
initial velocities were determined for each condition investigated and the data
subsequently fitted to the most appropriate pH-rate profile model (see Section
2.2.30).
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2.2.21 Acetyltransferase solvent kinetic isotope effects
Solvent KIEs on V and V/KAc-CoA were determined using variations of the CoA-SH
release absorbance assay (see Section 2.2.8) in water (H2O)- or 100% deuterium
oxide (D2O)-containing assay buffer, comprising of 50 mM MES, 50 mM HEPES, 100
mM ethanolamine, 10 mM MgCl2, and 1 mM CHAPS, in the presence of saturating
concentrations of GlcN-1P at pL 8.

Solvent KIEs on V and V/KGlcN-1P were

determined in H2O- or 100% D2O-containing buffer, comprising of 50 mM MES, 50
mM HEPES, 100 mM ethanolamine, 10 mM MgCl2, and 1 mM CHAPS, in the
presence of saturating concentrations of Ac-CoA at pL 8. Viscosity effects on V, V/K
Ac-CoA

and V/KGlcN-1P were evaluated by comparing rates obtained in H2O- or 9% (w/w)

glycerol-containing buffer, comprising of 50 mM MES, 50 mM HEPES, 100 mM
ethanolamine, 10 mM MgCl2, and 1 mM CHAPS, at pH 8. The use of 9% glycerol
mimics the viscosity increase caused by the use of D2O (ηr = 1.24)398.
Acetyltransferase initial velocities were determined for each condition investigated
and the data subsequently fitted to the most appropriate SKIE model (see Section
2.2.30).
2.2.22 Small molecule compound screening
2.2.22.1 Small molecule compound preparation
Acetyltransferase single-concentration compound preparation for screening was
performed by dispensing 1 µl of 1 mM compound solutions in DMSO into clearbottom, black, 384-well microplates, using an Evo 150 liquid handling instrument
(Tecan). The dispense of this volume of test compound gave a final compound
concentration of 10 µM in a 100 µl final assay volume. As well as dispensing of test
compounds, the same liquid handling instrument was used to dispense 1 µl of 100%
dry DMSO to columns 6 and 18 on the 384-well microplates. For concentrationresponse curves, test compounds were diluted 1 in 3, from 10 mM, over 11-points
before transferring 1 µl of every compound concentration to clear-bottom, black, 384well microplates, all using the Evo 150 liquid handling instrument.

The upper

concentration in the typical 100 µl acetyltransferase assay was 100 µM.
Uridylyltransferase single-concentration compound preparation for screening was
performed by dispensing 200 nl of 1 mM compound solutions in DMSO into small
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volume, black, 384-well microplates, using an Echo 555 acoustic liquid handling
instrument (Labcyte). The dispense of this volume of test compound gave a final
compound concentration of 10 µM in a 20 µl final assay volume.

As well as

dispensing of test compounds, the same liquid handling instrument was used to
dispense 200 nl of 100% dry DMSO to columns 6 and 18 on the 384-well microplates.
For concentration-response curves, test compounds were diluted 1 in 3, from 10 mM,
over 11-points using the Evo 150 liquid handling instrument before transferring 200
nl of every compound concentration to black, small volume, 384-well microplates,
using the Echo acoustic dispenser. The upper concentration in the typical 20 µl
uridylyltransferase assay was 100 µM.
The Hewlett-Packard (HP) D300 Digital dispenser (Tecan), was used to prepare
bespoke compound concentration ranges for more detailed inhibition studies for both
acetyltransferase and uridylyltransferase activities. The D300 dispenses decreasing
volumes of compounds in 100% DMSO, from 10 µl to 11 pl directly into the test 384well microplates and can then be used to backfill with DMSO to ensure a consistent
concentration of solvent in every well.
2.2.22.2 Screening process
GlmU acetyltransferase assays were performed by utilising a variation of the CoASH release absorbance assay (see Section 2.2.8). Initially, 0.5 ml working enzyme
solution, which was prepared in assay buffer and comprised of 5 nM GlmU and 400
µM DTP, was added to all wells containing 1 µl test compound, except column 18,
of the test 384-well microplate, using either a Multidrop Micro or TTP Labtech
dragonfly discovery (these liquid handlers were used for all subsequent reagent
additions). To act as an inhibition or negative control, 0.5 ml of 400 µM DTP in assay
buffer, was added to all wells in column 18 of the test microplate. The microplates
were then centrifuged for 1 min at 1000 rpm, before incubation at 25 °C, taking care
to cover the microplates to minimise evaporation, for 15 mins.

To initiate the

acetyltransferase reaction, 0.5 ml working substrate solution, which was prepared in
assay buffer and comprised of 200 µM GlcN-1P and 100 µM Ac-CoA, was added to
all wells of the test 384-well microplate. The microplates were then centrifuged for
10 secs at 1000 rpm and was immediately transferred to a Tecan M1000 PRO or
Safire2 monochromator multimode readers and the change in absorbance monitored
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at 324 nm ± 5 nm, using 5 flashes per well, at 30 °C. The microplate was monitored
for a duration of 30 to 45 mins, using the minimum time interval, determined by the
number of wells being read.
Acetyltransferase initial velocities were determined for each condition investigated,
then the data were normalised to the positive and negative control columns before
subsequently being fitted to a four parameter IC50 model (see Section 2.2.30).
To control the quality of the acetyltransferase screening experiments, the mean and
standard deviations of the initial velocities of the positive and negative control
columns were utilised to determine a Z-factor (see Section 2.2.30)399.
2.2.23 1H NMR Spectroscopy and pH titration
NMR measurements were performed at 21.5 °C, on a Bruker Avance 600 MHz
equipped with a 5 mm TCI cryoprobe. At each pH value, 1D 1H-noesy400 and 1H13CHSQC401 spectra were acquired on a 40 mM natural abundance GlcN-1P sample in
100 mM KCl, 93% H2O-7% D2O solution. The solution contained 2 mM formate, 2
mM imidazole, 2 mM tris and 2 mM piperazine as internal pH indicators, and 0.2 mM
DSS for 1H chemical shift internal referencing according to Baryshnikova et al.402.
The pH titration was performed using a cross-titration method where aliquots of the
two initial samples of GlcN-1P, adjusted to either pH 5.6 or 11.5, respectively, were
reciprocally transferred between samples to achieve intermediate pH values.
Spectra were acquired for each point to monitor chemical shifts changes of both
GlcN-1P and pH indicators protons. In order to determine pH values at each point of
the titration accurately, the chemical shifts of the pH indicators were referred to
calibration curves previously acquired at the same temperature, according to the
methods described in Oregioni A., et al.403.
H1 and H5 protons of GlcN-1P were preliminary assigned at pH 5.6 to signals at 5.64
and 3.32 ppm, respectively, using a 2D COSY experiment404, and their chemical shift
changes with pH were monitored on the assumption that they, in particular H5, would
reflect the amino group ionization state in the measured range of pH.
2.2.24 Differential Scanning Fluorimetry
The ordered, functional structures of proteins are folded to minimise their free energy,
which leads to well-packed hydrophobic interiors and hydrophilic exteriors405.
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Differential Scanning Fluorimetry (DSF) also known as fluorescent thermal shift
(FTSA), or Thermofluor, is a technique that quantifies the change in thermal
denaturation temperature of a protein under varying conditions406,407. This technique
utilises the intrinsic melting temperature (or Tm) of a protein, which is when both the
folded and unfolded states (assuming a two-state model) are equally populated at
equilibrium.
SYPRO Orange, a red-shifted fluorophore, binds non-specifically to hydrophobic
surfaces, and water strongly quenches its fluorescence408. When a protein unfolds,
for instance upon the application of a thermal gradient, the exposed hydrophobic
surfaces bind the SYPRO Orange, which results in an increase in fluorescence by
excluding water (Figure 20).

Figure 20. Differential scanning fluorimetry schematic.
Schematic of the basic DSF assay methodology.
The following DSF protocols are variations on the Niesen, et al. manuscript published
in Nature Protocols407.

2.2.24.1 Protein Tm determination
Protein unfolding was observed by monitoring the increase in SYPRO Orange
(Thermo Fisher Scientific) fluorescence measurements on a Roche LightCycler 480
II RT-PCR machine, using sealed 384-well microplates (white Accuflow Roche 480
plates). SYPRO Orange fluorescence was excited at 483 nm and the emission
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measured at 568 nm, taking five reads per 1 °C, as heat was applied to the 384-well
microplate to continuously increase the temperature at a ramp rate of 0.11 °C sec-1.
A typical experiment was prepared in a buffer comprising of 25 mM HEPES (pH 7.5),
50 mM NaCl, 10 mM MgCl2, 1 mM CHAPS and GlmU added at a concentration range
between 2 to 0.5 µM with a final addition of 10x SYPRO Orange, followed by gentle
mixing on an orbital shaker for 5 mins before moving the microplate containing the
DSF mix to the PCR machine. SYPRO Orange fluorescence measurements were
plotted as a function of temperature for each condition investigated and the data
subsequently fitted to Eqn. (19) (see Section 2.2.30) to determine a GlmU Tm.
DSF was used to assess GlmU SDM mutants to assess whether the mutations made
have any effect when compared to the WT Tm. To monitor the Tm of GlmU SDM
mutants, 1 µM of enzyme was utilised but no other changes were made to the
aforementioned protocol.
Control experiments were carried out in the absence of GlmU but in the presence of
10x SYPRO Orange, to monitor any background effects due to either the assay
buffer or the PCR microplate.
2.2.24.2 Binding partner and metal ion modulation of Tm
The potential binding partners assessed in these studies included UTP, GlcNAc-1P,
CoA-SH, GlcN-1P, GlcN-1P analogues, Ac-CoA and Ac-CoA analogues.

DSF

studies (see Section 2.2.24.1) were carried out into binding partners ability to
modulate GlmU Tm were investigated by titration in the presence of 10x SYPRO
Orange and fixed concentrations of enzyme, ranging from 1 to 2 µM. For potential
binding partner co-incubation DSF studies, 1 to 2 µM GlmU was incubated with
concentrations ranging from 5 to 10 times the Kd concentration of Ac-CoA and CoASH for 15 minutes at 4 °C, prior to addition of a titration of the second binding partner
and 10x SYPRO Orange.
The divalent metal ions studied in these experiments include MgCl2, MnCl2, CaCl2,
CoCl2, NiCl2, ZnCl2 and Zn(OAc)2. DSF studies (see Section 2.2.24.1) were carried
out into metal ions ability to modulate GlmU Tm were investigated by titration in the
presence of 10x SYPRO Orange and fixed concentrations of enzyme, ranging from
1 to 2 µM. For co-incubation DSF studies with CoA, 1 to 2 µM GlmU was incubated
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with concentrations ranging from 5 to 10 times the Kd concentration of CoA-SH for
15 minutes at 4 °C, prior to addition of a titration of metal ion and 10x SYPRO Orange.
DSF control studies were carried out utilising either the same binding partner or
divalent metal ion titration conditions in the presence of 10x SYPRO Orange and
absence of GlmU.
SYPRO Orange fluorescence measurements were plotted as a function of
temperature for each condition investigated and the data subsequently fitted to Eqn.
(19) model (see Section 2.2.30). The change in GlmU Tm, ∆Tm, were calculated by
subtracting the GlmU-only (or GlmU plus substrate binding partner) control Tm from
the experimentally determined test conditions GlmU Tm. The GlmU Tm and ∆Tm were
then both plotted against the concentration of test metal ion and these were then
fitted to a Langmuir Isotherm to determine a Kd.
2.2.24.3 pH modulation of Tm
Differential Scanning Fluorimetry was also utilised to monitor protein stability over a
pH range of 6-10, either after a minimal, 15 mins incubation or an extended 2 hr
incubation. This study utilised a two-fold concentrate of the following buffer; 50 mM
MES, 50mM HEPES, 100 mM Ethanolamine, 10 mM MgCl2, 1 mM CHAPS, which
was adjusted to the desired pH using either 6 M HCl or 10 M NaOH. To a white PCR
384-well microplate, a 5 µl addition of 4 µM GlmU was made in a minimal storage
buffer [25 mM HEPES (pH 7.4), 100 mM NaCl, 10 mM MgCl2], prior to a 10 µl addition
of the pH adjusted assay buffer, which was then gently shaken for 15 minutes. A
final addition of 40 % SYPRO Orange, prepared in DI H2O, was made to all wells,
followed by a 10 sec spin at 1000 rpm, prior to either incubating for 2 hrs (and then
carrying out the thermal shift step) or carrying out the thermal shift method using the
Roche LightCycler 480 II RT-PCR machine immediately.

SYPRO Orange

fluorescence was excited at 483 nm and the emission measured at 568 nm, taking
five reads per 1 °C, as heat was applied to the 384-well microplate to continuously
increase the temperature at a ramp rate of 0.11 °C sec-1.
Control experiments were carried out in the absence of GlmU but in the presence of
a final assay concertation of 10x SYPRO Orange, to monitor any background effects
due to the change in pH of assay buffer.
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SYPRO Orange fluorescence measurements were plotted as a function of
temperature for each condition investigated and the data subsequently fitted to Eqn.
(19) (see Section 2.2.30) to determine a GlmU Tm.
2.2.25 Circular Dichroism spectroscopy
GlmU secondary structure was assessed using Circular Dichroism (CD)
spectroscopy using the Chirascan (Applied Photophysics) instrument. Briefly, GlmU
was diluted to 0.1 mg/ml in 50 mM HEPES, pH 7.4, and then 320 µl was added to a
1 mm path length cuvette (Hellma, cat. no. 110-1-40) before performing a wavelength
scan from 200 nm to 320 nm and measuring CD (mdeg) at increments between 1 to
0.2 nm.
2.2.25.1 CD thermal unfolding
GlmU secondary structure thermal melting (Tm) was investigated by monitoring the
CD of the secondary protein structure at a wavelength of 222 nm. GlmU was diluted
to 0.1 mg/ml in 50 mM HEPES, pH 7.4, and then 320 µl was added to a 1 mm path
length cuvette (Hellma, cat. no. 110-1-40) before performing a temperature ramp of
1 °C sec-1 between the range of 8 to 80 °C, while measuring CD (mdeg) at each
temperature increment. Data converted to mean residue ellipticity and then ∆ε, as
detailed in the Greenfield Nature Protocols manuscript409.
2.2.26 NanoDSF
An alternative approach to determine the thermal stability of GlmU prepared in the
presence and absence of 10 mM MgCl2, was carried out using NanoDSF, which is a
NanoTemper technologies proprietary approach that requires the use of the
Prometheus NT.48 instrument, which monitors the melting profiles of the proteins
through the increase in intrinsic Tryptophan fluorescence.
For the NanoDSF approach, 30 µL of a 2 µM solution of each protein in assay buffer,
either [25 mM HEPES (pH 7.4), 100 mM NaCl, 10 mM MgCl2] or [25 mM HEPES (pH
7.4), 100 mM NaCl], depending on the GlmU preparation, were prepared, and 3 ×
10 µl were loaded into nanoDSF grade standard capillaries (NanoTemper
Technologies) for triplicate measurements. Thermal unfolding of triplicates was
analysed by carrying out a thermal ramp from 25 to 80 °C with a heating rate of 1 °C
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min-1. Unfolding transition temperatures (Tm) were automatically determined by the
software and represented as mean ± SD.
2.2.27 MicroScale Thermophoresis
Fluorophore labelling of GlmU was performed following the protocol for Nhydroxysuccinimide (NHS) coupling of the dye NT647 (NanoTemper Technologies,
cat. no. MO-L001) to solvent exposed lysine residues on the surface of the enzyme.
Briefly, 3 ml DI H2O of was added to lyophilised labelling buffer and NT647 was resuspended by adding 30 µl DMSO to prepare a 435 µM stock.

The NT647

fluorophore was subsequently diluted in labelling buffer to prepare a 40 µM stock
(taking care to ensure that the DMSO percentage was less than 5%). GlmU was
prepared as a 20 µM stock in 100 µl, by diluting in labelling buffer, which was then
mixed with 100 µl of the 2 times NT647 fluorophore stock, before incubating for 30
min at 25 °C, taking care to protect the labelling reaction from direct light. After the
incubation, 200 µl sample was added to a desalting column, pre-washed with 3 times
3 ml storage buffer [25 mM HEPES (pH 7.4), 100 mM NaCl], before adding 300 µl
storage buffer. Elution was then carried out by addition of 600 µl storage buffer to
the desalting column before collecting 9 fractions of 1-2 drops per well in a 96-well
microplate.
The fluorescence of the collected fractions were measured on the NanoTemper
Monolith NT.Automated MicroScale Thermophoresis (MST) instrument, which
involved a 1 in 100 dilution of the collected fraction in MST buffer [1% phosphate‐
buffered saline (PBS), 0.05% P20, 10 mM MgCl2, prepared in DI H2O], followed by
aspiration in standard capillaries and measurement at 20% LED power.

The

fractions with significant fluorescent signal were pooled and the concentration of both
protein and fluorophore were determined, in duplicate, by measuring the absorbance
of the sample at 650 nm and 320 nm, a 1 mm pathlength and the extinction coefficient
of both the NT647 fluorophore (250000) and GlmU (26025).

The measured

absorbance values, along with the previously stated parameters, were utilised to
determine the concentration of both protein (4.61 µM) and fluorophore (2.54 µM),
using Beer-Lambert law (see Section 2.2.30). These data demonstrate that there is
approximately one NT647 fluorophore per every two GlmU molecules, which is
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recommended by the manufacturer to reduce the chance of any contaminating,
unreacted fluorophore.
The interaction between Ac-CoA and NT647-GlmU was established on a Monolith
NT.Automated and was subsequently used as a positive control for all following MST
studies. In order to characterise this interaction, Ac-CoA serial dilutions from 10 mM,
were prepared in H2O and mixed 3:1 with a solution of 46 nM NT647-GlmU in assay
buffer to yield a final volume of 30 µ per dilution, in a black, polystyrene, 384-well
microplate (Greiner Bio-One cat. no. 781076). The microplate was then centrifuged
for two mins at 2500 rpm before the samples were aspirated into NanoTemper
premium capillaries and added to the Monolith where the titration mixes were
exposed to light-emitting diode (LED) intensity range between 40 to 60%, at a MST
power setting of medium. Stability and reproducibility of the interaction were tested
by re-measuring Ac-CoA binding experiments after a 2 hrs incubation time in
capillaries at 25 °C.

There was no change in fluorescence intensity, protein

adsorption, binding amplitude, or Kd value was observed, showing that the interaction
was robust, and therefore a suitable positive control for subsequent testing of more
potential binding partners.
Test ligands were serially diluted from a top concentration of between 10 to 50 mM
before being mixed at either 1:1 or 3:1 with 46 nM NT647-GlmU in assay buffer to
yield a final volume of 30 µ per dilution, in a black, polystyrene, 384-well microplate
(Greiner Bio-One cat. no. 781076). The test samples were then treated as the
previously described Ac-CoA control, including the capillaries used and the Monolith
settings.
To determine Kd values for potential binding partners concentration-dependent
changes in normalised fluorescence (Fnorm) of NT647-GlmU after 5 secs of
thermophoresis based on the law of mass action using the NT.Affinity Analysis
software.
2.2.28 Minimal inhibitory concentration determination
The direct measurement of the minimum inhibitory concentration (MIC) for each
tested compound on Mycobacterium tuberculosis in culture, were performed in flat‐
bottom, polystyrene, 96‐well microplates. Test compound twofold dilutions were
carried out from 50 mM in 100% DMSO and then 5 µl was added to 95 µl Middlebrook
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7H9 medium (rows A–H, columns 1–10 of the microplate layout). Isoniazid was used
as a positive control and eight twofold dilutions, starting at 160 µg ml−1 were prepared
and 5 µl of the control dilution was added to 95 µl Middlebrook 7H9 medium (column
11, rows A–H). A positive control of 5 µl of 100% DMSO was added to 95 µl
Middlebrook 7H9 medium to column 12. The inoculum was standardised to ∼1×107
CFU ml−1 and diluted 1 in 100 in Middlebrook 7H9 broth (Middlebrook ADC
enrichment, a dehydrated culture medium which supports growth of mycobacterial
species, available from Becton–Dickinson, cat. no. 211887), to produce the final
inoculum of H37Rv strain (ATCC25618). Subsequently, 100 µl of the inoculum was
added to all the wells on the test microplate except G12 and H12 wells, which were
blank controls. All plates were placed in a sealed box to prevent drying out of the
peripheral microplate wells and were incubated at 37 °C without shaking for six days.
A detection solution was prepared by dissolving one tablet of resazurin (VWR
International, Resazurin Tablets for Milk Testing, cat. no. 330884Y′) in 30 ml sterile
PBS and then 25 µl was added to each well on the microplate. After 48 hrs incubation
at 37 °C, fluorescence was measured by excitation at 530 nm and monitoring
emission at 590 nm using a SPECTRAmax M5 (Molecular Devices) and the data
was then aligned to the test compound concentrations and fitted to determine the
minimum inhibitory concentration (MIC) value. The MIC is defined as the lowest
concentration of a test compound that prevents visible growth of bacterium.
In addition to the direct measurement of MIC on Mycobacterium tuberculosis, using
the aforementioned fluorescence intensity measurement, sometimes referred to as
the extracellular MIC assay, an intracellular assay was carried out. The intracellular
assay monitors the MIC of M. tuberculosis H37Rv-infected human THP-1 cells, which
is a monocytic cell line derived from an acute monocytic leukaemia patient.
Briefly, M. tuberculosis H37Rv containing the Photinus pyralis luciferase gene
(Hygromycin resistant plasmid) was grown in 7H9 media supplemented with 10%
albumin-dextrose-catalase (ADC) and 0.05% Tyloxapol until an OD600 of 0.5 – 0.8
was achieved. The M. tuberculosis culture was then divided into centrifuge tubes
and then pelleted by centrifugation at 2860 x g for 10 mins. To disperse the bacterial
pellet; 10, 4 mm, glass beads were added to each centrifuge tube before shaking for
60 secs. After adding fresh RPMI (Roswell Park Memorial Institute) media, the
culture was incubated for 5 mins, before collecting 5 ml of the supernatant from each
centrifuge tube, pooling and centrifugation for 5 mins at 402 x g. The subsequent
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dispersed bacterial suspension was diluted in RPMI media, supplemented in 0.05%
Tyloxapol, before the volume required for multiplicity of infection (MOI) of 1 was
calculated using the following conversion; OD600 0.1 = 1 x 107 colony-forming unit
(CFU)/ml. THP-1 cells were maintained in complete RPMI 1640 media (RPMI 1640
HEPES modification, 2 mM L-glutamine, 1 mM sodium pyruvate, 10% foetal bovine
serum) and incubated at 37 °C with 5% CO2. THP-1 phagocytes (2 x 105 cell/ml)
were incubated for 4 hrs in a roller bottle with a MOI of 1 in RPMI, supplemented with
20 nM Phorbol-12-Myristate-13-Acetate (PMA). The remaining extracellular bacteria
were discarded by washing 5 times in complete RPMI, after 5 cycles of gentle
centrifugation for 5 mins at 402 x g. To a white 384-well microplate, 50 µl of infected
THP-1 cells (10000 cells/well) were added to 250 nl of test compounds, prepared in
100% DMSO. Subsequently, the test microplates were incubated for 5 days in an
incubator set to 37 °C in the presence of 5% CO2, before adding 25 µl of reconstituted
Bright-Glo™ Luciferase Assay System reagent (Promega) to each well. The test
microplates were incubated at 25 °C for 30 mins, prior to measurement of the
luminescence signal using a Perkin Elmer Envision microplate reader, equipped with
an Ultra-sensitive luminescence detector and a 384-well microplate aperture.

2.2.29 Crystallisation, data collection and refinement of GlmU bound to Glc-1P
and Ac-CoA
To grow GlmU crystals, the protein solution in storage buffer [25 mM HEPES (pH
7.4), 100 mM NaCl, 10 mM MgCl2] was concentrated to 11 mg/ml using Amicon Ultra
filters and the centrifugation method detailed in the “General methods and equipment”
section. The apo-GlmU protein was crystallised at 20 °C using the sitting-drop
vapour diffusion method410, where sitting drops of 1 µl consisted of a 1:1 (v/v) mixture
of protein and a well solution containing 0.05 M ADA (pH 6.8), 5.7 % Polyethylene
glycol (PEG) 550 MME and 32.1 % PEG 200. Crystals appeared after 12 hrs and
reached their maximum size after 2 days (100 µm x 100 µm x 40 µm). Crystals were
then soaked for 5 min in a solution containing 10 mM Glc-1P, 10 mM Ac-CoA, 0.05
M ADA (pH 6.8), 8 % PEG 550 MME and 35 % PEG 200 Crystals were directly flashfrozen in liquid nitrogen, and X-ray data sets were collected at 100 K at the I03
beamline of the Diamond Light Source Synchrotron (Oxford, UK, mx13775-39).
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Data collection and refinement statistics are summarized in Table 17. The data set
was indexed, scaled and merged with xia2411. Molecular replacement was achieved
by using the atomic coordinates of Mycobacterium tuberculosis GlmU from pdb
4G87246 in PHASER412. Refinement was carried out by using Phenix413, model
building was carried out in COOT414, model validation used PROCHECK415 and
figures were prepared using the graphics program PYMOL416. The asymmetric unit
contains one chain of GlmU. The difference electron density map covering GlmU
shows unambiguous density for Glc-1P and Ac-CoA.
2.2.30 Data analysis
All data handling was carried out in Microsoft Excel 2016. A linear model (y=((A*x)
+ B)) was used to determine intercept (A) and gradient (B) of kinetic data and was
carried out using the Excel addin IDBS XLFit 5.5.0.5. All initial rate data were fitted
using either SigmaPlot 12.5 or Grafit 7.0.2. Errors were propagated as described in
Skoog and West for indeterminate errors417. Individual saturation curves were fitted
to (1),
(1)
=

/( + )

where V is the maximal velocity, A is the substrate concentration, and K is the
Michaelis constant for the substrate (Km). Saturation curve showing a non-zero Y
intercept was fitted to (2),
(2)
=
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+ [

/( +

)]

where v0 is the velocity in the absence of activator, V is the maximal velocity, A is the
concentration of activator, and K is the concentration of activator that gives halfmaximal activation (Kact).

Individual saturating curves showing linear substrate

inhibition were fitted to (3)
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where Ki is the apparent inhibition constant for substrate A. Data showing an
intersecting initial velocity pattern on double-reciprocal plots were fitted to (4),
(4)
=
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where A and B are the concentrations of the substrates and KA and KB are the
Michaelis constants. Inhibition data showing linear, competitive, non-competitive or
uncompetitive patterns in double-reciprocal plots were fitted to (5), (6) and (7),
respectively,
(5)
=

/[ (1 + /

is)

+ ]
(6)

=

/[ (1 + /

is)

+ (1 + /

ii)]

(7)
=

/[ + (1 + /
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where I is the inhibitor concentration and Kis and Kii are the slope and intercept
inhibition constants, respectively. Inhibition data were fitted to (8),
(8)
=

0/[1
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nH +

"]

where v is the rate in the presence of the inhibitor at concentration I, v0 is the rate
without the inhibitor, IC50 is the concentration of the inhibitor that gives 50% inhibition,
nH is the Hill coefficient and D is the assay background. pH profile data were fitted
to (9) for one basic ionizable group, (10) for two nonresolvable acidic ionizable
groups, (11) for two acidic nonresolvable and two basic nonresolvable ionizable
groups, (12), for two acidic nonresolvable and one basic ionizable group, (13) for one
acidic ionizable group and (14) for one acidic and two basic nonresolvable ionizable
groups,
(9)
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where C is the pH-independent plateau value, H is the hydrogen ion concentration,
and Ka and Kb are the respective acidic and basic pKa constants for the ionizable
groups. Solvent kinetic isotope effects were fitted to (15, (16, and (17, for isotope
effects on V only, V/K only, or both V and V/K, respectively,
(15)
ν =

/[ +

(1 + &i'V)]
(16)

/[ (1 + &i'V/ ) +

) =

]
(17)

) =

/[ (1 + &i'V/K) +

(1 + &i'V)]

where Fi is the fraction of the isotopic label and EV and EV/K are the isotope effects
minus one on V and V/K, respectively. Linear Vmax proton inventory data were fitted
to (18),
(18)
n

=

n[1

− + + +(,D/,H)]

where n is the atom fraction of deuterium, Vn is the velocity in the solvent with the
atom fraction of deuterium n, V0 is the velocity in H2O, and kD/kH is the isotope effect.
Differential scanning fluorimetry thermal melting experiments were fitted to (19),
(19)
. = LL + (UL – LL)/[1 + exp(5m – 7/')]
where LL and UL are the values of minimum and maximum intensities, respectively,
X is the temperature, E is the slope of the curve and Tm is the melting point. Plots of
change in Tm (∆Tm) versus ligand concentration were fitted to (20)
(20)
Δ5m = Δ5m,max /(

d

+

) + "

where A is the ligand being titrated, Kd is its apparent dissociation constant, D is the
assay background, and ∆Tmmax is the maximum possible Tm change. pH dependence
of 1H GlcN-1P chemical shifts were fitted to (21),
(21)
δpeak = δHA + (Δδ/ 1 + 10nH(pH‐pKa))
where δpeak is the peak chemical shift, is δHA is the chemical shift of the protonated
form and ∆δ is the difference between δHA and the shift of the deprotonated form.
Mutual exclusivity data were fitted to (22),
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(22)

= /[(1 + ( / i) + (=/ j) + =)/(?

i

j)]

where V is the maximal velocity, I and J are the inhibitor concentrations, Ki and Kj
are the dissociation constants for the inhibitors, and α is an interaction term that
defines the effect of the binding of one inhibitor on the affinity of the second inhibitor.
In order to normalise the assay specific response in compound screening
experiments, the means of the specific microplate positive and negative controls,
were utilised to convert the response to a percentage inhibition (%I) by applying (23),
(23)

% = (A1 ‐ X)/(A1 ‐ A2)) ∗ 100
where X is the assay specific response, µ1 is the mean of the negative, or uninhibited
control and µ2 is the mean of the positive, or inhibited control. Compound screening
assay quality was monitored by using two control populations on every microplate
tested to calculate a “Z’-factor”, which is screening window coefficient and is defined
by (24),
(24)
D E = 1 − (((3 ∗ G1) + (3 ∗ G2))/(A1 − A2))
where σ1 and σ2 are the standard deviations of the positive and negative controls, µ1
is the mean of the negative, or uninhibited control and µ2 is the mean of the positive,
or inhibited control. The MST signal detects the binding of a test compound by
quantification of the change in the normalised fluorescence (i.e., the amplitude of the
MST signal). The fraction of labelled target bound to their test compound, x, enables
the change in fluorescent signal that depends on the concentration of target is
determined by (25)
(25)
&norm = (1 − J)&norm(K+LMK+N) + J &norm(LMK+N)
where, Fnorm (unbound) is the normalised fluorescence of unbound labelled
molecules, and Fnorm (bound) is the normalised fluorescence of complexes (i.e., of
labelled molecules bound to their targets in saturation). The unbound state acts as a
reference state. The dissociation constant, Kd, was determined for ligands binding
to GlmU were fitted to (26),
(26)
=(

0
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where AB is the concentration of the bound complex, A0 is the total amount of one
binding molecule added, B is the free concentration of the second binding molecule
and Kd is the dissociation complex. The half maximal effective concentration, EC50,
was determined for a ligand-mediated effect on GlmU are was fitted to (27),
(27)
=

0/[1

+ ( /'

50)

nH +

"]

where v is the rate in the presence of the activator at concentration I, v0 is the rate
without the activator, EC50 is the concentration of the inhibitor that gives 50%
activation, nH is the Hill coefficient and D is the assay background. Whole-cell
antimicrobial activity was determined by broth microdilution using the Clinical and
Laboratory Standards Institute (CLSI) recommended procedure, Document M7-A7,
“Methods for Dilution Susceptibility Tests for Bacteria that Grow Aerobically”. The
minimum inhibitor concentration (MIC) lowest concentration of compound required
to produce a >80% decrease in observed fluorescence or luminescence. Kinetic
absorbance data, measured as an OD, were converted to concentration of product
by used of the Beer-Lambert equation (28),
(28)
= OPQ
where A is the absorbance, ε is the molar absorption coefficient, l is the pathlength
of the solution (cm) and c is the concentration of the solution (mol cm-3). Pearson
correlation coefficient equation was used to exclude non-linear kinetic data (29),

(29)
R = S((J − J̅ )(. − .U))/√ S(J − J̅ )2 S(. − .U)2
where x is the time (secs) and y is the concentration of product formed ([CoA-SH]
(µM) or [Pi] (µM)).

A linear regression equation was used to determine the

concentration of product formed per unit time (usually secs) (30),

(30)
. = LJ + W
where x is the time (secs), y is the concentration of product formed ([CoA-SH] (µM)
or [Pi] (µM)), b is the gradient and a is the y-axis intercept.
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Chapter 3.

Characterisation

of

the

kinetic

mechanism of GlmU catalysed acetyl transfer
To better understand the catalytic activities of GlmU, studies were undertaken to
thoroughly, kinetically characterise the acetyltransferase activity. Similar studies
have been carried out previously both on the M. tuberculosis enzyme and related
bacterial orthologues, however, most of these used discontinuous approaches and
were not detailed enough for the purposes of the future work, including novel inhibitor
identification and confirmation of GlmU essentiality in vitro215,245.

A detailed

examination of the preparation of GlmU and subsequent identity of the protein, were
carried out to ensure that the optimal conditions were utilised.

Likewise, the

proposed assay approaches to monitor acetyltransferase activity were thoroughly
compared to ensure that the most appropriate methodology was taken forward for
further studies. Divalent metal ions have previously been observed at the GlmU
acetyltransferase trimer interface and the effect of these on both protein stability and
acetyltransferase were studied220. To understand the order of substrate binding and
product release, acetyltransferase kinetic mechanism was elucidated using the
following studies; initial velocity patterns, detailed examination of the specificity of
the substrates and finally dead-end analogue and product inhibitor experiments. To
complement and expand on the kinetic examination of the GlmU acetyltransferase
activity, substrate and product binding studies were carried out using DSF, as well
as X-ray crystallography to understand the structure and conformation of the proteinsubstrate catalytic complex. The structure of free GlmU, along with several ligandbound forms have previously been solved245, however these studies have captured
the

catalytic

complex

pre-acetyl-transfer,

which

would

provide

a

better

representation of the correct orientation of both the active site residues and
substrates, prior to catalysis. All equations used in the analysis of data in this chapter
can be found in the Materials and Methods chapter, section 2.2.30.

3.1 Protein preparation and quantification
Protein expression was carried out using both the N- and C-terminal hexahistidine,
TEV cleavage site constructs to generate two 120 grams of cell pellet. Purification
of the C-terminal hexahistidine construct was carried out first and SDS-PAGE gel
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electrophoresis analysis of the final product highlighted the presence of two
significant species, identified by the bands in Figure 21.

Figure 21. SDS-PAGE gel electrophoresis image of GlmU-TEV-His6
SDS-PAGE analysis of the final purification product of GlmU-TEV-His6. The two
bands, highlighted by two red squares (lane 2), are approximately the expected
molecular weight (MWt) for this C-terminal GlmU construct.
After GlmU-TEV-His6 final purification, intact mass was measured by ESI-LC-MS,
which yielded an average molecular weight (MWt) of 53.4 kDa. The expected MWt
for this construct was 53.41 kDa and the measured mass is consistent with the loss
of the N-terminal methionine. Protein concentration was measured as 13.2 mg/ml
and a total of 132 mgs was purified from 30 grams of starting cell pellet. Further
analysis of the species of GlmU separated by SDS-PAGE gel electrophoresis was
carried out by Peptide Mass-Fingerprinting (PMF), which identified both as GlmU
with an average of 27 % peptide coverage after Trypsin cleavage. Comparison of
the PMF data for bands identified in Figure 21 as 1 and 2, highlights the absence of
peptides covering the C-terminal of band 2.

These data indicate that there is

significant cleavage of GlmU-TEV-His6, leading to a heterogenous population that
cannot be separated by the chromatography method utilised for protein purification.
Further protein preparation was carried out using the His6-TEV-GlmU construct and
purified protein was analysed by SDS-PAGE gel electrophoresis (Figure 22), which
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highlights a clear difference, in terms of number of significant bands per lane,
between N- and C-terminal hexahistidine, TEV cleavage site constructs.

Figure 22. SDS-PAGE gel electrophoresis analysis of His6-TEV-GlmU.
SDS-PAGE analysis of the final purification products of His6-TEV-GlmU. The gel
layout is as follows; lane 1 is the gel MWt marker, lanes 2 and 3 are the SEC load,
lanes 4 and 5 are the first SEC pool and lanes 6 and 7 are the second SEC pool.
The protein accurate mass was determined by ESI LC-MS as 53.4 kDa, which is
consistent with N-terminal methionine cleavage.

Protein concentration was

measured as 5.3 mg/ml and a total of 89 mgs was purified from 30 g of starting cell
pellet. Protein identity was confirmed as GlmU using PMF analysis, which identified
22 peptides after trypsin cleavage, from the single bands in gel lanes 6 and 7 (Figure
22), equating to 65% coverage of the expected amino acid sequence. These data
confirm the homogeneity, sequence and mass of the protein purified from E. coli cell
pellet as His6-TEV-GlmU.
To analyse the oligomeric state of GlmU gel electrophoresis using non-reducing
SDS-PAGE was performed (removal of DTT reducing agent from sample preparation
buffer) and native-PAGE approaches (Figure 23 A and B).
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Figure 23. Further gel electrophoresis analysis of His6-TEV-GlmU.
Gel electrophoresis analysis, (A) Non-reducing SDS-PAGE and (B) Native-PAGE, of
the final purification products of His6-TEV-GlmU. (A) The non-reducing SDS-PAGE
gel layout is as follows; lane 1 is the gel MWt marker, lanes 2 and 3 are the SEC
load, lanes 4 and 5 are the first SEC pool and lanes 6 and 7 are the second SEC
pool. (B) The Native-PAGE gel layout is as follows; lane 1 is the gel MWt marker,
lanes 2 and 3 are the SEC load, lanes 4 and 5 are the first SEC pool and lane 6 and
7 is the second SEC pool.
The non-reducing SDS-PAGE analysis of His6-TEV-GlmU (Figure 23 A)
demonstrates that there are two bands at ~ 53.4 kDa per GlmU sample lane, one
containing the majority of sample and another minor band at a higher MWt. These
data indicate that any quaternary GlmU structure is not significantly stabilised by
disulphide bridges, as the observed bands are at the expected position between 50
- 64 kDa on the gel. The appearance of a minor band at ~ 60 kDa, when compared
to the reducing SDS-PAGE analysis, may indicate the presence of minor disulphide
bridges that perturb the migration of the denatured sample down the gel. There are
no significant higher MWt bands present, which is indicative of the absence of any
covalently linked complexes. The native-PAGE analysis of His6-TEV-GlmU (Figure
23 B) reveals the presence of a significant band at ~ 240-300 kDa in the sample
lanes containing the GlmU samples. Previous studies have proposed that GlmU is
a homotrimer in solution, primarily based on data from structural biology studies
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using X-ray crystallography. The data presented in Figure 23 confirm that GlmU
exists in solution as a multimeric complex and given the monomer is 53.4 kDa, then
these findings are indicative of the existence a hexamer. The presence of the sample
added to the Native-PAGE gel in the GlmU preparation lanes has migrated into the
gel, in contrast to the SEC load lanes, where a significant amount of sample has not
migrated into the gel and can still be observed in the loading wells.
The final pooled purification product of His6-TEV-GlmU was analysed by CD
spectroscopy to confirm the presence of secondary polypeptide structure (Figure 24).

Figure 24. Far-UV CD spectra of His6-TEV-GlmU.
His6-TEV-GlmU protein secondary structure spectrum was determined by far-UV CD
spectroscopy, using a wavelength scan from 190 – 270 nm. These data are a mean
of three discrete replicates that have been background subtracted using a buffer
blank measurement.
The His6-TEV-GlmU far-UV CD spectrum determined is indicative of a folded protein
secondary structure that has a significant proportion of antiparallel β-sheet409 and
more specifically, parallel β-helix418. These secondary structure data describe the
composition of the published X-ray crystallography structures of GlmU, which
demonstrate that the preparation of M. tuberculosis enzyme for this study is likely
optimally folded. The significant noise observed at wavelengths lower than 210 nm
was due to the presence of a relatively high concentration of Cl- ions in the protein
storage buffer419.

The CD spectrum of His6-TEV-GlmU was used to identify a

suitable wavelength to monitor during a thermal unfolding experiment to characterise
the thermal stability of GlmU and determine a Tm (Figure 25).
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Figure 25. His6-TEV-GlmU Far-UV CD thermal unfolding.
CD signal of the secondary structure of His6-TEV-GlmU protein at 222 nm was used
to monitor protein structural integrity at increasing temperature from 4 to 80 °C. The
data have been fitted, where appropriate, to Eqn. (19).
The secondary structure of His6-TEV-GlmU was further characterised by
investigating the change in protein CD at 222 nm over a temperature gradient to
determine the melting point, Tm. The thermal unfolding data in Figure 25. was fitted
to Eqn. (19) to determine a His6-TEV-GlmU Tm of 45.1 ± 0.1 °C, which further
demonstrates that the pooled preparation of His6-TEV-GlmU is folded and has
significant secondary structure.

3.2 Acetyltransferase absorbance assay configuration and
non-linear initial velocities
The acetyltransferase activity of GlmU was monitored using free thiol detection
assays to detect the accumulation of the product CoA-SH in real time. The two
detection methodologies initially employed to measure the free thiol of the
acetyltransferase product, CoA-SH, were both chromogenic reagents; the classically
utilised DTNB (also known as Ellman’s reagent) and DTP (also known as Aldrithiol4). The two detection reagents have highly oxidising disulphide bonds that are
stoichiometrically reduced by free thiols in an exchange reaction, forming mixed
disulphides and releasing one molecule of either NTB2− or 4-TP, respectively. NTB2−
and 4-TP are good leaving groups and in all cases one of either NTB2− or 4-TP are
released for every thiol oxidised in the presence of either DTNB or DTP,
154

Chapter 3 Results

respectively420,421. The formation of photometrically detectable NTB2− or 4-TP, leads
to an increase in optical density at either 412 or 324 nm, respectively.
To initially compare the application of DTNB and DTP to detect thiols, CoA-SH was
titrated in assay buffer at pH 7.5, prior to addition of the detection reagent (Figure
26).

Figure 26. Thiol detection of CoA-SH titrations.
CoA-SH was titrated in assay buffer at pH 7.5 and subsequently detected by
additions of 500 µM of either DTNB (●) or DTP (●). Absorbance was monitored at
an optical density (OD) of either 324 nm (DTP) or 412 nm (DTNB). Each of these
data have been fitted to a linear regression; DTNB (―, correlation coefficient = 0.99)
or DTP (―, correlation coefficient = 0.99). Inset figure, CoA-SH concentration range
from 1 to 20 µM.
The use of DTNB and DTP to detect the free thiol of CoA-SH were equivalent at pH
7.5, with a minimum level of detection of 1 µM that was linear up to a concentration
of 500 µM thiol (Figure 26 Inset).
As a final control, before proceeding with the use of either DTNB or DTP to monitor
acetyltransferase activity, GlmU was titrated in assay buffer at pH 7.5, in the absence
of substrates but in the presence of thiol detection reagents. These data, utilising a
range of GlmU concentrations between 4 nM and 5 µM, showed that no increase in
absorbance was observed above background. These findings demonstrate that any
background absorbance is not due to the addition of GlmU and subsequent reaction
of surface accessible thiols with the detection reagents.
To investigate

whether

any surface accessible thiols

are essential for

acetyltransferase activity, a concentrated stock of GlmU was incubated with an
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equimolar concentration of maleimide, N-ethylmaleimide (NEM), for 30 mins, at
25 °C, prior to titration in the presence of 200 µM of both Ac-CoA and GlcN-1P and
the use of DTP to monitor activity by the change in absorbance. To control this
experiment, an additional titration of non-NEM-incubated GlmU was carried out in
the presence of the acetyltransferase substrates and activity monitored using the
DTP absorbance assay (Figure 27).

Figure 27.

Validation of thiol detection assays to monitor GlmU

acetyltransferase activity.
NEM-incubated (●) and non-modified GlmU (●) were titrated in assay buffer at pH
7.5 in the presence of DTP, before addition of 200 µM acetyltransferase substrates
to determine if any solvent accessible thiols are catalytically essential. These data
are a mean of six discrete replicates and the solid lines are fits of the experimental
data to a linear regression model.
The control experiments in Figure 27 demonstrated that the pre-incubation of GlmU
with NEM and subsequent detection of CoA-SH formation using DTP, doesn’t
prevent acetyltransferase and demonstrates that the solvent exposed thiol groups
are not involved in catalysis.

Furthermore, there was no significant difference

between the acetyltransferase activities of NEM-treated and unmodified GlmU,
which further confirms that modification of solvent exposed thiols on the enzyme
have no effect on acetyl transfer. The quaternary structure of GlmU is not formed
through disulphide bridge formation and the exposure of the enzyme to thiol
modification reagents is not likely to disrupt the trimer.

Each of the three

acetyltransferase active sites involve contributions from all monomers in the trimer215.
If the trimer were to be disrupted by exposure to high concentrations of thiol
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modification reagents, then GlmU acetyltransferase activity and CoA-SH formation
would not be possible.

To further investigate and evaluate the thiol detection

methodologies, DTP and DTNB were used to monitor the acetyltransferase activity
of GlmU by kinetically detecting the formation of CoA-SH in assay buffer at pH 7.5
(Figure 28).

Figure 28. Acetyltransferase activity of a titration of GlmU.
GlmU was titrated in the presence of 200 µM of both Ac-CoA and GlcN-1P in assay
buffer at pH 7.5. Accumulation of the product CoA-SH was monitored by absorbance
using 500 µM of either (A) DTP or (B) DTNB. The concentrations of GlmU were; (○)
12 nM, (□) 6 nM, (▲) 3 nM and (▼) 1.5 nM.
There was no difference between the use of either DTP or DTNB to monitor GlmU
acetyltransferase activity kinetically, however, with both detection reagents it was
apparent there was an initial non-linear phase, up to 500 secs. To investigate this
lag phase, which could be indicative of a slow-dissociation of a competitive or a slow
transition to an active enzyme conformation, several factors were considered,
including inhibition by kanamycin (derived from expression phase) and temperature
effects422,423. In addition, to try and isolate any unknown, tightly bound inhibitors,
concentrated GlmU was denatured at 95 °C, prior to removal of aggregate by
centrifugation, before titrating the supernatant in the presence of 10 nM GlmU and
incubating for 60 mins at 25 °C. Acetyltransferase activity was then monitored using
the DTP absorbance assay, using a buffer at pH 7.5, containing 10 mM MgCl2 in the
presence of fixed concentrations of substrates.

None of the aforementioned

approaches resulted in the identification of the cause of the non-linear
acetyltransferase kinetics. Incubation of concentrated GlmU with 10 mM MgCl2 at 4
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°C, prior to assay, was identified as a critical requirement for optimal, linear
acetyltransferase activity (Figure 29).

Figure 29. Acetyltransferase activity of GlmU in the presence of 10 mM
MgCl2.
Progress curves of the GlmU acetyltransferase reaction using DTP to monitor
formation of CoA-SH. The change in absorbance of DTP at OD324nm was monitored
every 10 secs and then converted to concentration of CoA-SH formed using BeerLambert law (see Materials and Methods, “Data analysis” section). The data for a
high concentration of GlmU incubated in the presence or absence of 10 mM MgCl2,
then used in the assay at 10 nM, are represented by either ○ or ●, respectively.
The non-linear kinetics of GlmU acetyltransferase, evident in both Figure 28 and
Figure 29, appear to be eradicated by an initial extended incubation, for periods in
excess of 20 hours, of protein with 10 mM MgCl2 at 4 °C, prior to assay. To further
investigate the apparent dependency of GlmU for 10 mM MgCl2 for optimal
acetyltransferase activity, an incubation of a high concentration of protein with either
10 mM EDTA or MgCl2 for 12 hrs at 4 °C was carried out, prior to monitoring the
acetyltransferase activity (Figure 30).
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Figure 30. Acetyltransferase activity of GlmU in the presence of 10 mM EDTA.
Progress curves of the GlmU acetyltransferase reaction using DTP to monitor
formation of CoA-SH. The data for a high concentration of GlmU incubated in the
presence of either 10 mM MgCl2 or 1 mM EDTA, then used in the assay at 10 nM,
using an assay buffer containing 10 mM MgCl2 are represented by either ○ or ●,
respectively.
The non-linear kinetics of GlmU acetyltransferase were further exacerbated by an
initial incubation of the enzyme with 1 mM EDTA, a divalent metal chelator, in
comparison to a similar incubation with 10 mM MgCl2. These data confirmed the
need for a new preparation of GlmU, purified and stored in the constant presence of
10 mM MgCl2, was required to ensure optimal acetyltransferase activity, prior to
progressing with detailed mechanistic studies.

3.3 Differential scanning fluorimetry assay configuration
CD thermal stability assays, although widely used for many years, have several
limitations, including the requirement for high concentrations of protein and being a
relatively low throughput method. To offer an alternative technique to monitor the
integrity of GlmU secondary structure, in addition to addressing the limitations of
using CD, a DSF assay was developed (see Section 135). This method can be
miniaturised to utilise 384 well PCR microplates, making this approach amenable to
studying ligand-induced protein stabilisation.

Ligand-induced stabilisation is a

phenomenon whereby the binding of ligands, such as inhibitors, substrates, metal
ions, cofactors and other binding partners enhance the stability of a target protein
due to the energetic coupling of the ligand-binding and target-melting reactions.
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GlmU DSF using SYPRO Orange was carried out to monitor unfolding of the protein
as the temperature of the sample is increased. To identify the optimal conditions for
the DSF assay, GlmU was tested at four different concentrations in the presence of
two different SYPRO Orange concentrations (Figure 31).

Figure 31. GlmU DSF assay optimisation.
Thermal melting of GlmU at the following concentrations; 8 µM (●), 4 µM (●), 2 µM
(●) and 1 µM (●) in the presence of 5x SYPRO Orange, in assay buffer at pH 7.5, as
the temperature is increased from 30 to 95 °C. These data are a mean of three
discrete replicates that have been background subtracted using a buffer blank
measurement. The data have been fitted, where appropriate, to Eqn. (19).
The data in Figure 31 is an example of the thermal stability profiles of four GlmU
protein concentrations in the presence of 5x SYPRO Orange. Table 9 compares the
GlmU Tm values for each different protein concentration, as well as the results of
using two concentrations of SYPRO Orange.
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Table 9. GlmU DSF assay optimisation.

[GlmU]
(µM)

Tm (°C) in 10x
SYPRO Orange
a, b

Maximum
fluorescence (RFU)
in 10x SYPRO

Tm (°C) in 5x
SYPRO Orange
a, b

Orange

Maximum
fluorescence (RFU)
in 5x SYPRO
Orange

8

50.9 ± 0.03

57.4 ± 0.26

50.9 ± 0.02

75.8 ± 0.26

4

50.4 ± 0.04

30.8 ± 0.17

51.0 ± 0.02

54.4 ± 0.17

2

49.5 ± 0.05

11.9 ± 0.07

50.9 ± 0.03

29.2 ± 0.12

1

48.7 ± 0.06

5.1 ± 0.03

50.8 ± 0.04

15.4 ± 0.08

aT

m

determined by monitoring SYPRO Orange fluorescence emission at 568 nm.

bT

m

determined in an assay buffer containing 25 mM HEPES, pH 7.5, 100 mM NaCl.

The data in Table 9 confirms, while optimising the DSF assay, that there is little
difference in the apparent GlmU Tm regardless of the concentration of protein or
SYPRO Orange used. The maximum fluorescence achieved for each combination
of conditions explored is directly dependent on the concentration of GlmU used; a
decrease in protein utilised leads to a reduction in the maximal fluorescence. The
maximum fluorescence is increased by 1.3 to 3-fold as the concentration of SYPRO
Orange is reduced from 10x to 5x. These experiments have identified the optimal
combination of conditions that will be used for further DSF experiments.

3.4 Further protein preparation
Preliminary protein purification experiments and subsequent initial enzymatic
characterisation experiments revealed a requirement of GlmU for Mg2+ to optimally
catalyse acetyl transfer. Further protein preparation was carried out using His6-TEVGlmU construct in the continuous presence of 10 mM MgCl2 to minimise any suboptimal GlmU acetyltransferase activity. Apart from the continuous presence of 10
mM MgCl2, there were other differences to the established purification methodology,
including the addition of ion exchange (IEX) chromatography, followed by a second
SEC step, to remove high concentrations of NaCl. The final product of the protein
preparation process was analysed by SDS-PAGE gel electrophoresis (Figure 32),
which highlights a single significant band, as well as by PMF and ESI-LC-MS.
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Figure 32. Gel electrophoresis of His6-TEV-GlmU prepared in 10 mM MgCl2.
SDS-PAGE analysis of the final purification product of His6-TEV-GlmU, prepared in
the presence of 10 mM MgCl2. The gel layout is as follows; lane 1 is the gel MWt
marker, lanes 2 and 3 are 10 µg load of protein and lanes 4 and 5 are 5 µg load of
GlmU. Boxes 1 - 3 were the samples selected for PMF analysis.
The accurate protein mass was determined by ESI LC-MS as 53.4 kDa, which is
consistent with N-terminal methionine deletion of His6-TEV-GlmU.

Protein

concentration was measured as 2.2 mg/ml and a total of 66 mgs was purified from
30 grams of starting cell pellet. Protein identity was confirmed as GlmU using PMF
analysis, which identified an average of 19 peptides after trypsin cleavage, from the
highlighted bands in gel lanes 2, 3 and 4 (Figure 32, boxes 1-3), equating to 47 %
coverage of the expected amino acid sequence.

These data confirm the

homogeneity, sequence and mass of the protein purified, in the continuous presence
of 10 mM MgCl2 from E. coli cell pellet as His6-TEV-GlmU.
The final pooled purification product of His6-TEV-GlmU, prepared in the presence of
10 mM 10 mM MgCl2 (GlmU+Mg2+), was monitored by CD spectroscopy to confirm the
presence of secondary polypeptide structure (Figure 33).
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Figure 33. Far-UV CD spectra of GlmU+Mg2+.
GlmU+Mg2+ protein secondary structure spectrum was determined by far-UV CD
spectroscopy, using a wavelength scan from 190 – 250 nm. These data are a mean
of three test occasions that have been background subtracted using a buffer blank
measurement.
The far-UV CD spectra overlays with the CD spectra determined for His6-TEV-GlmU
purified in the absence of 10 mM MgCl2 (GlmU-Mg2+), which is typical of a significant
proportion parallel β-helix (Figure 24)418. The GlmU+Mg2+ Tm was determined by using
DSF, in the presence of 10 x SYPRO Orange, to monitor unfolding of protein as the
temperature of the sample is increased. To provide a direct comparison, the same
methodology was utilised to determine the Tm of GlmU-Mg2+ (Figure 34).

Figure 34. Comparison of the DSF melting profiles of GlmU+Mg2+ and GlmUMg2+

.
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Thermal melting of GlmU+Mg2+ (●) and GlmU-Mg2+ (●) in the presence of 10 x SYPRO
Orange, in assay buffer at pH 7.5, as the temperature is increased from 30 to 95 °C.
These data are a mean of three discrete replicates that have been background
subtracted using a buffer blank measurement. The data have been fitted, where
appropriate, to Eqn. (19).
The Tm of GlmU+Mg2+ determined by DSF was 50.8 ± 0.2 °C, while the Tm of GlmUMg2+

was 49.5 ± 0.5 °C. The comparison of the Tm of the two preparations of GlmU

demonstrates there is less than 1 °C difference, which indicates that the presence of
Mg2+ has no significant effect on the stability of the secondary structure of the
proteins. To confirm the DSF Tm results, alternative assessments of GlmU thermal
melting were carried out using CD and NanoDSF (Table 10).
Table 10. Further Tm determination of GlmU+Mg2+ and GlmU-Mg2+.
GlmU preparation

CD Tm (°C)a, b

NanoDSF Tm (°C)b

GlmU+Mg2+

45.1 ± 0.3

49.3 ± 0.3

GlmU-Mg2+

44.5 ± 0.1

47.8 ± 0.5

aT

m

determined by monitoring CD of GlmU at 222 nm.

bT

m

determined using 2 µM GlmU in

an assay buffer containing 25 mM HEPES, pH 7.5, 100 mM NaCl and 10 mM MgCl2
(depending on protein preparation used).

The data in Table 10 confirms the previous observations, using DSF, that there is a
consistent, modest difference in Tm between GlmU+Mg2+ and GlmU-Mg2+. The binding
of Mg2+ is believed to have a structural role and these data indicate, that in the
presence of 10 mM of the cation, the structure is modestly stabilised. A comparison
of the apparent GlmU thermal stability data determined by the three different
methodologies highlights that the CD Tm values are between 4 - 5 °C lower than the
protein melting values determined by DSF and NanoDSF. DTP absorbance assay
was utilised to evaluate the acetyltransferase activity of both GlmU-Mg2+ and
GlmU+Mg2+ by kinetically monitoring the formation of CoA-SH in an assay buffer
containing 10 mM MgCl2 at pH 7.5, without any pre-incubations with 10 mM MgCl2
(Figure 35).
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Figure 35. Acetyltransferase activity of GlmU+Mg2+ and GlmU-Mg2+ preparations.
Progress curves of 10 nM GlmU+Mg2+ (●) and GlmU-Mg2+ (●) acetyltransferase
reactions using DTP to monitor formation of CoA-SH at pH 7.5 every 10 secs. The
progress curves for GlmU+Mg2+ were fit to a linear regression model for time points
between 0 to 800 secs (―). The progress curves for GlmU-Mg2+ were fit to two linear
regression models (1) for time points between 0 to 650 secs (―) and (2) for time
points between 1000 to 3000 secs (---). These data are a mean of four discrete
replicates that have been background subtracted using a buffer blank measurement.
The non-linear kinetics initially observed for GlmU acetyltransferase activity in the
absence of added MgCl2 are eradicated when using the GlmU+Mg2+ preparation of
enzyme (Figure 35). As a control, and comparator, it is evident the non-linear
acetyltransferase activity is still present when using the GlmU-Mg2+ preparation of
enzyme. appear to be eradicated by. In contrast, the progress plot for 10 nM GlmUMg2+

has two phases that were fit to two linear rates; the first was 0.03 CoA-SH s-1

and the second was 0.05 CoA-SH s-1, whereas the rate of GlmU+Mg2+ acetyl transfer
was 0.12 CoA-SH s-1. These data confirmed the requirement for 10 mM MgCl2, from
protein purification to assay, to eradicate the non-linear GlmU acetyltransferase
kinetics previously observed using the thiol detection assays.

However, the

presence of MgCl2 only modestly effected the CD profile and the thermal stability of
GlmU. To better understand the need for MgCl2 for optimal GlmU acetyltransferase
kinetics and whether this requirement is concentration dependent, divalent metal ion
was titrated in the presence of fixed concentrations of Ac-CoA and GlcN-1P and
CoA-SH release monitored using the DTP absorbance assay (Figure 36).
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Figure 36. GlmU-Mg2+ acetyltransferase apparent Mg2+ Kact
Titration of MgCl2 in the presence of 5 nM GlmU-Mg2+, 400 µM DTP and 200 µM AcCoA and GlcN-1P. The initial velocity for each condition was determined and
subsequently correlated with the Mg2+ concentration range utilised and fitted to Eqn.
(2). Symbols represent experimental data, and solid lines the fit of the data to the
appropriate model. These data are a mean of 3 discrete replicates that have been
background subtracted using a minus GlmU control measurement.
Monitoring the acetyltransferase activity of GlmU-Mg2+ in the presence of a titration of
MgCl2 enabled determination of an apparent Kact,

Mg2+

of 5.7 ± 1.3 mM and

identification of a Mg2+ concentration for optimal acetyl transfer of 10 mM (Figure 36).
This experiment was carried out at 200 µM concentrations for both Ac-CoA and
GlcN-1P, which are equivalent to the Km, app values reported in the literature. In
addition, the use of the GlmU-Mg2+ preparation could be flawed as there was a
possibility that some divalent metal ion could be bound to the enzyme. To better
understand the GlmU acetyltransferase activity, it was first necessary to determine
the steady state kinetic parameters for Ac-CoA and GlcN-1P in the presence of 10
mM Mg2+. Furthermore, to fully understand whether the requirement for Mg2+ is
either specific or concentration dependent, a variety of divalent metal ions will be
investigated over a range of concentrations. Preparations of GlmU treated with
EDTA to remove any residual divalent metal ion, will be utilised to carry out both
specificity and concentration studies.
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3.5 Uridylyltransferase assay configuration
The uridylyltransferase activity of GlmU was monitored using Pi assays to detect the
accumulation of the product PPI in real time. The two detection methodologies
employed to detect Pi, which is formed by PPase from the uridylyltransferase product
PPi, were both fluorogenic reagents; either the fluorescent Pi binding protein MDCCPBP or a multi-enzyme coupled system, referred to as PiXan, that ultimately
generates the fluorescent product, resorufin. The two methodologies are sensitive
to levels of free Pi in solution and are dependent on the conversion of PPi by PPase,
which is utilised at high concentrations. The rationale for the utilisation of high levels
of PPase is to prevent the enzymatic conversion of PPi to Pi from becoming the ratelimiting catalytic step.
To initially compare the sensitivity of MDCC-PBP and PiXan, Pi was titrated in assay
buffer at pH 7.5, prior to addition of the detection reagent (Figure 37).

Figure 37. Detection of Pi standard titrations.
Pi standard was titrated in assay buffer at pH 7.5 and subsequently detected by
additions of 5 µM of either MDCC-PBP (●) or PiXan reagents (●). Fluorescence,
measured as relative fluorescence units (RFU) was monitored at emission
wavelengths of either 470 nm (MDCC-PBP) or 580 nm (PiXan). Each of these data
have been fitted to a linear regression; MDCC-PBP (―, correlation coefficient = 0.99)
or PiXan reagents (―, correlation coefficient = 0.99). Inset figure, Pi concentration
range from 0.5 to 6 µM.
The use of either MDCC-PBP and PiXan reagents to detect the Pi were equivalent
at pH 7.5, with a minimum level of detection of 0.5 µM that was linear up to a
concentration of 20 µM Pi.
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To further investigate and evaluate the Pi detection methodologies, MDCC-PBP and
PiXan reagents were used to monitor the uridylyltransferase activity of GlmU by
kinetically detecting the formation of PPi in assay buffer at pH 7.5 (Figure 38).

Figure

38.

Validation

of

Pi

detection

assays

to

monitor

GlmU

uridylyltransferase activity.
GlmU titration in the presence of fixed concentrations of 100 µM GlcNAc-1P and UTP
in assay buffer at pH 7.5 and subsequently detected by additions of 5 µM of either
MDCC-PBP (●) or PiXan reagents (●). Fluorescence, measured as RFU s-1 was
monitored at emission wavelengths of either 470 nm (MDCC-PBP) or 580 nm
(PiXan). Each of these data have been fitted to a linear regression; MDCC-PBP (―,
correlation coefficient = 0.99) or PiXan reagents (―, correlation coefficient = 0.99).
There was difference between the sensitivity and the total fluorescence of the Pi
detection assays to monitor the release of PPi as it is formed by GlmU
uridylyltransferase activity. The MDCC-PBP assay generates less fluorescence per
second but the methodology was able to monitor a linear increase of PPi, per
concentration of GlmU utilised up to 15 nM enzyme. The PiXan assay generates
more fluorescence per second but the methodology appears to be less sensitive, in
terms of linearity of PPi produced per concentration of GlmU utilised up to 4 nM. The
apparent lack of sensitivity of the PiXan methodology is potentially due to the
generation of high fluorescence signal, which has been observed to saturation the
microplate reader photo-multiplier tube (PMT) detector. The saturation of the PMT
detector can occur rapidly, especially at higher concentrations of GlmU, which leads
to difficulties in determining an accurate initial rate.
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These data confirmed that both uridylyltransferase, Pi detection methodologies are
fit for purpose and can be used to monitor the GlmU catalysed generation of the
product PPi.

3.6 Acetyltransferase steady state kinetics
To initially characterise the acetyltransferase activity of GlmU (utilising GlmU+Mg2+)
titrations of either GlcN-1P or Ac-CoA in the presence of saturating concentrations
of the second substrate, were investigated. These experiments were carried out in
an assay buffer containing 10 mM MgCl2 and CoA-SH product formation was
detected kinetically using the DTP absorbance assay.

Initial velocities were

calculated for each test condition and the data were subsequently fitted to determine
the acetyltransferase Michaelis-Menten kinetic parameters (Figure 39).

Figure 39. Acetyltransferase steady state kinetics.
Initial velocity data for GlmU acetyltransferase reaction using titrations of either AcCoA (●) or GlcN-1P (●). Symbols represent experimental data, and solid lines the fit
of the data to Eqn. (1), for either Ac-CoA (―) or GlcN-1P (―). These data are a
mean of four discrete replicates.
The acetyltransferase activity of GlmU+Mg2+ was monitored in the presence of a
titration of Ac-CoA, at a saturating concentration of GlcN-1P, which enabled
determination of a Km,

Ac-CoA

of 240.1 ± 20 µM and kcat,

Ac-CoA

= 25.1 ± 0.6 s-1. The

reverse experiment, using a titration of GlcN-1P in the presence of a high
concentration of Ac-CoA was also fitted to Eqn. (1), giving a Km,

GlcN-1P

of 344.8 ±

29.6 µM and kcat, GlcN-1P = 33.3 ± 0.9 s-1. The kcat is independent of substrate varied
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and the variation between the values determined by fitting the GlmU
acetyltransferase substrate titrations is likely due to non-saturating conditions utilised
for Ac-CoA. The GlmU acetyltransferase Michaelis-Menten parameters will be used
to further investigate and quantify the requirement for divalent metal ions for optimal
activity.

3.7 Uridylyltransferase steady state kinetics
To initially characterise the uridylyltransferase activity of GlmU (utilising GlmU+Mg2+),
titrations of either GlcNAc-1P or UTP in the presence of saturating concentrations of
the second substrate, were investigated. These experiments were carried out in an
assay buffer containing 10 mM MgCl2 and the use of either MDCC-PBP or PiXan
assay methodologies to monitor PPi product formation.

Initial velocities were

determined for each test condition and the data were subsequently fitted to
determine the uridylyltransferase Michaelis-Menten kinetic parameters (Figure 40).

Figure 40. Uridylyltransferase steady state kinetics.
(A) Initial velocity data for GlmU uridylyltransferase reaction monitored using a PiXan
assay. (B) Initial velocity data for GlmU uridylyltransferase reaction monitored using
a MDCC-PBP assay. Data generated using titrations of either UTP (●) or GlcNAc1P (●). Symbols represent experimental data, and solid lines the fit of the data to
Eqn. (1), for either UTP (―) or GlcNAc-1P (―). These data are a mean of five
discrete replicates.
The uridylyltransferase activity of GlmU+Mg2+ was monitored using PiXan in the
presence of a titration of UTP, at a saturating concentration of GlcNAc-1P, which
enabled determination of a Km, UTP of 3.6 ± 1.3 µM and kcat, UTP = 150.1 ± 9.2 s-1. The
same experiment was carried out using MDCC-PBP, which yielded a Km,
± 0.5 µM and kcat, UTP = 219.9 ± 7.4 s-1.
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The reverse experiment, titrating GlcNAc-1P in the presence of a high concentration
of UTP and monitored using PiXan was also fitted to Eqn. (1), giving a Km, GlcNAc-1P of
41.8 ± 2.8 µM and kcat, GlcNAc-1P = 155.4 ± 2.7 s-1. The same experiment was carried
out using MDCC-PBP, which yielded a Km, GlcNAc-1P of 25.1 ± 3.2 µM and kcat, GlcNAc-1P
= 221.2 ± 8.4 s-1.
The variation between the kcat values determined by fitting the GlmU
uridylyltransferase substrate titrations data is likely due to non-saturating conditions
utilised for the second substrate. However, these kcat variations maybe due to the Pi
detection assays used, primarily the difference in sensitivity, in addition to the relative
complexity of PiXan reagents.

3.8 Divalent metal ion modulation of acetyl transfer
To better understand the Mg2+ requirement for optimal GlmU acetyltransferase
activity, it was necessary to treat both GlmU+Mg2+ and GlmU-Mg2+ preparations with
EDTA, prior to characterising the effect of Mg2+. This EDTA treatment was carried
out to remove any residual, tightly bound, divalent metal ions that might not have
diffused from the protein during the purification process.
The two preparations of GlmU were incubated with 10 mM EDTA, in a buffer
comprising of 25 mM HEPES, pH 7.5, 100 mM NaCl, at 4 °C for 18 hours. This
incubation was followed by dialysis for 24 hours (buffer change after 12 hours) at
4 °C while constantly stirring to remove the 10 mM EDTA. The EDTA-treated and
dialysed protein preparations, known hereon in as GlmU+Mg2+, EDTA and GlmU-Mg2+,
EDTA,

were investigated to characterise both the thermal melting profiles and the

acetyltransferase activity (Figure 41).
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Figure 41. DSF stability and acetyltransferase activity evaluation of EDTAtreated GlmU.
(A) Titrations of GlmU to monitor acetyltransferase activity and determine the initial
velocity in the presence of 200 µM substrates, as [CoA-SH] s-1, of the following
preparations; (●) GlmU-Mg2+, EDTA, (●) GlmU-Mg2+, EDTA in the presence of 10 mM Mg2+,
(●) GlmU+Mg2+, EDTA, (●) GlmU+Mg2+, EDTA in the presence of 10 mM Mg2+, (■) GlmUMg2+, EDTA in the presence of 10 mM Mn2+ and (■) GlmU+Mg2+, EDTA in the presence of
10 mM Mn2+. (B) Thermal melting of EDTA-treated GlmU-Mg2+ (●) in the presence of
10 x SYPRO Orange, in assay buffer at pH 7.5, as the temperature is increased from
30 to 95 °C. These data are a mean of 16 discrete replicates that have been
background subtracted using a buffer blank measurement. The thermal profile data
have been fitted, where appropriate, to Eqn. (19).
The data in Figure 41 demonstrates GlmU-Mg2+, EDTA had reduced acetyltransferase
activity, when compared to the WT enzyme. The acetyltransferase activity of the
GlmU-Mg2+,

EDTA

in an assay buffer including either 10 mM MgCl2 or MnCl2 was

increased by 5 – 10-fold, from 0.005, in the absence of cation, to a maximum of 0.05
CoA-SH s-1 for 10 nM enzyme, with equivalent activities to WT GlmU in the same
assay buffer (GlmU-Mg2+ in buffer containing 10 mM MgCl2). The acetyltransferase
activity of GlmU+Mg2+, EDTA in assay buffer including either 10 mM MgCl2 or MnCl2 was
increased by 5 – 10-fold, to a level that is equivalent to WT GlmU. The GlmU
acetyltransferase activity for all protein preparations, in the absence of 10 mM Mg2+
had an initial, non-linear phase. The DSF thermal stability profile of GlmU-Mg2+, EDTA
was fitted to determine an apparent Tm = 47.9 ± 0.1 °C, which was 2 °C lower than
the Tm for GlmU-Mg2+ (Table 9).
DSF was then used to characterise the effect of titrating MgCl2 from 10 mM on the
thermal melting of GlmU-Mg2+, EDTA Figure 42.
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Figure 42. The effect of Mg2+ on GlmU-Mg2+, EDTA Tm.
(A) DSF thermal stability profile of GlmU-Mg2+, EDTA in the presence of either 10 mM
(●) or 0 mM (●) Mg2+. These data are a mean of 3 discrete replicates that have been
background subtracted using a minus GlmU control measurement. The data have
been fitted, where appropriate, to a Eqn. (19).
The DSF Tm of GlmU-Mg2+, EDTA was stabilised by 1.2 °C in the presence of 10 mM
Mg2+ in Figure 42. The GlmU-Mg2+, EDTA DSF Tm was stabilised in a concentration
dependent manner from 47.71 ± 0.05 °C to 48.91 ± 0.04 °C. To characterise the
apparent activation of GlmU acetyltransferase activity by Mg2+, the divalent metal ion
was titrated in the presence of 200 µM Ac-CoA and GlcN-1P, and CoA-SH release
was monitored using the DTP absorbance assay (Figure 43).

Figure 43. GlmU acetyltransferase apparent Mg2+ Kact.
Titration of Mg2+ in the presence of either 12 nM GlmU-Mg2+, EDTA (●) or GlmU+Mg2+,
EDTA (●), 400 µM DTP and 200 µM Ac-CoA and GlcN-1P. The initial velocity for each
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condition was determined and subsequently correlated with the Mg2+ concentration
range utilised and fitted to Eqn.(2). Symbols represent experimental data, and solid
lines the fit of the data to the appropriate model. These data are a mean of 6 discrete
replicates.
Monitoring the acetyltransferase activity of two different preparations of enzyme,
either GlmU-Mg2+, EDTA or GlmU+Mg2+, EDTA in the presence of a titration of Mg2+, yielded
apparent Kact, Mg2+ values of either 1.40 ± 0.15 mM or 1.16 ± 0.13 mM, respectively.
The concentration of Mg2+ required for optimal acetyl transfer was determined as 10
mM (Figure 43). Activation of GlmU Vmax by Mg2+ is in the range of 4 to 4.5-fold,
however this experiment was carried out in non-saturating concentrations of both AcCoA and GlcN-1P. Further studies were carried out to understand the dependence
of GlmU acetyltransferase Michaelis-Menten parameters on Mg2+ concentration.
Titrations of either Ac-CoA or GlcN-1P were prepared in the presence of high
concentrations of the second substrate and varying concentrations of Mg2+. GlmUMg2+, EDTA

was added to the saturation titrations and acetyltransferase activity was

monitored using the DTP absorbance assay (Figure 44).

Figure 44. Effect of MgCl2 on GlmU acetyltransferase steady-state kinetics.
GlmU-Mg2+, EDTA acetyltransferase activity monitored detection of CoA-SH using the
DTP absorbance assay. (A-B) Titration of Ac-CoA at saturating concentrations of
(A) Effect of varying Mg2+
GlcN-1P and varying concentrations of Mg2+.
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concentrations on Km, Ac-CoA, (B) Effect of varying Mg2+ concentrations on kcat, Ac-CoA.
(C-D) Titration of GlcN-1P at saturating concentrations of Ac-CoA and varying
concentrations of Mg2+. (C) Effect of varying Mg2+ concentrations on Km, GlcN-1P, (D)
Effect of varying Mg2+ concentrations on kcat. GlcN-1P. Symbols represent a mean of
three replicates, which were subsequently fitted to either Eqn. (1) or (3).
The dependence of GlmU acetyltransferase kinetic parameters on Mg2+ was only
modest, with little effect observed on either Km, Ac-CoA or Km, GlcN-1P (Figure 44 A and
C). A greater effect was observed on both kcat values with increases of 1.5 to 2-fold
at high concentrations of metal ion, confirming the observations in Figure 43 (Figure
44 B and D). The data in Figure 44 can be re-plotted to define the effect of varying
the acetyltransferase substrates on the Kact, Mg2+ (Figure 45).

Figure 45. Effect of varying acetyltransferase substrates on Kact, Mg2+.
Re-plot of the data in Figure 44. (A) Titration of Mg2+ at saturating concentrations of
GlcN-1P and varying concentrations of Ac-CoA. Effect of varying Ac-CoA
concentrations on Kact, Mg2+. (B) Titration of Mg2+ at saturating concentrations of AcCoA and varying concentrations of GlcN-1P.
Effect of varying GlcN-1P
concentrations on Kact, Mg2+. Symbols represent experimental data fitted to either
Eqn. (1) or (3).
The plots in Figure 45 demonstrate that GlmU acetyltransferase activity Kact, Mg2+
varies by approximately 2 mM as the concentration of either Ac-CoA or GlcN-1P are
changed. These data define the requirement of GlmU for Mg2+ to achieve optimal
acetyltransferase activity.
To further understand the divalent metal ion requirement of GlmU for optimal
acetyltransferase activity, several cations were investigated, including Mn2+, Ca2+,
Ni2+, Co2+ and Zn2+. Initially, the divalent metal ion effect on GlmU DSF Tm was
investigated by titrating the test cations in the presence of fixed concentration of
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GlmU-Mg2+, EDTA and SYPRO Orange, prior to application of a temperature gradient
(Table 11).

Table 11. Divalent metal ion effect on GlmU Tm.
Maximum

Maximum

fluorescence

fluorescence

(RFU) 10 mM

(RFU) 0.6 mM

cation c

cation c, d

47.71 ± 0.05

20.1 ± 0.2

22.1 ± 0.1

51.71 ± 0.15

50.30 ± 0.04

16.5 ± 0.3

17.5 ± 0.4

Ca2+

47.95 ± 0.04

47.87 ± 0.05

14.8 ± 0.1

22.2 ± 0.2

Co2+

49.91 ± 0.08

47.87 ± 0.04

3.5 ± 0.2

4.5 ± 0.4

Ni2+

52.16 ± 0.11

48.69 ± 0.03

9.1 ± 0.1

12.8 ± 0.2

Zn2+ e

N.D.

N.D.

26.7 ± 0.2

19.2 ± 0.5

GlmU DSF Tm

GlmU DSF Tm

(°C) 10 mM

(°C) 0.6 mM

cation a, b

cation a, b, c

Mg2+

48.87 ± 0.04

Mn2+

Cation

a

Tm determined by monitoring SYPRO Orange fluorescence emission at 568 nm.

b

Tm

determined in an assay buffer containing 25 mM HEPES, pH 7.5, 100 mM NaCl. Thermal
melting curves were fitted to Eqn. (19).
mM.

d

c

The minimum concentration of test cation was 0.6

Peak fluorescence (RFU) of the thermal melting profile.

e

Elevated fluorescence of

between approximately 16 and 28 RFU at 35 °C.

The DSF Tm of GlmU-Mg2+, EDTA in the presence of increasing concentrations of Mn2+
was stabilised up to a maximum of approximately 4 °C at a concentration of 10 mM.
The maximum fluorescence of the thermal melting curve in the presence of 10 mM
Mn2+ was 16.5 RFU, which is a reduction of approximately 30% in comparison to the
thermal profile in the absence of cation (Table 11). The DSF Tm of GlmU-Mg2+, EDTA
was not stabilised at any test concentration of Ca2+. The maximum fluorescence of
the thermal melting curve in the presence of 10 mM Mn2+ was 14.8 RFU, which is a
reduction of approximately 33% in comparison to the minus cation thermal profile
(Table 11).
The DSF Tm of GlmU-Mg2+, EDTA appeared to be stabilised by both 10 mM Co2+ and
Ni2+ by 2.2 °C or 4.4 °C, respectively. However, the maximum fluorescence of the
thermal melting curve in the presence of either 10 mM Co2+ or Ni2+ were reduced by
approximately 85% or 59% in comparison to the minus cation thermal profile. The
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total SYPRO Orange fluorescence is dependent on the concentration of protein
present, as the fluorophore is only fluorescent when bound to the hydrophobic
patches revealed upon temperature induced unfolding. At higher temperatures,
when protein is unfolded non-specific aggregation occurs occluding the hydrophobic
patches and a subsequent decrease in fluorescence is observed (see Figure 42 for
a typical protein thermal profile). The reduction in total fluorescence in the presence
of 10 mM Co2+ and Ni2+ is likely due to protein aggregation, prior to application of the
temperature gradient, which would reduce the total concentration of protein that can
be monitored in the DSF experiment. The Zn2+ DSF experiments were not valid, as
in contrast to the Co2+ and Ni2+ experiments, the total fluorescence was increased.
The Zn2+ thermal profiles were distinct, as the starting fluorescence, at approximately
30 °C, were greater than 16 RFU, which is likely to be indicative of partial unfolding
of GlmU, in contrast to the aggregation caused by Co2+ and Ni2. The aggregation
and unfolding caused by Co2+, Ni2+ and Zn2+ will make subsequent activation
experiments difficult to interpret, so no further studies were attempted with these
cations.
To investigate whether either Mn2+ or Ca2+ alleviate the lag phase of GlmU-catalysed
acetyl transfer, experiments were carried out to monitor initial acetyltransferase
activity of GlmU-Mg2+, EDTA in the presence of 10 mM of either cation (Figure 46).

Figure 46. GlmU acetyltransferase activity evaluation with either 10 mM Mn2+
or Ca2+.
GlmU acetyltransferase activity progress curves in the presence of either 10 mM
Mn2+ (■) or Ca2+ (■). The acetyltransferase activity progress curves were monitored
using 10 nM GlmU-Mg2+, EDTA, 200 µM Ac-CoA and GlcN-1P using 400 µM DTP to
177

Chapter 3 Results

monitor formation of CoA-SH every 16 secs. The progress curves in the presence
of 10 mM Mn2+ or Ca2+ were fit to a linear regression model for time points between
0 to 750 secs (---) and 0 to 400 secs (---), respectively. Control progress curves were
monitored for 10 nM GlmU-Mg2+, EDTA (●) in the absence of cation. These data are a
mean of six discrete replicates that have been background subtracted using a buffer
blank measurement.
The data in Figure 46 demonstrated that the addition of 10 mM Mn2+ led to an
approximate ten-fold increase in GlmU acetyltransferase activity, from 0.006 to 0.06
[CoA-SH] s-1. The addition of 10 mM Ca2+ led to an approximate twenty-five-fold
increase in GlmU acetyltransferase activity, from 0.006 to 0.18 [CoA-SH] s-1. The
GlmU acetyltransferase activity lag phase was alleviated in the presence of both 10
mM Mn2+ and Ca2+.
The apparent Mn2+ and Ca2+ activation of GlmU-catalysed acetyl transfer was
characterised by titrating the cations in the presence of GlmU-Mg2+, EDTA and 200 µM
Ac-CoA and GlcN-1P. The acetyltransferase activity was monitored using the DTP
absorbance assay to detect CoA-SH formation (Figure 47).

Figure 47. GlmU acetyltransferase apparent Mn2+ and Ca2+ Kact.
Titration of either Mn2+ (A) or Ca2+ (B) in the presence of 12 nM GlmU-Mg2+, EDTA, 400
µM DTP and 200 µM Ac-CoA and GlcN-1P. The initial velocity for each condition
was determined and subsequently correlated with the cation concentration range
utilised and fitted to Eqn. (2). Symbols represent experimental data, and solid lines
the fit of the data to the appropriate model. These data are a mean of 3 discrete
replicates.
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Table 12. GlmU acetyltransferase steady state parameters for activation by
divalent metal ions.
-1 -1

Cation

Kact (mM) a, b

Vmax (s-1) a, b

V/K (M s )

Mg2+

1.40 ± 0.15

18.70 ± 0.42

1.3 ± 0.28 x 104

Mn2+

2.62 ± 0.62

10.30 ± 0.35

3.9 ± 0.56 x 103

Ca2+

0.65 ± 0.08

15.71 ± 0.56

2.4 ± 0.7 x 104

aK
act

determined by titrating divalent metal ions in the presence of 12 nM GlmU-Mg2+, EDTA and

200 µM Ac-CoA and GlcN-1P. CoA-SH formation monitored by DTP absorbance change at
324 nm.

b Data

fitted to either Eqn. (1) or (2), which was utilised for the Mn2+ titration.

The data in Figure 47 and Table 12 are the steady state parameters for divalent
metal ion activation of GlmU-catalysed acetyl transfer. The activation of GlmU
acetyltransferase activity Vmax by Mn2+ was approximately 2.5-fold, were as Vmax
activation by Ca2+ was 4-fold. The concentration of either Mn2+ or Ca2+ required for
optimal GlmU acetyltransferase activity was approximately either 4 mM or 6 mM,
respectively.
These data demonstrate that divalent metal ion is essential for GlmU
acetyltransferase activity and, after treatment with EDTA, little activity is observed.
Further studies have highlighted that a range of divalent metal ions have both an
additive and antagonistic effect on acetyltransferase activity. These findings will be
discussed further in later sections but, for the further studies presented in Chapters
3 and 4, all experiments will be carried out in assay buffers containing 10 mM MgCl2
and the will utilise the GlmU+Mg2+ preparation (referred to from hereon in as “GlmU”)
unless otherwise stated. The selection of 10 mM MgCl2 in preference to the other
divalent metals studied in this and the previous section are twofold; (1) Mg2+ is likely
to be essential for uridylyltransferase activity measurements, and (2) large scale
protein production had already been prepared in the presence of 10 mM MgCl2.

3.9 Acetyltransferase initial velocity patterns
To characterise the acetyltransferase kinetic mechanism, initial velocity studies were
carried out by varying Ac-CoA concentrations at various fixed GlcN-1P
concentrations, in an assay buffer at pH 7.5, containing 10 mM MgCl2 (Figure 48).
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Figure 48. GlmU acetyltransferase initial velocity patterns.
Double-reciprocal plot of GlmU initial rates (A) at varying concentrations of Ac-CoA
(> 20 µM) and several fixed concentrations of GlcN-1P: 23 µM (open circles), 35 µM
(open squares), 52 µM (open triangles), 78 µM (inverted open triangles), 117 µM
(open diamonds) and 175 µM (open hexagonals). (B) at varying concentrations of
GlcN-1P (> 20 µM) and several fixed concentrations of Ac-CoA: 23 µM (open circles),
35 µM (open squares), 52 µM (open triangles), 78 µM (inverted open triangles), 117
µM (open diamonds) and 175 µM (open hexagonals). Symbols represent
experimental data, and solid lines are fits of the data to Eqn. (4).
The intersecting patterns on double-reciprocal plots (Figure 48) were observed,
which are consistent with GlmU catalysed acetyl transfer following a sequential bi-bi
kinetic mechanism. Steady state kinetic parameters for GlmU acetyltransferase
activity were obtained by fitting these data to Eqn. (4); Km, Ac-CoA = 56.1 ± 1.3 µM, Km,
GlcN-1P =

165.6 ± 8.9 µM and kcat = 35.6 ± 1.2 s-1, and are broadly consistent with the

previously determined values in Chapter 3.5, which were fit to Eqn. (1). The data
shown in Figure 48 were also fitted to an equation describing a Ping-Pong kinetic
mechanism, however, this analysis yielded large errors, which indicated that this
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mechanism is unlikely to apply to the GlmU acetyltransferase activity.

Further

information on the kinetic mechanism can be obtained by secondary replots of the
slope and intercept values, taken from the data analysis in Figure 48, which are
presented in Figure 49.

Figure 49. GlmU secondary replots from initial velocity patterns.
(A-B) Secondary replots derived from fixed GlcN-1P concentrations when Ac-CoA is
titrated. (A) Replot of slope values from Figure 49 (A). (B) Replot of intercept values
from Figure 49 (A).
(C-D) Secondary replots derived from fixed Ac-CoA
concentrations when GlcN-1P is titrated. (C) Replot of slope values from Figure 49
(B). (D) Replot of intercept values from Figure 49 (B). Symbols represent
experimental data, and solid lines are fits of the data to a linear regression.
The re-plotted data presented in Figure 49 demonstrate that a rapid equilibrium
ordered mechanism was unlikely, as the slope replot for GlcN-1P did not intersect at
0 (Figure 49 (B)).
Further studies, utilising intact protein ESI-LC-MS, were carried out to investigate if
a GlmU acetyl-intermediate is formed upon incubation with Ac-CoA. This study
involved the incubation of GlmU with concentrations of either 200 µM or 2 mM AcCoA for a minimal time or for 4 hrs, at 25 °C, before injection into the LS-MS. These
data were then compared to a GlmU-only control to identify whether any significant
intermediate protein species were formed (Figure 50).
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Figure 50. GlmU ESI-LC-MS analysis in the presence of 200 µM Ac-CoA.
Deconvoluted spectra of the intact mass ESI-LC-MS analysis of GlmU to investigate
whether an acetyl-intermediate is formed. (A) GlmU alone control, at a concentration
of 1.9 µM, injected into the LC-MS after a minimal incubation at 25 °C, (B) GlmU
incubated with 200 µM Ac-CoA for a minimal period, at 25 °C, prior to injection into
the MS, (C) GlmU incubated with 200 µM Ac-CoA for a 4 hours, at 25 °C, prior to
injection into the LC-MS.
The data in Figure 50 demonstrate that no significant acetyl-enzyme intermediate
was formed after either the minimal or the 4 hrs incubation and the spectra were
identical to the GlmU alone control. The main GlmU species in all three spectra was
observed at 53401 Da, which was the predicted molecular weight for the nonmodified protein. The data in Figure 51 were very similar and again no acetylenzyme intermediate was formed, after incubation with 2 mM Ac-CoA, that was not
already present in the GlmU alone control.
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Figure 51. GlmU ESI-LC-MS analysis in the presence of 2 mM Ac-CoA.
Deconvoluted spectra of the intact mass ESI-LC-MS analysis of GlmU to investigate
whether an acetyl-intermediate is formed. (A) GlmU alone control, at a concentration
of 1.9 µM, injected into the LC-MS after a minimal incubation at 25 °C, (B) GlmU
incubated with 2 mM Ac-CoA for a minimal period, at 25 °C, prior to injection into the
MS, (C) GlmU incubated with 2 mM Ac-CoA for 4 hours, at 25 °C, prior to injection
into the LC-MS.
These ESI-LC-MS investigations confirmed that no covalent acetyl-enzyme
intermediates are formed upon incubation, either immediately or after 4 hrs, with two
different concentrations of Ac-CoA, which are inconsistent with a likely Ping-Pong
acetyl transfer kinetic mechanism.

3.10 Acetyltransferase substrate specificity
To define the substrate specificity of the GlmU acetyltransferase domain, steadystate kinetic parameters were determined from saturation curves, by monitoring CoASH release using DTP absorbance, and fitting to Eqn. (1), for a range of GlcN-1P
and Ac-CoA analogues (Table 1).
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Table

13.

Steady-state

kinetic

parameters

for

a

range

of

GlmU

acetyltransferase substrates a.
varied
substrate

fixed
substrate

Km (µM)

Ac-CoA

GlcN-1P

GlcN-1P

b

-1 b

-1 -1 b

kcat (s )

kcat/Km (M s )

250 ± 8

28 ± 1

1.1 ± 0.6 × 10

Ac-CoA

290 ± 31

28 ± 1

9.7 ± 1.6 × 10

UTP

GlcNAc-1P

8 ± 0.8

120 ± 3

GlcNAc-1P

UTP

30 ± 5

100 ± 4

3.2 ± 0.8 × 10

40 ± 7

0.27 ± 0.02

7.5 ± 2.9 × 10

Kd (µM)

b, d

canonical order
5

250 ± 25

4

ND

1.5 ± 0.38 ×

ND

7

10

6

ND

3

250 ± 25

2

ND

reverse order
Ac-CoA

UDP-GlcN

c

UDP-GlcN

Ac-CoA

9700 ± 600

2.04 ± 0.06

2.2 ± 1.7 × 10

UTP

GlcN-1P

-

-

-

ND

GlcN-1P

UTP

-

-

-

ND

1800 ± 200

0.5 ± 0.27

2.8 ± 15 × 10

substrate analogues
2

ND

3

ND

AAc-CoA

GlcN-1P

GlcN-1P

AAc-CoA

c

16 ± 6

0.13 ± 0.01

8.1 ± 0.5 × 10

Pro-CoA

GlcN-1P

c

60 ± 2

0.5 ± 0.01

8.3 ± 5 × 10

GlcN-1P

Pro-CoA

980 ± 110

0.5 ± 0.01

5.1 ± 0.9 × 10

Suc-CoA

GlcN-1P

1100 ± 100

0.9 ± 0.26

GlcN-1P

Suc-CoA

-

-

c

a

3

500 ± 100
2

ND

8.2 ± 30 × 10

2

ND

-

ND

Reactions performed at pH 7.5 and 30 °C. b Values are mean of at least three experiments
± standard error obtained upon fitting the data to the appropriate equation. c Non-saturating
concentrations of the fixed substrate used; UDP-GlcN, 800 µM, AAc-CoA, 1 mM, GlcN-1P, 3
mM. All data were fit to Eqn. (1). d The binding data was generated utilising DSF by fitting
individual titration data to Eqn. (19) and then correlating the change in Tm with titrant
concentration and fitting data to Eqn. (20). The following analogues were tested but were not
substrates of GlmU acetyltransferase (no activity ≤ 10 mM); Dethio-CoA, Bu-CoA, Eth-CoA,
IsoBu-CoA, Mlo-CoA, Cro-CoA (Figure 52), GlcNAc, Glc-1P, GlcN-6P, GalN-1P, galactose1-phosphate,
galactosamine,
mannosamine,
mannose-1-phosphate,
N-acetylgalactosamine, N-acetyl-mannosamine, glucose-6-phosphate and mannose-6-phosphate.
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Figure 52.

Acyl-CoA and CoA-SH analogues used to investigate GlmU

acetyltransferase activity substrate specificity.
CoA-SH analogues or acyl thioesters utilised to investigate the substrate specificity
of GlmU acetyltransferase activity.
No acetyltransferase activity was detected, up to a 10 mM concentration, for the
following

GlcN-1P

analogues:

galactosamine-1-phosphate,

glucosamine,

galactosamine, mannosamine, mannose-1-phosphate, mannose-6-phosphate, Nacetyl-glucosamine (GlcNAc), N-acetyl-galactosamine, N-acetyl-mannosamine,
glucose-1-phosphate (Glc-1P), glucosamine-6-phosphate (GlcN-6P), glucose 6phosphate and galactose-6-phosphate. While activity was not observed with most
of these potential substrates, inhibition was observed with some of these GlcN-1P
analogues (see section 3.11). The only GlcN-1P analogue that was identified as a
substrate of the GlmU acetyltransferase activity was UDP-glucosamine (UDP-GlcN,
Figure 53), which is further highlighted in Figure 54.
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Figure 53. Structure of UDP-GlcN.
Structure of UDP-GlcN. Compound prepared by Martin Rejzek and Rob Field from
the Molecules from Nature laboratory, John Innes Centre, Norwich.

Figure 54. GlmU acetyltransferase steady-state kinetics utilising UDP-GlcN.
Titrations of either UDP-GlcN or Ac-CoA at high concentrations of the second
substrate, utilising the DTP absorbance assay to monitor formation of CoA-SH. (A)
Titration of UDP-GlcN at a saturating concentration of Ac-CoA. Symbols represent
experimental data, and solid lines are fits of the data to Eqn. 1. (B) Titration of AcCoA at a non-saturating concentration of UDP-GlcN (800 µM). Symbols represent
experimental data, and solid lines are fits of the data to Eqn. (3).
The activity monitored using UDP-GlcN as a second substrate was modest but
demonstrates that it is possible to acetylate analogues of GlcN-1P, as well indicating
that the catalytic activities of GlmU may not be carried out in the accepted, canonical
order.

The alternative order of GlmU catalytic activities are compared to the

canonical order in Scheme 11.

186

Chapter 3 Results

Scheme 11. GlmU alternative reaction order

The potential alternative or reverse GlmU reaction order proposed in Scheme 11 was
not corroborated by the data presented in Table 13, as it was not possible to monitor
any uridylyltransferase activity when GlcN-1P, as a substitute for the native substrate
GlcNAc-1P, was titrated as a substrate, in the presence of saturating concentrations
of UTP. These data do not preclude the existence of an alternative reaction order,
but they do suggest that it is not possible for GlmU to catalyse the uridylylation of
GlcN-1P. These results do not preclude that other enzymes in M. tuberculosis could
uridylylate GlcN-1P.
GlmU acyltransferase activity was not detected, up to a 10 mM concentration, for the
following acyl-CoAs: ethyl-CoA (Eth-CoA), butyryl-CoA (Bu-CoA), isobutyryl-CoA
(IsoBu-CoA), malonyl-CoA (Mlo-CoA), crotonyl-CoA (Cro-CoA), stearoyl-CoA, HMGCoA, palmitoyl-CoA and glutaryl-CoA. Although these Ac-CoA analogues were not
substrates, some were identified as dead-end inhibitors and will be further explored
in section 3.11. The Ac-CoA analogues identified as substrates, albeit significantly
poorer (kcat/Km) than the accepted native substrate, were n-propionyl-CoA (Pro-CoA),
acetoacetyl-CoA (AAc-CoA), and succinyl-CoA (Suc-CoA), listed in descending
order of catalytic efficiency.
The most likely alternative acyl-CoA substrate (highest kcat/Km) to Ac-CoA, was ProCoA and this analogue was subsequently used in initial velocity studies to further
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confirm the results in section 3.9 and better understand whether the order of binding
to form the ternary complex, was either ordered or random (Figure 55).

Figure 55. GlmU acetyltransferase initial velocity patterns, using Pro-CoA.
Double-reciprocal plot of GlmU initial rates utilising Pro-CoA as the acyl-CoA
substrate. (A) varying concentrations of Pro-CoA (11 – 500 µM) and several fixed
concentrations of GlcN-1P: 100 µM (●), 146 µM (●), 212 µM (●), 307 µM (●) 445 µM
(●) 646 µM (●) and 936 µM (●). (B) varying concentrations of GlcN-1P (0.1 to 6 mM)
and several fixed concentrations of Pro-CoA: 61 µM (●), 87 µM (●), 123 µM (●), 175
µM (●) 248 µM (●) 352 µM (●) and 500 µM (●). Symbols represent experimental
data, and solid lines are fits of the data to Eqn. (4).
The patterns on the two double-reciprocal plots in Figure 55, were intersecting, which
is again consistent with a sequential bi-bi kinetic mechanism, as was observed when
using Ac-CoA. Steady-state kinetic parameters for GlmU acetyltransferase activity
using Pro-CoA were obtained by fitting these data to Eqn. (4); Km, Pro-CoA = 172 ± 14.5
µM, Km,

GlcN-1P

= 1104 ± 80.2 µM and kcat = 0.85 ± 0.04 s-1, which are broadly

consistent with the previously determined values in Table 13, which were fit to Eqn.
(1). Additional information on the kinetic mechanism can be attained by secondary
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replots of the slope and intercept values, taken from the data analysis in Figure 55,
which are presented in Figure 56.

Figure 56. GlmU secondary replots from Pro-CoA initial velocity patterns.
(A-B) Secondary replots derived from fixed GlcN-1P concentrations when Pro-CoA
is titrated. (A) Replot of slope values from Figure 55Figure 48 (A). (B) Replot of
intercept values from Figure 55 (A). (C-D) Secondary replots derived from fixed ProCoA concentrations when GlcN-1P is titrated. (C) Replot of slope values from Figure
55 (B). (D) Replot of intercept values from Figure 55 (B). Symbols represent
experimental data, and solid lines are fits of the data to a linear regression.
The data presented in Figure 56, which confirm the observations in Figure 49,
demonstrate that a rapid equilibrium ordered mechanism was unlikely, as the slope
replot for GlcN-1P did not intersect at 0 (Figure 56 B).
Finally, to provide further information about the order of substrate binding to form the
ternary complex prior to acetyl transfer, initial binding studies were carried out to
elucidate whether the canonical substrates were able to bind to the apoenzyme.
DSF thermal stability studies, utilising SYPRO Orange, were undertaken using a
fixed concentration of GlmU that had been pre-incubated with titrations of either of
the acetyltransferase substrates (Figure 57).
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Figure 57. DSF studies investigating binding of acetyltransferase substrates
to GlmU.
Titrations of either Ac-CoA (●) or GlcN-1P (○) in the presence of 1.5 µM GlmU and
10x SYPRO Orange. For each condition, the data are a mean of 3 discrete
replicates. The data for each condition investigated were fitted to Eqn. (19), to
determine the Tm. No substrate, GlmU melting curves were carried out as controls.
Subsequently, the change in Tm (∆Tm) was determined for each test condition and
for Ac-CoA fitted to Eqn. (20) to determine the apparent Kd for this binding event.
The data in Figure 57 demonstrates that, using DSF, it was possible to monitor a
change in GlmU Tm , from an unliganded Tm = 49.8 ± 0.05 °C , to Tm > 52.4 °C in the
presence of Ac-CoA concentrations greater than 1 mM. There was a clear GlmU Tm
stabilisation in the presence of an Ac-CoA titration from 2 mM, which when fit to Eqn.
(20) yielded a Kd = 390 ± 140 µM. A stabilisation of the GlmU Tm of 0.5 °C at 2 mM
GlcN-1P was observed, however, there is no clear concentration dependence and
the data could not be fit to Eqn. (20). These data indicate that Ac-CoA can bind to
and stabilise free GlmU, with a Kd that is broadly in line with Km, Ac-CoA (Figure 39). In
contrast, it was not possible to stabilise free GlmU with GlcN-1P in the same
concentration range, which is indicative of only modest binding of the substrate to
the unliganded enzyme.

3.11 Product and dead-end inhibition patterns
In the previous section, several acyl-CoA compounds, along with two GlcN-1P
analogues, were identified to be inhibitors of the GlmU acetyltransferase activity,
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when assayed in the presence of the canonical substrates, which were used initially
at concentrations equivalent to the determined Km values (Table 2).

Table 14. Substrate analogue and product inhibition parameters for GlmU
acetyltransferase activity a.
Inhibitor

IC50 (mM) b, c

nH b, c

Kd (mM) c, e

CoA-SH

0.3 ± 0.01

0.9 ± 0.1

0.7± 0.13

Eth-CoA d

ND*

Bu-CoA

1 ± 0.03

1.2 ± 0.1

3.8 ± 0.8

IsoBu-CoA

2 ± 0.21

1.5 ± 0.2

ND

Mlo-CoA

2 ± 0.59

1.1 ± 0.6

ND

Cro-CoA

1 ± 0.15

1.2 ± 0.1

ND

GlcNAc d

ND*

ND

ND

Glc-1P

5 ± 0.65

1.0 ± 0.1

ND

GlcN-6P

10 ± 0.89

1.1 ± 0.1

ND

GalN-1P

120 ± 30

1.1 ± 0.1

ND

ND

a

Reactions performed at pH 7.5 and 30 °C. b Reactions were carried out using concentrations
equivalent to acetyltransferase Km for Ac-CoA and GlcN-1P, competitors titrated from 20 µM.
c Values are mean of at least three experiments ± standard error obtained upon fitting the data
to the appropriate equation. The inhibition data was to Eqn. (8) d Ligands that show does
dependent inhibition but at the highest tested concentration do not fully inhibit GlmU
acetyltransferase activity. e The binding data was generated utilising DSF by fitting individual
titration data to Eqn. (19) and then correlating the change in Tm with titrant concentration and
fitting data to Eqn. (20). The following analogues were tested but were not inhibitors of GlmU
acetyltransferase (no inhibition ≤ 10 mM); GlcNAc-1P, Dethio-CoA, galactose-1-phosphate,
galactosamine, mannosamine, mannose-1-phosphate, N-acetyl-galactosamine, N-acetylmannosamine, glucose-6-phosphate and mannose-6-phosphate.

In Table 14, it is apparent that CoA-SH was identified as an inhibitor, which, using
the previously described thiol detection assays, would not be possible due to reaction
of either DTP or DTNB with the free thiol of the product. To investigate product
inhibition, it was necessary to prepare samples in an alternate manner or utilise
alternative assays to monitor the effect of titrations of CoA-SH on the
acetyltransferase reaction (Figure 58).
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Figure 58. GlmU CoA-SH or CoA-NEM product inhibition.
CoA was titrated against fixed concentrations, equivalent to the respective Km values
for Ac-CoA and GlcN-1P, and GlmU acetyltransferase was monitored using three
differing methodologies. Solid circles (●) were data generated using a fluorescent,
enzyme-coupled, phosphate detection methodology to monitor the effect of CoA-SH
on phosphate accumulation. Open triangles (∆) were data generated using a mass
spectrometry approach to monitor the effect of CoA-SH on the conversion of GlcN1P to GlcNAc-1P. Open squares (□) were data generated using CoA-SH that was
reacted with an equimolar concentration of NEM, prior to monitoring GlmU mediated
CoA-SH accumulation using DTP. All data were normalised to the separate assay
controls for no and full inhibition of GlmU acetyltransferase activity. Symbols
represent experimental data, and solid lines are fits of the data to Eqn. (8).
The data in Figure 58 when fitted to Eqn. (8) allowed determination of the following
inhibition values: IC50 = 300 ± 25 µM (Figure 58, ●), using an enzyme coupled
fluorescent assay to monitor uridylyltransferase activity (Section 2.2.10); IC50 = 250
± 40 µM (Figure 58, ∆), using a Rapidfire-MS (RF-MS) assay to monitor acetylation
of GlcN-1P to form GlcNAc-1P (Section 2.2.11) and IC50 = 390± 30 µM (Figure 58,
□), using the DTP thiol assay and a modified form of CoA-SH reacted with NEM.
These IC50 values are broadly in agreement, within the range from 250 to 390 µM,
and confirm that the acetyltransferase reaction is inhibited by the product CoA-SH.
These data were further corroborated by DSF binding studies, which were carried
out by titrating CoA-SH or Ac-CoA before incubation with 2 µM GlmU and
subsequent thermal denaturation in the presence of SYPRO Orange (Figure 59).
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Figure 59. DSF studies investigating binding of CoA-SH to GlmU.
Titrations of either Ac-CoA (●) or CoA-SH (●) in the presence of 2 µM GlmU and 10x
SYPRO Orange. For each condition, the data are a mean of 2 discrete replicates.
The data for each condition investigated were fit to Eqn. (19), to determine the Tm.
No substrate, GlmU melting curves were carried out as controls (data not shown).
Subsequently, the change in Tm (∆Tm) was determined for each test condition and
the titration data for both Ac-CoA and CoA-SH were fitted to Eqn. (20) to determine
the apparent Kd for these binding events.
The data in Figure 59 further demonstrates that, using DSF, it was possible to
monitor an increase in GlmU Tm in the presence of high concentrations of either CoASH or Ac-CoA. There was a clear GlmU Tm stabilisation in the presence of a CoASH titration of CoA-SH (from 10 mM), which when fitted to Eqn. (20) yielded an
apparent Kd = 780 ± 170 µM. The control titration of Ac-CoA, when fitted to Eqn. (20)
yielded an apparent Kd = 150 ± 30 µM, which is two-fold more potent than previously
determined for this interaction (Figure 57). These data demonstrate that, in addition
to Ac-CoA, CoA-SH can bind to and stabilise free GlmU, with a Kd that is largely in
agreement with the IC50 values determined for product inhibition in Figure 58.
To investigate the order of substrate binding to, and product release from, the GlmU
acetyltransferase domain, product inhibition pattern studies were carried out, the
results of which are detailed in Table 15.
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Table 15.

Product inhibition patterns and inhibition constants for GlmU

a
acetyltransferase activity .

varied
substrate

inhibitor

fixed substrate

inhibition
pattern c

Kis (mM)

Kii (mM)

product inhibition
GlcN-1P

CoA-SH

10×Km Ac-CoA

NC

0.21 ± 0.086

Ac-CoA

CoA-SH

10×Km GlcN-1P

C

0.15 ± 0.015

GlcN-1P

GlcNAc-1P

0.5 to 10×Km Ac-CoA

NI

Ac-CoA

GlcNAc-1P

0.5 to 10×Km GlcN-1P

NI

C

0.8 ± 0.09

dead-end inhibition
GlcN-1P

Glc-1P

10×Km Ac-CoA

4.1 ± 0.6

Ac-CoA

Glc-1P

0.5 to 10×Km GlcN-1P b

GlcN-1P

Bu-CoA

10×Km Ac-CoA

C

1.2 ± 0.2

Ac-CoA

Bu-CoA

10×Km GlcN-1P

C

0.35 ± 0.03

UC

11.56 ± 0.9

a

Reactions performed at pH 7.5 and 30 °C. b Range of GlcN-1P concentrations used from
0.5 to 10 × Km. c NC, non-competitive, fit to Eqn. (6); C, competitive, fit to Eqn. (5); UC,
uncompetitive, fit to Eqn. (7); NI, no inhibition.

Overall, the results detailed in Table 15 were consistent with the acetyltransferase
activity following an ordered sequential mechanism, which is primarily supported by
the patterns determined using CoA-SH. This product was found to competitive
versus Ac-CoA, which confirms that both these co-factors compete for the same
binding site on the free enzyme. This competitive pattern suggests that Ac-CoA is
the first substrate to bind and CoA-SH is the last product to dissociate from the
acetyltransferase domain.

The noncompetitive pattern determined for CoA-SH

versus GlcN-1P, further suggests a sequential ordered mechanism is likely, as this
mode of inhibition is characterised by the inhibitor binding to the free enzyme and
the enzyme-substrate binary complex. Importantly, for noncompetitive inhibition the
inhibitor and substrate do not compete for binding to the free enzyme, which
suggests that CoA-SH and GlcN-1P binding sites are spatially distinct.

These

findings would support a mechanism whereby Ac-CoA binds first to the
acetyltransferase domain followed by GlcN-1P. No inhibition was observed when
GlcNAc-1P was tested versus either Ac-CoA or GlcN-1P, at saturating and several
sub-saturating concentrations of the respective co-substrate. These results suggest
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an equilibrium ordered kinetic mechanism, with GlcNAc-1P being the first product to
dissociate from the acetyltransferase ternary complex followed by CoA-SH.
To further confirm that the GlmU acetyltransferase activity follows an equilibrium
ordered kinetic mechanism, dead-end inhibition experiments were carried out using
analogues that were identified as inhibitors, see Table 14. The dead-end inhibitors
selected for these studies were Bu-CoA and Glc-1P, which were initially validated for
mode of inhibition by carrying out mutual exclusivity studies, which involved titrating
Bu-CoA at several fixed concentrations at Glc-1P, in the presence of concentrations
equivalent to the Km values of Ac-CoA and GlcN-1P and monitoring CoA-SH release
by DTP absorbance change (Figure 60).

Figure 60. GlmU acetyltransferase mutual exclusivity studies using the deadend inhibitors Bu-CoA and Glc-1P.
A Dixon plot, also known as a Yonetani-Theorell plot, which was arranged by plotting
the initial velocities for titrations of Bu-CoA at several fixed concentrations of Glc-1P:
2.5 mM (circles), 5 mM (open circles), 10 mM (squares), 15 mM (open squares) and
20 mM (triangles). Symbols represent experimental data, and solid lines are fits of
the data to Eqn. (22).
The data in Figure 60 when fitted to Eqn. (22) allows determination of two inhibition
constants, Ki and Kj, for the titrants; Bu-CoA, Ki = 950 ± 85 µM and Glc-1P, Kj = 8.9
± 0.6 mM, which are in agreement with the IC50 values presented in Table 14. In
addition to determination of the inhibition constants, an α value is calculated, which
is a measure of co-operativity of the two inhibitors. Furthermore, the patterns of the
lines on the Dixon plot are diagnostic of whether the inhibitors compete for the same
binding site on GlmU. The calculated α = 3, which is indicative of the two inhibitors
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antagonising each other’s binding, along with the lines on the plot in Figure 60 that
eventually intersect below the x-axis, indicate that Bu-CoA and Glu-1P, bind in a
mutually exclusive fashion, competing with one another for the same GlmU form.
The dead-end inhibition pattern results presented in Table 15 taken together, agreed
with GlmU acetyltransferase following an ordered, sequential mechanism.
Competitive inhibition patterns were obtained for both Bu-CoA versus Ac-CoA and
GlcN-1P, which are indicative of Bu-CoA competing for binding to the free enzyme
and preventing GlcN-1P from binding, likely by steric hindrance. In addition, a
competitive inhibition pattern was observed for Glc-1P versus GlcN-1P, which was
expected as the structures differ only by the presence of an amine group at the C2
position of the hexose ring. The determination of an uncompetitive inhibition pattern
for Glc-1P versus Ac-CoA indicates that Glc-1P binds to either the E:Ac-CoA or
E:CoA-SH complex, and not to the free enzyme form. The Glc-1P versus Ac-CoA
uncompetitive inhibition pattern was further investigated by repeating the experiment,
while reducing the co-substrate, GlcN-1P, to sub-saturating concentrations (Figure
61).

Figure 61. Uncompetitive inhibitor patterns for GlmU acetyltransferase
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(A-D) Titrations of Ac-CoA at several fixed concentrations of Glc-1P: 20 mM
(triangles), 13.3 mM (inverted triangles), 8.8 mM (squares), 6 mM (diamonds), 4 mM
(hexagonals) and 2.6 mM (filled circles). (A) Experiment carried out in the presence
of 100 µM of GlcN-1P, (B) Experiment carried out in the presence of 300 µM of GlcN1P, (C) Experiment carried out in the presence of 600 µM of GlcN-1P and (D)
Experiment carried out in the presence of 1000 µM of GlcN-1P. Symbols represent
experimental data, and solid lines are fits of the data to Eqn. (7). Fitting to Eqn. (7)
allows determination of a Kii, which for the experimental data shown here were: (A)
Kii = 8 ± 0.6 mM; (B) Kii = 10 ± 0.7 mM; (C) Kii = 15 ± 0.9 mM; (D) Kii = 28 ± 0.4 mM.
As the concentration of GlcN-1P is reduced, the inhibitor pattern for Glc-1P versus
Ac-CoA remains uncompetitive and the determined Kii reduces from 28 ± 0.4 mM, for
the 1000 µM GlcN-1P test condition, to 8 ± 0.6 mM, for the 100 µM experiment.
These uncompetitive inhibitor patterns confirm that Glc-1P binds to either the E:AcCoA or E:CoA-SH complex and the increase in Kii, as the concentration of GlcN-1P
was increased was indicative of the competitive inhibition between Glc-1P and GlcN1P.
To further confirm the formation of an ordered ternary complex, with Ac-CoA binding
to the free enzyme, followed by GlcN-1P, binding studies using DSF were carried
out. These studies were a continuation of the DSF binding experiments presented
in Figure 57 and Figure 59 and involved incubation of GlmU with saturating
concentrations of either Ac-CoA or CoA-SH, followed by addition of titrations of Glc1P to either the ES or EP complex, in the presence of SYPRO Orange, prior to
exposure of each test condition to a temperature gradient (Figure 62).
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Figure 62. DSF studies investigating GlmU acetyltransferase ternary complex
formation.
Titrations of Glc-1P in the presence of 1.5 or 2 µM GlmU pre-incubated with either
Ac-CoA (●) or CoA-SH (●), respectively and 10x SYPRO Orange. For each
condition, the data are a mean of either 2 or 4 discrete replicates. The data for each
condition investigated were fit to Eqn. (19), to determine the Tm. GlmU in the
presence of either 1 mM Ac-CoA or 10 mM CoA-SH melting curves were carried out
as controls (data not shown). Subsequently, the change in Tm (∆Tm) was determined
for each test condition and the Glc-1P titration data for both the ES or EP complexes
were fitted to Eqn. (20) to determine the apparent Kd for these binding events.
In the presence of a saturating concentration of either Ac-CoA or CoA-SH, it was
possible to observe an additional, Glc-1P concentration-dependent stabilisation of
GlmU Tm. As was observed with GlcN-1P, in Figure 57, using DSF, it was not
possible to monitor any stabilisation above background after incubation of the
apoenzyme with a titration of Glc-1P (data not shown). The Glc-1P concentration
dependent stabilisation of GlmU Tm, when fitted to Eqn. (20), which yielded an
apparent Kd, ES = 1.9 ± 0.4 mM and Kd, EP = 1.1 ± 0.3 mM, which are like the Glc-1P
IC50 values previously determined. These DSF results demonstrate that GlmU Tm
can only be stabilised by Glc-1P when the enzyme is already in complex with either
Ac-CoA or CoA-SH. These data suggest that Glc-1P is unlikely to bind first to the
free enzyme and can only bind in an ordered sequence to form GlmU ternary
complexes.
Additional DSF studies were carried out to investigate binding of substrate analogues
and dead-end inhibitors, using the same experimental approach that had been
utilised for the aforementioned Ac-CoA, CoA-SH and Glc-1P studies (Table 16).
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a

Table 16. Dissociation Constants for GlmU with different ligands .
b

ligand

second ligand

Ac-CoA

-

250 ± 25

GlcN-1P

-

N.D.

Glc-1P

-

N.D.

Glc-1P

Ac-CoA

1700 ± 400

Bu-CoA

-

3800 ± 800

GlcN-1P

Bu-CoA

N.D.

Pro-CoA

-

500 ± 100

CoA-SH

-

700 ± 130

Glc-1P

CoA-SH

1100 ± 300

a

Kd (µM)

c

c

b

Experiments performed at pH 7.5. Co-substrate concentrations used: Ac-CoA, 2 mM; CoAc

SH, 10 mM. Highest concentration tested was 3000 µM. The binding data was generated
utilising DSF by fitting individual titration data to Eqn. (19) and then correlating the change in
Tm with titrant concentration and fitting data to Eqn. (20).

The data presented in Table 16 confirm that either CoA-SH or acyl-CoA can bind to
and stabilise the free enzyme Tm whereas GlcN-1P and analogues cannot, which
was indicative of sequential ordered ternary complex formation.
Finally, to further confirm the kinetic mechanism of GlmU acetyltransferase, inhibitor
pattern studies were carried out using Pro-CoA, as opposed to Ac-CoA as the acylCoA substrate. Initially, to confirm inhibition of GlmU propionyl transfer by either
CoA-SH or the previously identified dead-end analogues, the potential inhibitors
were titrated in the presence of fixed concentrations of GlmU, Pro-CoA and GlcN-1P
and CoA-SH release monitored using the DTP absorbance assay (Figure 63).
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Figure 63. Inhibition of GlmU propionyltransferase activity.
Potential inhibitors were titrated against fixed concentrations, equivalent to the
respective Km values for Ac-CoA and GlcN-1P, and GlmU propionyltransferase was
monitored using the DTP absorbance assay. Bu-CoA (●) and CoA-SH, reacted with
NEM (●) were titrated from 3.3 mM, while Glc-1P (●) was titrated from 33.3 mM
before incubation with GlmU, prior to initiation of propionyl transfer with 100 µM ProCoA and 1 mM GlcN-1P. Symbols represent experimental data, and solid lines are
fits of the data to Eqn. (8).
Product

and

dead-end

analogues,

previously

characterised

against

the

acetyltransferase activity, were evaluated as potential inhibitors against GlmU
catalysed propionyl transfer. Fitting the inhibitor titration data in Figure 63 to Eqn.
(8) allowed determination of the following values; IC50, Bu-CoA = 280 ± 10 µM and IC50,
CoA-NEM =

264 ± 21 µM. The measured propionyl transfer IC50 for CoA-NEM was the

same for the acetyltransferase value (Table 14, Figure 58), which confirmed that
inhibition is due to direct competition between the product and substrate for binding
to the GlmU acetyltransferase domain, regardless of the substrate utilised. These
observations are further confirmed by the inhibition data generated utilising Bu-CoA
as the dead-end analogue. The propionyltransferase IC50, Bu-CoA was 3-fold more
potent than the acetyltransferase value, which indicated that the extended length of
acyl-chain is more inhibitory for propionyl transfer. The inhibition of GlmU propionyl
transfer by Glc-1P is weakened by 7-fold, to an IC50 = 42 ± 20 mM when compared
to the IC50 for acetyltransferase activity (data not shown). These weakened IC50
values are likely due to the increased length of the Pro-CoA acyl-chain, which is
analogous to the 5-fold reduction in Km, GlcN-1P for propionyltransferase activity.
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Inhibitor pattern studies were carried out for GlmU catalysed propionyl transfer using
Bu-CoA as a dead-end competitor to confirm the observations in Figure 63 ().

Figure 64. Bu-CoA inhibitor patterns for GlmU propionyltransferase.
Titrations of Pro-CoA at several fixed concentrations of Bu-CoA: 660 µM (●), 540 µM
(●), 440 µM (●), 360 µM (●), 290 µM (●), 235 µM (●), 190 µM (●), and 155 µM (●).
(A) Experiment carried out in the presence of 1 mM of GlcN-1P and (B) Experiment
carried out in the presence of 5 mM of GlcN-1P. Symbols represent experimental
data, and solid lines are fits of the data to Eqn.(6).
The model that best fit the experimental data presented in Figure 64 was the
noncompetitive inhibition equation Eqn. (6). It was not possible to use saturating
concentrations of GlcN-1P, due to reagent limitations, but the inhibitor pattern was
carried out at 1 mM and 5 mM (concentrations equivalent to Km and 5-fold Km), which
did not change the model that best fit the data. The Bu-CoA Kii determined for the 1
mM GlcN-1P conditions was 598 ± 23 µM and for the 5 mM experiment, the Bu-CoA
Kii was 412 ± 28 µM. The apparent Km, Pro-CoA for these experiments were 110 ± 3.9
µM and 31 ± 1.6 µM, respectively for the 1 mM and 5 mM GlcN-1P test conditions.
Noncompetitive inhibition patterns suggest that Bu-CoA does not bind to the free
enzyme and when it binds to the ES complex it will be at a site distal to the active
site. These observations suggest that the acyl-CoA and amino sugar binding sites
are distinct and binding of Bu-CoA, due to the longer acyl-chain than Ac-CoA,
overlaps into the second substrate binding site and impedes GlcN-1P binding.
Collectively, the findings from the inhibitor studies, demonstrate that sequential,
ordered ternary complex formation is the most likely kinetic mechanism for the GlmU
acetyltransferase activity.

To further understand this kinetic mechanism, X-ray
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crystallography studies were carried out to capture the Glc-1P, dead-end inhibited
ternary complex.

3.12 Structure of acetyltransferase ternary complex
To confirm and rationalise inhibition of GlmU acetyltransferase activity by the deadend inhibitor, Glc-1P, as well as further understand the catalytic ternary complex,
GlmU protein crystals were soaked with 10 mM Ac-CoA and Glc-1P. This approach
was successful and allowed determination of the crystal structure of the E:AcCoA:Glc-1P complex, to a resolution of 2.26 Å, uniquely, without the addition of the
uridylyltransferase product UDP-GlcNAc, which had previously been postulated to
be critical for stabilisation of the E:Ac-CoA complex.

The data collection and

refinement statistics for the GlmU Glc-1P:Ac-CoA complex crystals are detailed in
Table 17. These experiments were carried out and analysed by Stephane Mouilleron,
Structural Biology Platform, The Francis Crick Institute.

Table 17. Data collection and refinement statistics for GlmU Glc-1P:Ac-CoA.
data collection
Resolution range

45.71 - 2.26 (2.34 - 2.26)

Space group

H32

Unit cell

109.7 109.7 364.8 90 90 120

Total reflections

260 819 (25 211)

Unique reflections

40 178 (3 861)

Multiplicity

6.5 (6.3)

Completeness (%)

98.3 (96.6)

Mean I/sigma (I)

9.6 (1.1)

Wilson B-factor

49.2

R-merge

0.07 (1.07)

R-pim

0.023 (0.46)

CC1/2

0.995 (0.934)

refinement
Unique Reflections

39 542 (3 859)

R-work

0.23 (0.48)

R-free

0.26 (0.50)

Number of atoms

3670
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macromolecules

3483

ligands

94

solvent

93

RMS (bonds)

0.002

RMS (angles)

0.60

Ramachandran favored (%)

97.5

Ramachandran allowed (%)

2.54

Ramachandran outliers (%)

0.0

Average B-factor

67.0

macromolecules

67.1

ligands

75.3

solvent

57.2

The overall molecular structure of the E:Ac-CoA:Glc-1P complex is similar to that of
the previously reported ternary complex of M. tuberculosis GlmU E:CoA-SH:GlcN1P and the complexes superpose well with a root-mean-square deviation of 0.46 Å
over 414 Cα. There are however differences between the two structures, notably
the orientation of the β-mercaptoethylamine group of either CoA-SH or Ac-CoA. The
structure of the E:Ac-CoA:Glc-1P complex displayed the conserved GlmU twodomain architecture, organised into a trimer formed around a threefold
crystallographic symmetry (Figure 65).
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Figure 65. Overview of the GlmU trimeric assembly in complex with Glc-1P
and Ac-CoA.
These experiments were carried out and analysed by Stephane Mouilleron,
Structural Biology Platform, The Francis Crick Institute. The figure depicts the GlmU
quaternary structure in complex with Glc-1P and Ac-CoA. Each monomer is
displayed in cartoon representation with Glc-1P and Ac-CoA in stick and coloured in
yellow and cyan, respectively. The Fo-Fc omit map contoured at 3σ is displayed
around both ligands. (A) Side view, (B) Top view and (C) Bottom view of the E:AcCoA:Glc-1P ternary complex.
The image in Figure 65 (A) shows the presence of a metal ion, in this crystal structure
the metal is Mg2+, at the threefold axis of symmetry in the trimer, which is in line with
previous observations for related protein folds. The top view of the GlmU trimer
(Figure 65 (B)) displays the N-terminal regions of each monomer of the trimer, which
form the three uridylyltransferase domains.

The active sites of these

uridylyltransferase domains are formed exclusively from one monomer and are not
reliant on trimerisation to form the catalytic pocket. It is clear from this image that
the uridylyltransferase domain actives sites are unliganded. Figure 65 (C) highlights
that there are three acetyltransferase active sites, which are all simultaneously
occupied with Ac-CoA and Glc-1P.
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To further focus on the architecture of the GlmU acetyltransferase active site, a
close-up is presented in Figure 66 that shows the binding orientations of both AcCoA and Glc-1P.

Figure 66. Glc-1P and Ac-CoA in a GlmU acetyltransferase active site.
These experiments were carried out and analysed by Stephane Mouilleron,
Structural Biology Platform, The Francis Crick Institute. A close-up image of one of
the three GlmU acetyltransferase active sites to demonstrate the orientations of Glc1P and Ac-CoA ligands in the E:Ac-CoA:Glc-1P ternary complex. The Fo-Fc omit
map contoured at 3σ is displayed around both ligands.
The image in Figure 66 demonstrates that the binding sites for acyl-CoA and amino
sugars are proximal to one another but not overlapping and that a loop, is positioned
over the acyl thioester of Ac-CoA. This loop, which has been shown to be disordered
in previous substrate-free structures, brings Tyr398 into proximity with Ac-CoA
allowing an interaction between its backbone carbonyl and the nearest pantetheine
nitrogen (N4P) of Ac-CoA245.

The image in Figure 66 also shows that all the

monomers in the trimer contribute residues to each of the GlmU acetyltransferase
active sites.
The binding of Glc-1P to residues in a GlmU acetyltransferase active site if further
explored in Figure 67, as well as comparative overlay of the E:Ac-CoA:Glc-1P ternary
complex with a previously determined E:CoA-SH:GlcN-1P crystal structure.
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Figure 67. Glc-1P binding site within a GlmU acetyltransferase active site.
These experiments were carried out and analysed by Stephane Mouilleron,
Structural Biology Platform, The Francis Crick Institute. The image depicts the Glc1P/GlcN-1P binding site in an acetyltransferase site of GlmU. For clarity, only the
residues contributing to Glc-1P binding are displayed as sticks. The hydrogen bonds
formed with Glc-1P atom O2 are displayed in green. (A) Is the same as (B) with
GlcN-1P and CoA-SH from the crystal structure 3ST8 superimposed.
The binding mode of Glc-1P to GlmU is very similar to what has previously been
reported for GlcN-1P245. Glc-1P binds in a pocket that is proximal to the re face of
the planar acetyl group of Ac-CoA and interacts with three basic residues; Arg344,
Lys362 and Lys403, as well as the side chains of Asn397 and Tyr377. In addition,
two hydrogen bonds are made with the sidechain of Asn388 belonging to a second
monomer.

The interactions formed by Lys403 and Asn397 are a result of the

ordering of a mobile loop upon Ac-CoA binding, which is highlighted in Figure 68.
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Figure 68. GlmU acetyltransferase active site interactions and conformational
changes.
These experiments were carried out and analysed by Stephane Mouilleron,
Structural Biology Platform, The Francis Crick Institute. Images showing a wider
perspective of the GlmU acetyltransferase active site architecture. (A) Close up view
of the catalytic dyad (His374-Glu360), which is proposed to act as the general base
in the acetyltransferase reaction. (B) A superposition of two previously determined
GlmU structures; the apoenzyme (pdb 3DK5) and a complex with CoA-SH (pdb
3SPT), to illustrate the effect of forming the holoenzyme (with binding of CoA-SH or
acyl-CoA) on the ordering of the flexible loop between reside 396 - 406.
An additional interaction enabled by stabilisation of the disordered loop is contributed
by the phenolic ring of Tyr398, which upon acyl-CoA binding is brought into proximity
with and subsequently stacks with the hexose ring of Glc-1P424. Importantly, the Glc1P 2-hydroxyl group forms two hydrogen bonds, one with the nitrogen Nε2 of the
imidazole group of His374 and a second one with the carbonyl group of the Ac-CoA
acetyl group. Interestingly, the side chain of the acidic Glu360 forms a hydrogen
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bond with His374, which is likely to result in the alignment of the His374 side chain
by restricting its rotation, as well as polarisation of the imidazole group by stabilising
the positive charge on Nδ1. This interaction is likely to contribute to the local
environment modulation of the pKa of the imidazole allowing it to act as a general
base147.
These X-ray crystallography data also confirm that Mg2+ is bound to the GlmU
homotrimer at the three-fold crystallographic axis of symmetry. The Mg2+ atom in
this ternary complex structure (pdb 6GE9) is coordinated by two residues, Ser392
and Asp417 (Figure 69).

Figure 69. GlmU acetyltransferase domain Mg2+ binding.
These experiments were carried out and analysed by Stephane Mouilleron,
Structural Biology Platform, The Francis Crick Institute. Images showing a wider
perspective of the binding of Mg2+ to the GlmU acetyltransferase domain. (A) Side
view of the LβH timer with the Mg2+ bound between three monomers. (B) A bottom
view of the acetyltransferase domain trimer with Mg2+ bound on the three-fold axis of
symmetry. (C) A top view of the acetyltransferase domain trimer with Mg2+ bound on
the three-fold axis of symmetry. (D) A close-up view of the Mg2+ interactions made
with the Asp417 residues of each monomer of the LβH timer. Ac-CoA is shown in
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all of the images to give perspective on the proximity of the Mg2+ binding site to the
acetyltransferase active site.
The determination of this novel, dead-end analogue ternary complex has enabled a
greater understanding of the relative orientations of the residues in the GlmU
acetyltransferase active sites, in relation to Ac-CoA and Glc-1P, which, due to the
high similarity to the native substrate, GlcN-1P, allows a close approximation of the
catalytic form of the complex.

3.13 Proposed kinetic mechanism of GlmU acetyltransferase
activity
The results presented in Chapter 3 provide evidence for the proposal of a kinetic
mechanism for the GlmU catalysed acetyltransferase activity, which is presented in
Scheme 12.

Scheme 12.

Proposed kinetic mechanism for M. tuberculosis GlmU

acetyltransferase activity.

The proposed kinetic mechanism in Scheme 12 is a sequential ordered bi-bi kinetic
mechanism, which is supported by the observations from initial velocity pattern
experiments, a combination of competitive and uncompetitive inhibitor patterns and
finally, the structural biology data for X-ray crystallography studies that captured a
dead-end inhibited ternary complex.
Further investigations were subsequently carried out, documented in Chapter 4 , to
better understand and characterise the chemical mechanism of the GlmU
acetyltransferase activity.
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Chapter 4.

Characterisation

of

the

chemical

mechanism of GlmU catalysed acetyl transfer
The data presented in the previous chapter provided the evidence to propose a
kinetic mechanism, a sequential ordered bi-bi kinetic mechanism (Scheme 12), that
describes the order of substrate binding and product release. Subsequently, to
better understand M. tuberculosis GlmU acetyltransferase activity, a series of studies,
the results of which are documented in this chapter, were carried out to interrogate
the chemical mechanism. The aim of these studies is to; primarily, identify the
resides in the acetyltransferase active site that are responsible for substrate
recognition and catalysis, and subsequently, elucidate complete catalytic
mechanism of GlmU-catalysed acetyl transfer. Most of the studies carried out to
understand the M. tuberculosis GlmU acetyltransferase chemical mechanism are
predominantly based on structural biology approaches, however, the very nature of
these precludes any understanding of the temporal aspects of catalysis. Initially, a
detailed examination of the pH dependence of the acetyltransferase MichaelisMenten parameters of GlmU, were carried out to identify the acid-base residues
involved in both substrate recognition and catalysis. Additionally, to understand and
complement the pH-rate profile experiments, 1D NMR studies were carried out to
measure the pKa ionisable groups on GlcN-1P. The findings of the NMR studies will
contribute to assignment of key pKa values, revealed by the acetyltransferase pHrate profile experiments. Prior to the initiation of this project, His374 had been
suggested as being essential for catalysis, indeed previous mutation of this residue
lead to loss of acetyl transfer under the experimental conditions245. To further study
the role of His374 in catalysis, site-directed mutagenesis was carried out to change
His374 to an Ala and, subsequently, pH-rate profile experiments were undertaken to
provide a comparative data set, which will contribute to assignment of the pKa values
identified in the WT pH-rate profile. Additionally, key amino acid residues for GlcN1P binding, identified from the structural biology studies in chapter 3; Arg344, Lys362
and Tyr377, were systematically changed by site-directed mutagenesis to Ala and
the activity of the resulting mutant proteins were characterised. Additional pH-rate
studies were carried out with each of the mutant enzymes. Finally, solvent kinetic
isotope effect studies, which involve the isotopic substitution of the solvent water
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hydrogens to deuterium, were undertaken, utilising WT GlmU, to identify if solventderived proton transfer(s) is or are involved in acetyl transfer.

All equations used in

the analysis of data in this chapter can be found in the Materials and Methods chapter,
section 2.2.30.

4.1 Acetyltransferase pH-rate profile
The effect of varying pH on GlmU acetyltransferase Michealis-Menten kinetic
parameters, was studied to assess the role of general acid-base chemistry in
substrate binding and catalysis. To determine the pH-rate profile of GlmU-catalysed
acetyl transfer, a range from pH 6.0 to 10.0, was utilised for these studies. There
are several issues involved in configuring pH-rate experiments that need to be
addressed prior to initiation of the actual study.

The experimental challenges

involved in varying the pH of an assay can include; selection of a suitable buffer, or
mixture of buffers that maintain ionic strength in the assay, stability of the enzyme
tertiary structure and maintenance of the sensitivity of the chosen assay detection
methodology. To address these challenges a series of control experiments were
systematically carried out, prior to investigating the effect of pH on the rate of acetyl
transfer.
Selection of a suitable buffer that could be used to maintain assay pH conditions
across the desired range, while maintaining ionic strength, was critical and led to
identification of a “tri-buffer” system that had previously been described by Ellis and
Morrison398 (Methods section 2.2.20). An initial experiment was carried out to assess
the applicability of the tri-buffer system for kinetically monitoring acetyltransferase
activity using the DTP absorbance assay (Figure 70).
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Figure 70. Comparison of acetyltransferase activity in two different assay
buffers.
Enzyme titrations in either the HEPES-based buffer used for all early absorbance
assays (●) or the tri-buffer system (●) prior to initiation of acetyltransferase activity
by the addition of 200 µM Ac-CoA, GlcN-1P and 400 µM DTP. The buffers were
both set to pH 7.5. For each enzyme concentration, the data are a mean of either 2
or 4 discrete replicates.
The initial validation of the tri-buffer, adjusted to pH 7.5, for use with the DTP
absorbance assay was comparable with the HEPES-based buffer (Methods section
2.2.8) that has been used for the majority of kinetic studies (Figure 70). To assess
the sensitivity of the DTP absorbance assay to CoA-SH, a standard curve of the
acetyltransferase product was prepared in tri-buffer adjusted to pH values between
6 and 10. (Figure 71).
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Figure 71. CoA-SH standard curves in tri-buffer adjusted to varying pH.
CoA-SH titrations in tri-buffer, adjusted to the following pH values; 6 (●), 7 (●), 8 (●),
9 (●), and 10 (●). Each of the points in the plot are a mean of three replicates. The
data for each pH condition were fitted to a linear regression model.
The sensitivity of DTP to varying concentrations of CoA-SH does not differ
significantly between pH 6.0 to 8.0 but reduces as the buffer becomes more basic.
This change in sensitivity of DTP at basic pH conditions is well documented421 under
several assay conditions, and is primarily due to a sharp decrease in the molar
absorption coefficient of 4-TP. To address this, and to control for experimental
variables, product standard curves were carried out on every test occasion to
determine the concentration of CoA-SH from the increase in absorbance.
GlmU protein stability across the range of desired pH conditions was assessed by
monitoring the change in the enzyme Tm by DSF. GlmU was incubated for 10
minutes in tri-buffer, adjusted to pH spanning the desired range of 6.0 to 10.0, prior
to addition of 10x SYPRO Orange and subsequent thermal denaturation (Figure 72,
Table 18).
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Figure 72. The effect of pH on GlmU Tm.
DSF thermal melting profiles of 2 µM GlmU in 10x SYPRO Orange, prepared in tribuffer, adjusted to the following pH values; 6 (●), 7 (●), 8 (●), 9 (●), and 10 (●). Each
of the points in the plot are a mean of six replicates. The data for each pH condition
were fitted to Eqn. (19) and the Tm data for each condition are presented in Table
18.
Table 18. GlmU Thermal Stability in varying pH conditions a.
pH

Tm (°C)

6

51.23 ± 0.37

7

51.40 ± 0.13

8

48.81 ± 0.05

9

49.06 ± 0.08

10

48.64 ± 0.02

a

Thermal stability experiments performed utilizing the same buffer

adjusted to the desired pH using either 6 M HCl or 10 M NaOH.

The data presented in Figure 72 demonstrates that under all pH conditions tested
GlmU is likely to have an intact tertiary structure, due to the typical thermal unfolding
profiles. The data in Table 18 demonstrates that GlmU Tm varied by 2.5 °C between
the pH conditions assessed, which was indicative that the protein is affected by the
buffer conditions. The GlmU Tm is most stable at pH 6.0 and least stable at pH 10,
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however, due to the likely intact tertiary structure (Figure 72) further control studies
were carried out. The thermal profile of GlmU in pH 6.0 conditions had a 20 % lower
fluorescence maximum, which could be indicative of a reduction of total protein. To
further characterise the catalytic activity of the GlmU acetyltransferase domain,
enzyme titrations were carried out in buffer across the pH range of 6.0 to 10.0, prior
to initiation of catalysis by the addition of 200 µM Ac-CoA, GlcN-1P and 400 µM DTP
(Figure 73).

Figure 73. GlmU acetyltransferase activity in different pH conditions.
Enzyme titration in tri-buffer adjusted to different pH conditions, acetyltransferase
activity initiated by addition 200 µM Ac-CoA, GlcN-1P and 400 µM DTP and CoA-SH
formation monitored using the change in absorbance at 324 nm. (A) Comparison of
the acetyltransferase activity of GlmU titrations in buffer adjust to pH values from 7
to 10, after either a 5 mins or 2 hrs (at 4 °C) incubation. (B) Comparison of
acetyltransferase activity of GlmU titrations in buffer adjust to pH 6, after either a 5
mins (●) or 2 hrs (●) incubation. Each of the points in the plot are a mean of three
replicates.
The data in Figure 73 demonstrates that it was possible to monitor linear GlmU
acetyltransferase activity in tri-buffer adjusted to pH conditions between 6.0 to 10.0.
It is apparent that there was a modest loss of GlmU acetyltransferase activity
between the 5 mins and 2 hrs incubations in the different pH conditions, which was
at most 25%. GlmU acetyltransferase activity between the pH conditions is different
when the response of the same enzyme concentrations was compared. A 32-fold
difference between the acetyltransferase activity of 35 nM GlmU was observed
between the pH 6 and pH 8 buffer conditions. These data could be indicative of
protein instability, which was observed when monitoring GlmU Tm in Table 18.
However, this difference in activity could also be due to the change in ionisation state
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of either the enzyme or reactants in different pH conditions. To better understand
the effect of varying pH on GlmU acetyltransferase activity, Michaelis-Menten
parameters for both Ac-CoA and GlcN-1P were determined, using the DTP
absorbance assay, at 0.25 increments pH between pH 6 and 10 (Figure 74).

Figure 74. pH dependence of GlmU acetyltransferase kinetic parameters.
The kcat and Km values were determined at each pH by varying concentration of one
substrate at a fixed, saturating concentration of the second substrate. The kcat data
is a mean of the Ac-CoA and GlcN-1P values and are represented by grey filled
circles and the best fit of the data, to Eqn. (11), is represented by ─. Ac-CoA
experimental data are represented by (●) and the best fit of the data, to Eqn. (12), is
represented by ─. The GlcN-1P experimental data are represented by (○) and the
best fit of the data, to Eqn. (11), is represented by - - -.
The data presented in Figure 74 shows a bell-shaped pH profile for demonstrated
that there was a pH dependence of kcat, which, by the shape of the kcat plot, revealed
both acid- and base-assisted catalysis. The bell-shaped curve of the kcat plot versus
pH, had slopes of +2 and -2 in the acidic and basic limbs, respectively, which was
best fitted to a model describing the presence of two acidic non-resolvable and two
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basic non-resolvable ionisable groups (Eqn. (11)). The data when fitted to Eqn. (11)
yielded pKa values of 6.7 ± 0.1 and 9.0 ± 0.1, respectively for the groups that need
to be deprotonated (general base) and protonated (general acid) for maximal activity.
Similarly, the plot of pH versus kcat/Km, GlcN-1P was bell-shaped, with slopes of +2 and
-2 in the acidic and basic regions, respectively. These data were best fitted to Eqn.
(11), describing the role of two acidic nonresolvable and two basic non-resolvable
ionisable groups, and yielded pKa values of 7.5 ± 0.1 and 9.1 ± 0.1, respectively for
the acidic and basic groups. Finally, the bell-shaped plot of pH versus log kcat/Km, AcCoA

had slopes of +2, at low pH and -1, at high pH, which was best fit to an equation

describing the role of two nonresolvable acidic groups and one basic group (Eqn.
(12)). The kcat/Km, Ac-CoA data when fitted to Eqn. (12) yielded pKa values of 6.6 ± 0.1
and 8.1 ± 0.1, respectively, for the two non-resolvable acidic groups and one basic
group.

4.2 GlcN-1P NH3 pKa determination using 1D NMR
To identify the ionisable groups involved in GlmU acetyltransferase activity, 1D NMR
studies were carried out to determine the pKa value of the GlcN-1P amine group,
which may represent one of the ionisable groups observed in the pH-rate studies
(kcat or kcat/Km, GlcN-1P). To determine the ionisation state of GlcN-1P in solution, NMR
chemical shifts of two 1H atoms, were monitored over a range of pH from 5.5 to 11.5,
using the methodology described in Methods section 2.2.23 (Figure 75).
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Figure 75. Determination of the ionisation states of GlcN-1P in solution using
1D NMR.
These experiments were carried out and analysed by Cesira de Chiara,
Mycobacterial Metabolism and Antibiotic Research Laboratory, The Francis Crick
Institute. Acidic and basic preparations of GlcN-1P were titrated to determine a pKa
for the protonated amine group. The 1H peak intensities were monitored of CH(2)NH3+ (experimental data represented by, ●) and CH(1)-PO4H2 (experimental data
represented by, ●) were monitored. The chemical shift for CH(2)-NH3+ was 3.33 ppm,
while the CH(1)-PO4H2 shift was 5.65 ppm. The data was fit to Eqn. (21) and is
represented by ─. The structure of GlcN-1P is inset and the CH(2)-NH3+ and CH(1)PO4H2 highlighted in red and blue, respectively.
The results presented in Figure 75, depicts 1H chemical shift data fitted to Eqn. 19,
which allowed determination of value of 3.33 ppm for CH(2)-NH3+ and a value of 5.65
ppm for CH(1)-PO4H2. The data was fitted to Eqn. (21), which yielded a pKa for
CH(2)-NH3+ of 8.43 ± 0.01 and a pKa for CH(1)-PO4H2 of 8.44 ± 0.01.

4.3 Preparation and characterisation of GlmU H374A
To further understand and assign the ionisable groups identified in the GlmU
acetyltransferase pH-rate profiles, SDM was carried out to change His374 to an Ala
residue. The position of the His374 in the acetyltransferase active site appears to
be optimal for this residue to act as the catalytic residue in the (Figure 67).
Furthermore, mutagenesis of this residue to Ala has previously been shown to
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reduce M. tuberculosis GlmU-catalysed acetyl transfer by 90% in comparison to the
WT, however, mutation of Asp397 to Ala also reduced acetyltransferase by 95%245.
The mutation of His374 to Ala was carried out using the Phusion SDM kit, as per the
method described in Methods section 2.2.5. The GlmU H374A SDM was confirmed
as successful by Sanger sequencing of the mutated plasmid, prior to protein
expression and purification425. The mutant GlmU, referred to as GlmU H374A from
hereon in, was prepared as per the protocol described in Methods section 2.2.6.
The purified GlmU H374A was analysed by reducing SDS-PAGE gel electrophoresis
(Figure 76) and protein concentration was determined by Bradford protein assay,
which was used to calculate the total protein yield.

Figure 76. SDS-PAGE gel electrophoresis analysis of His6-TEV-GlmU H374A.
SDS-PAGE analysis of the final purification product of His6-TEV-GlmU H374A. The
gel layout is as follows; lane 8 & 9 post-SEC, concentrated GlmU H374A (2 µg protein
loading mass) and lane 12 is the gel MWt marker.
The protein concentration was determined as 4.98 mg/ml, which meant that a total
of 49.8 mgs of protein were purified from 18 grams of cell pellet. The protein accurate
mass was determined by ESI LC-MS as 53.4 kDa, which is consistent with N-terminal
methionine deletion. These data, in tandem with the positive DNA sequencing data,
confirm the homogeneity and mass of the protein purified from the E. coli cell pellet
as GlmU H374A.
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DSF thermal stability studies were utilised to determine that the GlmU H374A tertiary
structure is intact and to ascertain whether there was any change in Tm when
compared to WT GlmU (Figure 77).

Figure 77. The effect of the H374A mutation on GlmU Tm.
DSF thermal melting profiles of either 2 µM GlmU (●) or GlmU H374A (●) in 10 x
SYPRO Orange. Each of the points in the plot are a mean of six replicates. The
mean data were fitted to Eqn. (19) and the Tm data for each condition are presented
below.
The data presented in Figure 77 when fitted to Eqn. (19), yielded a WT Tm = 52.15 ±
0.03 °C, and a H374A Tm = 52.04 ± 0.04 °C, which demonstrates that the mutation
has no effect on the thermal stability of GlmU. Further DSF studies were carried out
to ascertain whether there was any modulation of GlmU H374A Tm in the presence
of titrations of either CoA-SH or GlcN-1P (Figure 78).

Figure 78. The effect of CoA-SH and GlcN-1P on GlmU H374A Tm.
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DSF thermal melting profiles of GlmU H374A, using 10 x SYPRO Orange, in the
presence of a concentration titration of either CoA-SH or GlcN-1P. (A) 2 µM GlmU
H374A incubated with a titration of CoA-SH, exemplified on the plot by either 65 µM
(●) or 1000 µM (●). (B) 2 µM GlmU H374A in the presence of 1000 µM CoA-SH,
prior to an incubation with a titration of GlcN-1P, exemplified by either 95 µM (●) or
3000 µM (●) GlcN-1P. Each of the points in both plots are a mean of six replicates.
The mean data were fitted to Eqn. (19) and the Tm data for each condition are
presented below.
The data in Figure 78 demonstrated that GlmU H374A Tm was stabilised by 1.7 °C
when incubated with 1000 µM CoA-SH, which was the same stabilisation that was
observed the wild type protein (data now shown). Additional studies were carried
out using a co-incubation of GlmU H374A and 1000 µM CoA-SH, prior to adding a
titration of GlcN-1P, which led to an additional stabilisation of GlmU H374A Tm by 1.2
°C. The additional stabilisation of GlmU H374A Tm in the presence of GlcN-1P was
previously observed with the WT protein, co-incubated with high concentrations of
either Ac-CoA or CoA-SH, in the presence of a concentration of Glc-1P, which
stabilised the GlmU Tm by a maximum of 2.2 °C.
GlmU H374A acetyltransferase activity was initially assessed by an enzyme titration
in the presence of 200 µM Ac-CoA and GlcN-1P, in assay buffer adjusted to pH 7.5,
using 400 µM DTP to monitor the formation of CoA-SH by absorbance change at
324 nm. The WT enzyme was titrated, and acetyltransferase activity was monitored
to act as a control for the SDM protein (Figure 79).
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Figure 79. GlmU titration to monitor acetyltransferase activity to compare WT
and H374A enzyme preparations.
GlmU enzyme titration to compare the acetyltransferase activity of WT (●) and
H374A (●) preparations of protein. GlmU was titrated in assay buffer adjusted to pH
7.5, prior to initiation of the acetyltransferase activity by 200 µM Ac-CoA and GlcN1P before monitoring CoA-SH formation using 400 µM DTP and measuring change
in absorbance at 324 nm.
The mutation of His374 to Ala in the GlmU acetyltransferase active site, ablates
acetyl transfer activity when compared to the WT protein in assay buffer adjusted to
pH 7.5. The data presented in Figure 79 demonstrated that none of the GlmU H374A
concentrations tested had any significant acetyltransferase activity, however, the
control GlmU WT concentrations used produced CoA-SH at a similar rate to
previously determined levels (Figure 27). Further studies will be carried out to
understand whether varying the concentration of the acetyltransferase substrates or
pH conditions of the assay buffer have any effect on the acetyl transfer activity of
GlmU H374A.

4.4 GlmU H374A pH-rate profile
To confirm the role of His374 in the GlmU-catalysed acetyl transfer reaction, pH-rate
profile studies were undertaken by monitoring acetyltransferase activity at various
Ac-CoA and GlcN-1P concentrations at different pH conditions (Figure 80).
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Figure 80. pH-rate profiles of GlmU and GlmU H374A acetyltransferase GlcN1P kinetic parameters.
The GlmU acetyltransferase kcat and Km values were determined at each pH by
varying concentration of GlcN-1P at fixed, saturating concentrations of Ac-CoA. The
GlcN-1P data relating to WT GlmU kcat and kcat/Km data is represented by black filled
circles and the best fit of the data, to Eqn. (12), is represented by ─. The GlcN-1P
data relating to GlmU H374A kcat and kcat/Km data is represented by grey filled circles
and the best fit of the data, to Eqn. (9), is represented by ─.
GlmU H374A acetyltransferase activity is significantly slower compared to enzyme
than WT GlmU, displaying a pH independent plateau which is approximately three
orders of magnitude lower than that of the WT GlmU (Figure 80).

The pH

dependence of GlmU H374A kcat reveals a single ionisable group that must be
deprotonated for maximal activity (slope of +1). These data were best fitted to Eqn.
(9) that describes the involvement of one basic ionisable group (pKa = 8.2 ± 0.1).
Similarly, the plot of pH versus GlmU H374A kcat/Km, GlcN-1P showed a single ionisable
group (slope of +1), which was best fitted to Eqn. (9) that allowed determination of a
value of 9.7 ± 0.5 for the basic group. The acetyltransferase pH-rate profile data for
GlmU WT was generated in parallel with the GlmU H374A study. The WT control
study, utilised GlcN-1P as the varied substrate in the presence of saturating Ac-CoA,
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was best fitted to the equation for two nonresolvable acidic groups and one basic
group (Eqn. (12)). The GlmU WT pH-rate profile data when fitted to Eqn. (12) yielded
pKa values for kcat, GlcN-1P of 6.4 ± 0.3 and 8.9 ± 0.3, and pKa values for kcat/Km, GlcN-1P
of 7.3 ± 0.02 and 8.7 ± 0.04, in both cases, respectively for the acidic and basic
groups.
In addition to determining the GlmU H374A catalysed GlcN-1P Michaelis-Menten
parameters in varying pH conditions, the Ac-CoA steady state parameters were
determined, utilising the same pH range, along with WT controls (Figure 81).

Figure 81. pH-rate profiles of GlmU and GlmU H374A acetyltransferase AcCoA kinetic parameters.
The GlmU acetyltransferase kcat and Km values were determined at each pH by
varying concentration of Ac-CoA at fixed, saturating concentrations of GlcN-1P. The
Ac-CoA data relating to WT GlmU kcat and kcat/Km data is represented by black filled
circles and the best fit of the data, to Eqn. (12), is represented by ─. The Ac-CoA
data relating to GlmU H374A kcat and kcat/Km data is represented by grey filled circles
and the best fit of the data, to either Eqn. (9) or Eqn. (12), respectively, is represented
by ─.
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As previously observed with the GlcN-1P steady state parameter pH dependence
study, GlmU H374A is a significantly slower acetyltransferase enzyme than WT
GlmU, displaying a pH independent plateau which is approximately three orders of
magnitude lower than WT GlmU (Figure 81). The pH dependence of GlmU H374A
kcat reveals a single ionisable group that must be deprotonated for maximal activity
(slope of +1). These data were best fitted to Eqn. (9) that describes the involvement
of one basic ionisable group, which yielded a pKa value of 8.1 ± 0.02. The plot of pH
versus GlmU H374A log kcat/Km, Ac-CoA showed two nonresolvable acidic ionisable and
one basic ionisable group, which was best fitted to Eqn. (12) that allowed
determination of pKa values of 7.7 ± 0.2 and 8.9 ± 0.3. Further acetyltransferase pHrate profile data for WT GlmU was generated in parallel with the GlmU H374A study.
This control study, utilised Ac-CoA as the varied substrate in the presence of
saturating GlcN-1P, was best fitted to the equation for two nonresolvable acidic
groups and one basic group (Eqn. (12)). The GlmU WT pH-rate profile data when
fitted to Eqn. (12) yielded pKa values for kcat, Ac-CoA of 6.4 ± 0.04 and 9.5 ± 0.04, and
pKa values for kcat/Km, Ac-CoA of 7.7 ± 0.2 and 8.9 ± 0.3, in both cases, respectively for
the acidic and basic groups.
The data generated in these studies confirm that the His374 residue is essential for
optimal GlmU catalysed acetyl transfer, with kcat reduced by approximately 1000-fold
when this residue is replaced by Ala. The pH-rate profiles for kcat and kcat/Km, with
relation to both GlcN-1P and Ac-CoA observed using the GlmU H374A mutant
protein are significantly altered from the WT enzyme and provide valuable
information to elucidate the role of His374 in GlmU acetyltransferase activity.

4.5 Further GlmU SDM preparation and characterisation
The GlmU acetyltransferase active site residues Arg344, Lys362, Tyr377 and
Asn388 were further selected for further investigation, based on the structural
information presented in Figure 67, where each of the amino acids were identified to
be involved in interactions with GlcN-1P. Additionally, the pKa values identified in
both the kcat and kcat/Km GlmU acetyltransferase pH rate profiles could potentially be
attributed to some of these residues.
The mutations of Arg344, Lys362, Tyr377 and Asn388 to Ala were carried out using
the Phusion SDM kit, as per the method described in Methods section 2.2.5. The
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SDM changes to the GlmU WT DNA were confirmed by use of Sanger sequencing,
which identified that the N388A mutation was unsuccessful425. The mutant GlmU
proteins, subsequently referred to as either GlmU R344A, GlmU K362A and GlmU
Y377A (SDM confirmed by Sanger sequencing), were prepared with a novel high
throughput (HT) protocol, described in Methods section 2.2.7. As this purification
methodology was unprecedented for GlmU, the WT enzyme, as well as GlmU H374A
were prepared in parallel to act as controls in the initial characterisation experiments.
The purified GlmU SDM proteins, in addition to the two controls, were analysed using
both reducing SDS-PAGE gel electrophoresis (Figure 82), as well as the Caliper
microfluidic capillary electrophoresis system, which allowed determination of purity
and concentration in the same experiment (Table 19).

Figure 82. SDS-PAGE gel electrophoresis analysis of His6-TEV-GlmU SDM
mutants.
SDS-PAGE analysis of the final HT purification products of His6-TEV-GlmU SDM
mutants and the WT control. The gel layout is as follows; lane 1 - gel MWt marker,
lane 2 - GlmU WT, lane 3 - GlmU R344A, lane 4 - GlmU K362A, lane 5 - GlmU Y377A
and lane 6 - GlmU H374A (all 2 µg protein loading mass).
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Table 19. Caliper microfluidic capillary electrophoresis analysis of His6-TEVGlmU SDM mutants.
GlmU protein

Concentration (mg/ml)

Purity (%)

WT

3.36

91.1

R344A

4.39

94.3

K362A

3.55

91.6

Y377A

2.77

88.1

H374A

3.47

97.1

Protein preparations in a storage buffer comprised of 25 mM HEPES, pH 7.5, 100 mM NaCl,
10 mM MgCl2.

In addition, the protein accurate masses were determined by ESI LC-MS and all were
measured as 53.4 kDa, which are like previous observations and are consistent with
a N-terminal methionine deletion. These data confirm the purity and mass of the
proteins purified from the E. coli cell pellets as GlmU, or single residue mutant
variations of the WT. Importantly, the analyses of these HT protein preparations are
consistent, in terms of mass and purity, with previous evaluations of GlmU batches
prepared using Äkta column chromatography methods.
To determine whether the preparations of HT GlmU SDM mutants and corresponding
controls had intact tertiary structure, DSF thermal stability studies were carried out
in the presence of SYPRO Orange (Table 20).
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Table 20. Melting temperature determination of different GlmU preparations a.
GlmU protein

Tm (°C)

WT

51.10 ± 0.04

R344A

52.50 ± 0.05

K362A

50.50 ± 0.04

Y377A

50.51 ± 0.03

H374A

45.15 ± 0.03

WT, previous preparation

51.52 ± 0.04

WT pre-incubated with 1 mM CoASH, previous preparation
H374A, previous preparation
a

53.31 ± 0.06

51.26 ± 0.02

Thermal stability experiments performed utilising an assay buffer

comprised of 25 mM HEPES, pH 7.5, 100 mM NaCl, 10 mM MgCl2.
Each experiment was a mean of 24 individual measurements and utilised
1 µM protein per test. Data were fit to Eqn. (19).

The data presented in Table 20 demonstrates that GlmU Tm did vary between the
protein preparations assessed, however, the thermal melting profiles of all the
variants tested were indicative of a protein with an intact tertiary structure. The Tm
of the GlmU WT preparations were broadly in agreement, which further validates the
HT preparation of GlmU. The mutant form of GlmU that varies significantly is the HT
H374A variant, which had a Tm 5 °C lower than the previous preparation (Figure 77).
These data suggest that the HT GlmU H374A preparation was partially unfolded or
destabilised by the change in the purification process (difference between
conventional chromatography and HT methodology) and will not be utilised for any
further studies. Conversely, the GlmU R344A Tm was stabilised by between 1 to
1.4 °C, when compared to either of the two WT preparations, which indicates that
the residue change to Ala has a stabilising effect on the GlmU tertiary structure.
The effect of the three GlmU acetyltransferase active site mutations, in addition to
the change purification methodology, were further assessed by monitoring the
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catalytic activity. To carry out this study, enzyme titrations of each of the preparations,
listed in Table 20, were carried out in assay buffer adjusted to pH 7.5, prior to
initiation of catalysis by the addition of 200 µM Ac-CoA, GlcN-1P and 400 µM DTP
and evaluation of acetyl transfer by change in absorbance at 324 nm (Figure 83).

Figure 83.

Enzyme titration to compare acetyltransferase activity of SDM

mutants and different preparations of GlmU.
GlmU enzyme titrations in assay buffer adjusted to pH 7.5, before addition of 200 µM
of GlcN-1P and Ac-CoA to initiate the reaction and 400 µM DTP to monitor formation
of CoA-SH, which was monitored kinetically (y-axes) (A) Titrations of the two WT
preparations of GlmU; HT purified enzyme (●) and GlmU+Mg2+ (●), compared to GlmU
H374A (●). (B) Titrations of the mutant GlmU preparations; R344A (●), K362A (●)
and Y377A (●). Data points are an average of three replicates and solid lines are
the fit of the data to a linear regression.
The HT preparation of GlmU WT had equivalent, if not superior, acetyltransferase
activity to the previous preparation of WT enzyme, GlmU+Mg2+, which was purified
using an Äkta column chromatographic process. As had previous been observed,
the GlmU H374A mutant was inactive, in the pH and enzyme concentration range
assessed in this experiment. The GlmU SDM mutant proteins; R344A, K362A and
Y377A, were significantly less catalytically active than the WT enzyme, by between
11 to 25-fold at equivalent concentrations. GlmU Y377A is catalytically inactive at
neutral pH and within the concentration range utilised for this experiment. These
data demonstrated that the Tyr377 to Ala mutation, had a similar effect to the His374
to Ala change, which was the ablation of acetyl transfer activity when compared to
the WT protein in assay buffer adjusted to pH 7.5. The data presented in Figure 83
(B) demonstrated that the mutation of either Arg344 or Lys362 to Ala, while not null
mutations in the assay conditions utilised, still significantly reduce GlmU
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acetyltransferase activity. Further studies will be carried out to understand whether
varying the concentration of the acetyltransferase substrates or pH conditions of the
assay buffer have any effect on the acetyl transfer activity of either GlmU R344A,
K362A or Y377A.

4.6 Further GlmU SDM pH-rate profiles
To determine the potential involvement of Arg344, Lys362 or Tyr377 in the GlmUcatalysed acetyl transfer reaction, pH-rate studies were undertaken by monitoring
acetyltransferase activity at varying Ac-CoA and GlcN-1P, while utilising saturating
second substrate concentrations, in assay buffer adjusted to different pH values.
The data presented in Figure 84 was generated by titrating GlcN-1P in varying pH
conditions across the range of 6.0 to 10.0, in the presence of saturating
concentrations of Ac-CoA at each condition.
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Figure 84. Acetyltransferase pH-rate profiles of GlmU WT and SDM mutants
Ac-CoA kinetic parameters.
GlmU acetyltransferase activity kcat and Km values were determined in a range of pH
conditions by varying concentration of Ac-CoA at fixed, saturating concentrations of
GlcN-1P. In all plots, GlmU WT data is represented by (●). The GlmU WT kcat and
kcat/Km data were fitted to Eqn. (11) and are represented by (―). (A) The GlmU
R344A (●) kcat and kcat/Km data were fitted to Eqn. (10) and Eqn. (14), respectively,
and are represented by (―). (B) The GlmU K362A (●) kcat and kcat/Km data were
fitted to Eqn. (10) and Eqn. (11), respectively, and are represented by (―). (C) The
GlmU Y377A (●) kcat and kcat/Km data were both fitted to Eqn. (9) and are represented
by (―).
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Table 21. GlmU WT and SDM mutant acetyltransferase pH profile ionisable
group pKa values where Ac-CoA is the varied substrate.
kcat pH

kcat pH

kcat/Km pH

kcat/Km pH

kcat pH

kcat/Km pH

profile

profile

profile

profile

profile

profile

acidic pKa

basic pKa a,

acidic pKa a,

basic pKa a,

equation

equation

a, b

b

b

b

used

WT

6.66 ± 0.07

9.20 ± 0.07

6.42 ± 0.24

9.09 ± 0.24

(11)

(11)

R344A

-

7.20 ± 0.15

7.78 ± 0.24

9.14 ± 0.06

(10)

(14)

K362A

-

7.17 ± 0.19

6.87 ± 0.14

9.25 ± 0.14

(10)

(11)

Y377A

-

8.11 ± 0.17

-

7.66 ± 0.27

(9)

(9)

Construct

a Each

data set is a mean of three replicates.

b Methodology

c

used c

is detailed in Section 2.2.20.

b

Data analysis details can be found in Section 2.2.30.

The GlmU SDM mutants are slower acetyltransferase enzymes than GlmU WT,
displaying a pH-independent kcat plateau that is either 5-fold (for R344A and K362A)
or 25-fold (Y377A) lower (Figure 84). The pH dependence of both GlmU R344A and
K362A kcat reveals two non-resolvable ionisable groups that must be deprotonated
for maximal activity (slope of +2). These data were both best fitted to Eqn. (10), see
Table 21 for pKa values. The pH dependence of GlmU Y377A kcat reveals one
ionisable groups that must be deprotonated for maximal activity (slope of +1), which
was best fitted to Eqn. (9).
The plot of pH versus GlmU R344A kcat/Km, Ac-CoA showed both a single ionisable
acidic (slope of +1) and two non-resolvable basic groups (slope of +2), which was
best fitted to Eqn. (14). The kcat/Km, Ac-CoA pH plot for GlmU K362A identified two nonresolvable acidic and basic groups, which were best fitted to Eqn. (11). GlmU Y377A
kcat/Km, Ac-CoA pH plot identified one basic group, which was best fitted to Eqn. (9).
Further acetyltransferase pH-rate profile data for GlmU WT was generated in parallel
with the GlmU SDM study. This control study, utilised Ac-CoA as the varied substrate
in the presence of saturating GlcN-1P, was best fitted to the equation for two
nonresolvable acidic and basic groups (Eqn. (12)). The pKa values for the ionisable
groups are presented in Table 21.
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In addition to determining the GlmU SDM catalysed Ac-CoA Michaelis-Menten
parameters in varying pH conditions, the GlcN-1P steady state parameters were
determined, utilising the same pH range, along with WT controls (Figure 85).

Figure 85. Acetyltransferase pH-rate profiles of GlmU WT and SDM mutants
GlcN-1P kinetic parameters.
GlmU acetyltransferase activity kcat and Km values were determined in a range of pH
conditions by varying concentration of GlcN-1P at fixed, saturating concentrations of
Ac-CoA. In all plots, GlmU WT data is represented by (●). The GlmU WT kcat and
kcat/Km data were fitted to Eqn. (11) and are represented by (―). (A) The GlmU
R344A (●) kcat and kcat/Km data were fitted to Eqn. (13) and Eqn. (10), respectively,
and are represented by (―). (B) The GlmU K362A (●) kcat and kcat/Km data were
fitted to Eqn. (13) and Eqn. (10), respectively, and are represented by (―). (C) The
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GlmU Y377A (●) kcat and kcat/Km data were fitted to Eqn. (13) and Eqn. (10),
respectively, and are represented by (―).
Table 22. GlmU WT and SDM mutant acetyltransferase pH profile ionisable
group pKa values where GlcN-1P is the varied substrate.
kcat pH

kcat pH

kcat/Km pH

kcat/Km pH

profile

profile

profile

profile

Acidic pKa

Basic pKa a,

Acidic pKa a,

Basic pKa a,

a, b

b

b

b

WT

6.73 ± 0.08

9.61 ± 0.08

7.18 ± 0.08

R344A

-

8.37 ± 0.11

K362A

-

Y377A

-

Construct

a Each

kcat pH

kcat/Km pH

profile

profile

equation c

equation c

9.11 ± 0.08

(11)

(11)

-

7.51 ± 0.11

(13)

(10)

8.22 ± 0.22

-

7.39 ± 0.17

(13)

(10)

8.40 ± 0.16

-

7.55 ± 0.21

(13)

(10)

data set is a mean of three replicates.

b Methodology

is detailed in Section 2.2.20.

b

Data analysis details can be found in Section 2.2.30.

The data presented in the pH profiles of the GlmU mutants R344A and K362A in the
kcat plot of Figure 85, is markedly different to the data in the kcat plot of Figure 84.
The data in Figure 85, which determined the pH dependence of the acetyltransferase
kinetic parameters for GlcN-1P, demonstrated that the same magnitude of kcat, GlcN1P

as the WT enzyme can be achieved with the R344A and K362A mutants, at pH 9

to 9.5. This observation was significantly influenced by a 10-fold reduction in Km,
GlcN-1P

for the SDM mutants, which lead to non-saturating concentrations of GlcN-1P

being utilised for the Ac-CoA pH-rate studies (Figure 84). Experimentally it was not
possible to saturate with the second substrate when titrating Ac-CoA. The same
issue is true for both the GlmU Y377A Ac-CoA and GlcN-1P pH-rate profile studies.
The Tyr377 to Ala mutation has the effect of reducing Km,

Ac-CoA

by 10-fold, in

comparison to the WT and R344A and K362A mutants. In addition, the Tyr377 to
Ala mutation also reduces Km,

GlcN-1P

by 10-fold, in comparison to the WT,

consequently, sub-saturating concentrations of second substrate were used in both
the Ac-CoA and GlcN-1P GlmU Y377A pH-rate profile studies. The apparent pKa
data has been presented as it is insightful and will potentially allow further elucidation
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of the roles of key active site residues involved in acetyltransferase substrate binding
and catalysis.
The pH dependence of both GlmU R344A and K362A kcat,

GlcN-1P

reveals one

ionisable groups that must be deprotonated for maximal activity (slope of +1), which
were both best fitted to Eqn. (13). The pH dependence of GlmU Y377A kcat, GlcN-1P
reveals one ionisable groups that must be deprotonated for maximal activity (slope
of +1), which were best fitted to Eqn. (13).
The plot of pH versus GlmU R344A kcat/Km,

GlcN-1P

showed two non-resolvable

ionisable acidic groups (slope of +2), which were best fitted to Eqn. (10). The kcat/Km,
GlcN-1P

pH plot for GlmU K362A identified two non-resolvable acidic groups, which

were best fitted to Eqn. (10). GlmU Y377A kcat/Km, Ac-CoA pH plot identified two nonresolvable acidic groups, which were best fitted to Eqn. (10).
Further acetyltransferase pH-rate profile data for GlmU WT was generated in parallel
with the GlmU SDM study.

This control study, utilised GlcN-1P as the varied

substrate in the presence of saturating Ac-CoA, was best fitted to the equation for
two nonresolvable acidic and basic groups (Eqn.(11)).
These data, taken collectively, allow a greater understanding of the role of the
investigated amino acids in both acetyltransferase substrate recognition, binding and
catalysis. However, these studies are not sufficient to assign all the measured WT
pK values and further work is required to ascertain the identifies of all titratable
groups involved in substrate binding and GlmU catalysed acetyl transfer.

4.7 Acetyltransferase solvent kinetic isotope effect
Solvent kinetic isotope effects (SKIEs) were utilised to investigate the acetyl transfer
chemical mechanism.

Proton transfers are essential in this mechanism and

therefore SKIEs might identify solvent-derived proton transfer events that might be
important during catalysis. To carry out these solvent kinetic isotope studies, buffers
and assay reagents, including substrates and the DTP CoA-SH detection reagents
were prepared in either 100% H2O or 100% D2O. The only reagent not to be
prepared in D2O was GlmU, however, the enzyme is used at 5 nM in the
acetyltransferase absorbance assay and the dilution from stock is such that there is
only 0.05% H2O contamination in the D2O experiments. D2O is more viscous than
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H2O and this difference in viscosity must be controlled for, either prior to or in parallel
to the SKIEs studies. The viscosity control that is used as a matter of course for
these type of studies is to replicate the saturation titrations of each of the substrates
in H2O supplemented with 9% glycerol, which acts as a viscogen, and closely mimics
the increased viscosity of D2O. To ensure that the maximal velocity was utilised for
these studies, pL 8 was selected as it corresponds to centre point of the plateau
region of the kcat pH-rate profile for the WT enzyme, where the variation due to any
changes in experimental pH/pD are smallest.
To carry out the SKIEs studies either GlcN-1P or Ac-CoA were titrated from a high
concentration in the presence of fixed, saturating concentrations of the
corresponding second substrate, prior to addition of an assay initiation mix including,
5 nM GlmU, to initiate acetyltransferase activity, and DTP, to kinetically monitor of
CoA-SH formation by a change in absorbance at 324 nm, over a 30 mins period.
These experiments were replicated utilising either reagents prepared entirely in D2O
or H2O supplemented in 9% glycerol (Figure 86).

Figure 86. GlmU acetyltransferase SKIEs and viscosity controls.
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Panels (A) and (B); Ac-CoA was used as the varied substrate, with a saturating
concentration of GlcN-1P. (A) The reaction mix contained either 0 (○) or 99.95 (●)
atom % D2O. (B) The reaction mix was prepared in H2O supplemented with either 0
(○) or 9 (●) % glycerol. Panels (C) and (D); GlcN-1P was used as the varied
substrate, with a saturating concentration of Ac-CoA. (C) The reaction mix contained
either 0 (○) or 99.95 (●) atom % D2O. (D) The reaction mix was prepared in H2O
supplemented with either 0 (○) or 9 (●) % glycerol. The experimental data, which in
all cases were a mean of six replicates, are represented by circles and the best fit of
data are represented by ─. (A) data fitted to Eqn. (17), (B) data fitted to Eqn. (17),
(C) data fitted to Eqn. (15), and (D) data to fitted to Eqn. (16).
The GlmU acetyltransferase Ac-CoA and GlcN-1P Michaelis-Menten parameters
determined for the solvent kinetic isotope effect and viscosity control data presented
in both Figure 86 can be found in Table 23.

Table 23.

GlmU acetyltransferase SKIEs and viscosity control Michaelis-

Menten data a.
varied substrate

D O
2

fixed substrate

V

D O
2

V/K

solvent kinetic isotope effect
Ac-CoA

GlcN-1P

GlcN-1P

Ac-CoA

1.61± 0.03

1.36 ± 0.08

1.61 ± 0.03 b

1.32 ± 0.1 b

1.59 ± 0.07

1

1.55 ± 0.07 b

1

viscosity effect c
Ac-CoA

GlcN-1P

1

1

GlcN-1P

Ac-CoA

1

0.76 ± 0.08

a Solvent

isotope effects were determined in assay buffer prepared in either 100% H2O or

100% D2O, at pH 8 and 30 °C.

b

Solvent isotope effect viscosity control using 9 % glycerol in

assay buffer as a viscogen.

The data in Table 23 shows that there is a clear SKIE on V when GlcN-1P is varied
and a SKIE on both V and V/K when Ac-CoA was varied.
To determine the number of protons that are in flight during the transition-state giving
rise to the measured SKIEs, a proton inventory study was carried out. This involves
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measuring the velocity of the acetyltransferase reaction, at pL 8, utilising saturating
concentrations of GlcN-1P and Ac-CoA, as a function of the atom fraction of
deuterium in a mixed H2O/D2O solvent system (Figure 87).

Figure 87. GlmU acetyltransferase proton inventory.
Acetyltransferase activity monitored by formation of CoA-SH in assay buffer
prepared in H2O, and in the presence of 5 nM GlmU, 1.5 µM GlcN-1P and 1 µM AcCoA. These conditions were repeated at varying fractions of D2O up to and including
100 % D2O. The y axis is the ratio of kcat in a mixture of D2O and H2O (kcatn) and the
kcat value in 100% H2O (kcat0). The data are a mean of at least 15 replicates and
were subsequently fit to Eqn. (18).
The data in Figure 87 was best fit to Eqn. (18), which describes a linear function that
is diagnostic of a single proton transfer event being responsible for the solvent
isotope effect.
These data demonstrated that there are modest SKIEs on V and V/KAc-CoA indicating
that acetyl transfer is partially rate-limiting for the overall reaction. Further studies,
utilising a proton inventory experiment, identified that the observed SKIE on V is due
to a single proton in flight.

4.8 Proposed chemical mechanism of GlmU acetyltransferase
activity
The results presented in Chapter 4, provide evidence for the proposal of a chemical
mechanism for the GlmU catalysed acetyltransferase activity, which is presented in
Scheme 13.
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Scheme 13.

Proposed chemical mechanism for M. tuberculosis GlmU

acetyltransferase activity

The proposed chemical mechanism in Scheme 13 employs general base catalysis,
which is supported by the observations from pH-rate profiles, which identified a
residue with a pKa of ~ 6.5 required for catalysis. The identity of the group is likely
to be His374, which acts as a general base
Additionally, the results presented within this chapter begin to provide evidence for
the elucidation of additional residues that are important for GlmU catalysed acetyl
transfer to GlcN-1P. SDM of likely important acetyltransferase active site residues,
followed by pH-rate profile studies identified that Arg344 and Lys362 are important
for the binding of GlcN-1P and mutation of these groups to Ala led to a change in the
pH rate profiles, in comparison to wild-type GlmU. The mutation of Tyr377 to Ala
also led to a change in the pH-rate profiles, when compared to wild-type, R344A and
K362A. These data suggest that Tyr377 has not only an effect on substrate binding
but also on catalysis, as the fold-change in both kcat and kcat/Km pH-rate profiles, when
compared to the wild-type enzyme, is greater than that of the R344A and K362A
mutants.
Finally, the SKIE studies identified that one proton is in flight during catalysis and
that the substitution of H2O for D2O, predominantly has an effect on kcat, suggesting
that the partially rate-limiting step is due to either catalysis or product release.
The data presented in Chapter 4 will be discussed in more depth in the discussion
section of this thesis, Chapter 6.
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Chapter 5.

GlmU acetyltransferase small molecule

inhibitor identification and hit qualification
In parallel to, and informed by, the acetyltransferase enzyme mechanism studies
presented in the previous two chapters, GlmU small molecule inhibitor identification
studies were carried out. The aims of these studies were two-fold, initially, to identify
novel chemical compounds that could be used to further validate the
acetyltransferase mechanism of GlmU, and because of these efforts, provide
evidence to validate this bifunctional enzyme as a viable target for more thorough
drug discovery efforts.
Classically, for small molecule screening studies, several assay detection
approaches are evaluated to validate their use with the test protein of interest. The
most important factor typically assessed is the sensitivity of the detection technique
to the substrate or product that will be monitored. The sensitivity is typically defined
by the minimum concentration of either substrate or product that can be detected by
an assay methodology. This has already been addressed for GlmU, to some degree
in Section 3.2 but will be further expanded upon in this chapter.
Small molecule inhibitor identification requires consideration of a number processes
of scale that enable many targeted and diverse compounds to be tested against the
drug target of interest. These considerations include the amenability of the primary
assay to miniaturisation, automation of reagent addition, reproducibility of the assay,
stability of reagents over prolonged periods at 4 °C, and tolerance of the assay to
solvent (dimethyl sulphoxide (DMSO), commonly used to dissolve test compounds).
These considerations have been systematically addressed for the selected GlmU
acetyltransferase assay prior to commencement of inhibitor screening.
The suitability or quality of the assays selected for acetyltransferase inhibitor
identification screening were defined by evaluating a screening window coefficient,
known as the Z’ factor, which is a combined measure of the assay signal dynamic
range and the variation associated with the assay signal variation.
Prior to progressing with single concentration, inhibitor identification screening, two
training sets were screened to define both the likely hit rate and identify potential,
compound mediated assay interference. Hit rate, in this context, is the number of
potential inhibitors that are statistically separated from the inactive compound
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population. The first small molecule training set, known as the “Robustness set”,
which is a collection of 1408 diverse compounds representative of the GSK HTS
collection, is typically screened at a single concentration, to define the inhibitor
identification, performance of the primary assay of choice.
The second small molecule set, known as the “Nuisance set”, was put together to
identify the susceptibility of the screening assay to a group of compounds known as
PAINS (Section 1.4.1)426. The outcome of screening this set identifies the type of
interferences that will appear as inhibitors in the assay, commonly known as false
positives, and provide knowledge to remove these false positives after the initial hit
identification screening.
The small molecule sets screened to identify potential inhibitors of GlmU
acetyltransferase activity were comprised of two sets made up of compounds that
have either been shown to kill or inhibit Mycobacterium tuberculosis427. The third set
that was screened was a diverse collection of small molecules, known as the
“Validation set”, made up of 10000 compounds, which are representative, of the GSK
HTS collection, covering a wider selection of chemical diversity than the Robustness
set.

The total number of small molecules that were screened against GlmU

acetyltransferase activity, as a single compound concentration, in the hit
identification studies was 13200. To confirm the identified hit compounds are more
likely to be assay methodology independent inhibitors, two approaches were
undertaken. The first approach is to test the hits at multiple concentrations, which
will confirm that the acetyltransferase activity inhibition is compound dose dependent.
The second approach is to test the potential hits in both an orthogonal
acetyltransferase assay, as well as investigating direct compound binding using a
biophysical technique. This inhibitor identification strategy, which is typical of a
number of drug discovery approaches employed by pharmaceutical and
biotechnology companies428, is best represented by Scheme 14.
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Scheme 14. GlmU acetyltransferase inhibitor identification strategy.

Confirmation of hit compounds was carried by utilisation of an orthogonal assay to
monitor GlmU acetyltransferase activity. To best utilise the benefits of this approach
it was essential to select an assay that was not dependent on absorbance and the
detection of the formation of CoA-SH to monitor activity. The approach developed
and utilised was a high throughput MS method, known as Agilent RapidFire (RF-MS),
which employs a rapid microplate sampling probe to aspirate an aliquot of the
stopped assay, prior to sample purification on a solid phase extraction cartridge (to
remove problematic contaminants) before injection into the MS429. This method was
used to monitor the relative concentrations of GlcN-1P and GlcNAc-1P, which could
be modulated by a small molecule inhibitor.

This assay was used to confirm

acetyltransferase product inhibition by CoA-SH in Section 3.11 and further details
regarding the development of this approach, as well as application to confirm GlmU
acetyltransferase inhibitors will be presented in this chapter.
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Biophysical studies were utilised to determine if potential inhibitory small molecules
directly bound to GlmU, which provided further confirmatory evidence for inhibition
by these compounds. DSF has been shown to be an insightful and reliable approach
for monitoring direct binding of substrates, products and analogues to GlmU and was
further utilised to confirm interaction of potential inhibitors with the enzyme by
stabilising the Tm. The application of DSF to identify and confirm small molecule
binding partners is well documented407 and used as a matter of routine by a number
of companies and research groups300,430.
As a parallel approach, knowledge-based, rational inhibitor design was carried out
to explore whether synthetic analogues of GlcN-1P could act as antagonists of the
GlmU acetyltransferase activity. Rational inhibitor design using one of the native
substrates, products or transition states as starting points is a well-accepted
approach to develop novel antagonists301. As with previous studies to identify deadend inhibitors of GlmU acetyltransferase (Section 3.11), these synthetic analogues
were first investigated as substrates, as a control before investigating whether any
of these molecules were indeed inhibitors.
To confirm inhibition of small molecule inhibitors, exemplars were screened against
Mycobacterium tuberculosis H37Rv as per the methodology detailed in Section
2.2.28 and by Ballell and co-workers427.

This assay defines the MIC for

Mycobacterium tuberculosis of the test compounds and confirms if the novel
inhibitors have the potential to be antimicrobial agents.
The findings of these initial small molecule identification studies will help define
whether the acetyltransferase domain of GlmU is a tractable target for further, more
concerted and better resourced hit identification efforts. In addition, any inhibitors
identified and validated in this study could provide either useful starting points for
further chemical optimisation, in addition to being powerful tools to better
characterise the essentiality of GlmU for Mycobacterium tuberculosis growth and
survival.
All equations used in the analysis of data in this chapter can be found in the Materials
and Methods chapter, section 2.2.30.
All compounds tested in this section, unless otherwise stated, are GSK intellectual
property and cannot be disclosed without a specific request, which can be made via
the author of this thesis or their supervisor. Where GSK compound registration
numbers are clearly stated then the structures of these molecules have previously
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been disclosed most likely in manuscripts authored by either Ballell, et al. or RebolloLopez, et al.335,336.

5.1 Compound screening assay configuration
GlmU acetyltransferase assay identification for the mechanistic studies detailed in
Chapters 3 and 4, has previously been detailed in Section 3.2, where the DTP thiol
detection absorbance assay was described, however, as there are several additional
considerations required for the configuration of an accurate and sensitive small
molecule screening assay.
Sensitivity of the detection methodology utilised has previous been mentioned in
preceding Chapter introduction and is important to ascertain early in assay
development.

The data presented in Section 3.5, determines the GlmU

acetyltransferase Michaelis-Menten parameters as Km, Ac-CoA = 240 µM and Km, GlcN1P

= 344 µM and subsequently concentrations of 200 µM of these substrates were

used to assess dead-end substrate analogues in Section 3.11. The use of substrate
concentrations equivalent to the apparent Km value or below is to ensure that, when
evaluating potential inhibitors, the assay is not biased towards a substrate bound
form, in addition, the assay is linear with relation to substrate concentration (Figure
88).

Figure 88.

Configuration of GlmU acetyltransferase DTP absorbance

screening assay at Km, Ac-CoA.
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Titration of Ac-CoA from 2 mM in the presence of 2 mM GlcN-1P in assay buffer
adjusted to pH 7.5. Acetyltransferase activity was initiated by addition of 5 nM GlmU
and 400 µM DTP, which reacts with CoA-SH, leading to a change in absorbance at
324 nm. The Km, Ac-CoA is highlighted, as are the concentration ranges where the
change in Ac-CoA is linear with v, in addition to range where the change in substrate
is not linear with v.
The representative data presented in Figure 88 highlights the ideal concentration
range of Ac-CoA for a sensitive acetyltransferase assay, where a 50% decrease in
substrate will lead to the equivalent reduction in measured v. Data for GlcN-1P is
not presented but the same ranges are true for this substrate. It should be noted
that configuration of the GlmU acetyltransferase compound screening assay at
substrate concentrations equivalent to the apparent Km values ensured that all
modes of inhibition can be detected (competitive, noncompetitive and uncompetitive).
Configuration of the absorbance assay at concentrations of substrates significantly
more than the Km values would bias detection toward noncompetitive and
uncompetitive inhibition and make detection of competitive inhibitors less likely.
The concentration of DTP utilised to detect CoA-SH had to be more than the
maximum concentration of Ac-CoA added to the assay to prevent depletion of the
thiol detection reagent. DTP does not absorb light at 324 nm if there is not sufficient
concentration of thiol to react with, so adding an excess of detection reagent is not
detrimental to configuration of the assay.

The data presented in Figure 26

demonstrated that the detection of thiols by DTP is linear between 1 µM or 500 µM.
Further consideration must be given to the concentration of GlmU used, which is
linked to several factors including; the potency of inhibitors that can be detected,
substrate turnover and practically, kinetic read duration. To illustrate the interplay
between concentration of GlmU used and the percentage of Ac-CoA catalysed, linear
progression plots of a limited range of enzyme concentration are presented in Figure
89.
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Figure 89. GlmU acetyltransferase activity progress plots.
GlmU acetyltransferase activity in the presence of 200 µM Ac-CoA and GlcN-1P, in
assay buffer adjusted to pH 7.5, utilising 400 µM to detect formation of CoA-SH. The
progress plots presented are for the following concentrations of GlmU; 20 nM (●), 10
nM (●), 5 nM (●) and 2.5 nM (●). The no enzyme background is represented by (●).
The data points represent a mean of three independent replicates, error bars added.
The level of 50% Ac-CoA conversion to CoA-SH is highlighted by the dashed orange
line.
The data presented in Figure 89 demonstrates that when 5 nM GlmU is utilised, 50%
conversion of Ac-CoA to CoA-SH is achieved within 8 mins, whereas, the same level
of product formation is attained by 20 nM GlmU after 1 min. Finally, the 2.5 nM
enzyme concentration catalyses formation of 100 µM CoA-SH in 18 mins. The
minimisation of substrate conversion is key, as substrate depletion can lead to
desensitisation of the assay to inhibition by test small molecules431.

The

concentration of 5 nM GlmU was selected for further screening studies, as using this
condition the acetyltransferase activity was linear for sufficient time to screen the test
microplates. Additionally, the difference between the 5 nM GlmU acetyltransferase
response and the background signal, in the absence of enzyme, when taking into
account the standard deviation of both populations was sufficient to generate a
passable Z’ factor in excess of 0.4 (Figure 90).
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Figure 90. Z’ factor of GlmU acetyltransferase absorbance assay.
GlmU acetyltransferase assay signal window demonstrating a population with 5 nM
enzyme (●) and no enzyme control (○). The mean of the two populations are
displayed as either plus enzyme (―) or minus enzyme (―). The standard deviations
of the two populations are displayed as either plus enzyme (---) or minus enzyme (--).
The minimum acceptable Z’ value for an enzyme assay of this type at GSK is 0.4,
while a good assay would be in the range of 0.6 to 0.9. The data in Figure 90 when
fitted to Eqn. (24) yielded a Z’ = 0.84, which demonstrated that the GlmU
acetyltransferase DTP absorbance assay was of a high quality (the maximum Z’
value is 1). It should be noted that the data presented in Figure 90 was generated
utilising liquid handling automation, which validated the use of these instruments for
further higher throughput screening studies. The significance of a good Z’ factor is
that there is a greater confidence in the hit compounds identified during single
concentration small molecule screening, as there is a greater separation and less
variation, between the inhibited and non-inhibited values399.

This Z’ value was

consistent across a number of initial test occasions and further data will be presented
in the coming sections of this chapter.
The final assay protocol for the GlmU acetyltransferase DTP absorbance screening
assay is detailed in Section 2.2.22.
Initial configuration of the acetyltransferase screening assay was completed, and
further studies will be carried out with single concentration compound training sets.
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5.2 Compound training set screening
The initial single concentration, small molecule training set screened was the GSK
Robustness set, which is comprised of 1408 diverse compounds. These compounds
are dispensed onto 4, 384 well microplates and are typically screened in duplicate
on two separate test occasions to ascertain the reproducibility of the assay. The
data presented in Figure 91 is the correlation of the two test occasions of GlmU
acetyltransferase absorbance assay.

Figure 91. GlmU acetyltransferase assay robustness correlation.
GSK robustness set screened on two separate test occasions and the data
normalised to the controls on each of the test microplates using Eqn. (23). The
positive and negative control populations are highlighted by (●) and the test wells are
identified by (●). The orange box highlights the statistical cut off that determines
whether a test compound is identified as active or inactive. The green box highlights
the compounds that were selected for dose response testing.
The GlmU acetyltransferase activity Robustness screen identified 21 compounds
that were statistically classed as hits on both test occasions, which as a percentage
of the 1408 compounds tested is 1.5%. The statistical threshold used to classify
compounds as either a hit or inactive is demonstrated in Figure 92.
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Figure 92. Distribution of % Inhibition for robustness set test compounds.
Histograms of the distribution of % Inhibition values of the 1408 test compounds of
the GSK robustness set when screened in the GlmU acetyltransferase assay. The
histograms in teal and purple are the % Inhibition data for replicate 1 and 2,
respectively. The dashed orange lines highlight both the normal nature of the %
Inhibition distribution and the mean (µ) and the standard deviation (δ) of the test
compounds. The hit threshold is highlighted by the dashed green line and is
calculated by using the mean and standard deviation of the test samples.
To classify a test compound as a hit, robust statistics were used to determine the
mean and standard deviation of the samples, which typically form a normal
distribution as seen in Figure 92.

This distribution is skewed as the sample

population comprises both hit and inactive compounds, so robust statistics are
utilised to weight out the hits and enable determination of a non-skewed, robust
mean and standard deviation432. A test compound is classified as a hit if the %
Inhibition value measured in the GlmU acetyltransferase assay is above a threshold
that is determined by multiplying the robust standard deviation of the % Inhibition of
the samples by 3 and then adding this to robust mean of the % Inhibition values of
all the test compounds433. The threshold for identifying a hit compound determined
for the two robustness set test occasions was 19.5 % Inhibition.
The Z’ factor was determined from two control populations of 16 per microplate
tested, which were uninhibited (0% Inhibition) and a no-enzyme controls (100%
Inhibition). The Z’ factor and the microplate controls are presented in Figure 93.
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Figure 93. Z’ factor and assay controls of GlmU acetyltransferase robustness
screening.
GlmU acetyltransferase absorbance screening assay controls for robustness
screening. Replicate 1 was comprised of microplates 1 to 4, while replicate 2 was
comprised of microplates 5 to 8. The uninhibited controls are represented by (●) and
the no-enzyme controls, representative of 100% inhibition, are represented by (●).
Each of the control data points are a mean of 16 replicates. The Z’ factor, determined
using Eqn. (24), for each microplate is represented by (●). The solid horizontal lines
represent the mean of either the uninhibited control (―), no-enzyme control (―) or
the Z’ factor (―). The dashed lines represent the +/- standard deviations of each
microplate measure.
The GSK screening data quality guidelines were used, so to consider a microplate
in the robustness analysis the Z’ factor must be more than 0.4. The data in Figure
93 shows that each of the robustness microplates screened in the GlmU
acetyltransferase are greater than 0.4 and the mean Z’ factor for the entire training
set was 0.7 ± 0.1.
The 21 small molecules identified as hits on both test occasions will be re-tested in
duplicate using a dilution of each of the compounds.
The second single concentration, small molecule training set screened was the GSK
Nuisance set, which is comprised of 1027 compounds that are known to interfere
with several assay detection methodologies. These compounds are dispensed in 3,
384 well microplates and are typically screened in duplicate on two separate test
occasions to ascertain the reproducibility of the assay. The data presented in Figure
91 is the correlation of the two test occasions of GlmU acetyltransferase absorbance
assay.
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Figure 94. GlmU acetyltransferase assay nuisance set correlation.
GSK nuisance set screened on two separate test occasions and the data normalised
to the controls on each of the test microplates using Eqn. (23). The test wells are
identified by (●).
The GlmU acetyltransferase activity nuisance screen identified a high number of
compounds that are potentially compound-mediated interferences. The statistical
threshold is more complex to determine for these data sets as there are many
potential hits that skew the distribution of the test compounds in the histograms
presented in Figure 95.

Figure 95. Distribution of % Inhibition for nuisance set test compounds.
Histograms of the distribution of % Inhibition values of the 1000 test compounds of
the GSK nuisance set when screened in the GlmU acetyltransferase assay. The
histograms in red and green are the % Inhibition data for replicate 1 and 2,
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respectively. The dashed purple box highlights the greater number of compounds
with % Inhibition greater than 30 % Inhibition.
The data presented in Figure 95 highlights that there are significantly more hits
identified when screening the nuisance set, highlighted by the purple dashed box, in
comparison to the same data presented for the robustness set (Figure 92). These
data confirm that that acetyltransferase DTP absorbance assay is prone to small
molecule mediated interference and of the 1027 compounds tested, 227 were
identified as hits, which is a hit rate of 22.1%.
The assay performance was assessed by determining the Z’ factor from the two
control populations of 16 per microplate tested, which were uninhibited (0%
Inhibition) and a no-enzyme controls (100% Inhibition). The nuisance set microplate
controls and the Z’ factor determined from these values are presented in Figure 96.

Figure 96. Z’ factor and assay controls of GlmU acetyltransferase nuisance
set screening.
GlmU acetyltransferase absorbance screening assay controls for nuisance set
screening. Replicate 1 was comprised of microplates 1 to 3, while replicate 2 was
comprised of microplates 4 to 6. The uninhibited controls are represented by (●) and
the no-enzyme controls, representative of 100% inhibition, are represented by (●).
Each of the control data points are a mean of 16 replicates. The Z’ factor, determined
using Eqn. (24), for each microplate is represented by (●). The solid horizontal lines
represent the mean of either the uninhibited control (―), no-enzyme control (―) or
the Z’ factor (―). The dashed lines represent the +/- standard deviations of each
microplate measure.
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The data presented in Figure 96 shows that each of the nuisance set microplates
screened in the GlmU acetyltransferase are greater than 0.4 and the mean Z’ factor
for the entire training set was 0.85 ± 0.07.
The small molecules that comprise the nuisance set have been annotated with the
known assay interference, which provides context to the hits identified by screening
this set and subsequently the likely type of interferences that the DTP absorbance
assay is susceptible to Table 24.

Table 24. GSK annotations of nuisance set hits
GSK interference mechanism annotation

number of hits

Oxidative stability

40

Redox interference

35

DNA binding interference

31

Free oxygen scavenger

20

Reduction interference

18

Matched Pair Original active sample

13

Matched Pair re-synthesized inactive

13

Protein denaturants

12

Reactive compounds

10

Singlet oxygen quencher

10

Polyphenols

8

Cys reactivity

7

Frequent hit

4

The annotations of the hits identified from screening the GSK nuisance set against
the GlmU acetyltransferase activity demonstrates that the DTP absorbance assay is
mainly susceptible to compounds that are known to interfere with reduction and
oxidation mechanisms.

Other compounds identified as frequent hits have

mechanisms such as instability, known-protein denaturants and free oxygen
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scavengers. The assay methodology, which utilises a mechanism whereby DTP
oxidises the thiol group of CoA-SH, is likely to be prone to some of the redox
interferences identified from screening this set. The identification of reactive and
protein denaturants could also be expected as the absorbance assay utilises low
concentrations of GlmU.

5.3 GSK TB set screening
The open source, GSK TB set, detailed in a publication by Ballell, et al.427, now
comprising 227 compounds336, was screened using the GlmU acetyltransferase
activity using the DTP absorbance assay. The set was screened in duplicate, on two
separate test occasions in the presence of substrate concentrations equivalent to the
Km values (Figure 97).

Figure 97. GlmU acetyltransferase assay TB set correlation.
GSK TB set screened on two separate test occasions and the data normalised to the
controls on each of the test microplates using Eqn. (23). The uninhibited (●) and noenzyme (●) control populations are highlighted and the test wells are identified by
(●). The blue circle highlights the statistical cut off that determines whether a test
compound is identified as a hit or inactive. The green, dashed circle highlights the
hit compounds that were selected for dose response testing.
The GlmU acetyltransferase activity TB set screen identified 22 compounds that
were statistically classed as hits on both test occasions, which as a percentage of
the 227 compounds tested is 9.6%. The distribution of the % Inhibition values of the
test compounds is presented in Figure 98.
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Figure 98. Distribution of % Inhibition for TB set test compounds.
Histograms of the distribution of % Inhibition values of the 211 test compounds of the
GSK TB set when screened in the GlmU acetyltransferase assay. The histograms
in red and green are the % Inhibition data for replicate 1 and 2, respectively. The
data on the y-axis are the count of the values in each histogram category.
The data presented in Figure 98 demonstrates that there are normal distributions for
both test occasions of the TB set. The Z’ factor for the two TB set microplates tested
were 0.87 and 0.62, respectively for replicate 1 and 2.
In parallel to screening of the TB set at a single concentration, the same compound
collection was screened as concentration titrations.

The TB set concentration

titration compounds were prepared as detailed in Section 2.2.22.1 and were
dispensed onto 7, 384 well microplates. The concentration titration version of the TB
set was screened in duplicate, on two separate test occasions in the presence of
substrate concentrations equivalent to the Km values (Figure 99).
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Figure 99.

GlmU acetyltransferase assay TB set dose response testing

correlation.
GSK TB concentration titration set was screened on two separate test occasions and
the data normalised to the controls on each of the test microplates using Eqn. (23).
Subsequently, the dose response data for each compound was fitted to Eqn. (8).
The green, dashed circle highlights the hit compounds that were selected for further
studies.
The data presented in Figure 99 confirms that there are number of compounds in the
GSK TB set that appear to inhibit the GlmU acetyltransferase activity, which confirms
the single concentration data (Figure 97). There were 39 compounds identified
where it was possible to determine an IC50 on both test occasions. The assay signal
window and Z’ factor data for the 14 TB set dose response microplates tested are
presented in Figure 100.
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Figure 100. Z’ factor and assay controls of GlmU acetyltransferase TB set dose
response screening.
GlmU acetyltransferase absorbance screening assay controls for TB set dose
response screening. Replicate 1 was comprised of microplates 1 to 7, while replicate
2 was comprised of microplates 8 to 14. The uninhibited controls are represented
by (●) and the no-enzyme controls, representative of 100% inhibition, are
represented by (●). Each of the control data points are a mean of 16 replicates. The
Z’ factor, determined using Eqn. (24), for each microplate is represented by (●). The
solid horizontal lines represent the mean of either the uninhibited control (―), noenzyme control (―) or the Z’ factor (―). The dashed lines represent the +/- standard
deviations of each microplate measure.
The TB set dose response mean Z’ factor for the 14, 384 well microplates tested was
0.64 ± 0.14, which is lower than expected and mainly due to the high variability of
the uninhibited controls for the microplates of replicate 1. However, the Z’ factor for
all microplates of the duplicate TB dose response sets tested were greater than the
minimum limit of 0.4 and were subsequently involved in the initial correlation analysis
(Figure 99).
To confirm both the single concentration and dose response data the two results
were correlated against one another to ensure that the hits identified in the single
concentration screen were the inhibitors identified in the dose response test
occasions (Figure 101).
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Figure 101. GlmU acetyltransferase assay TB set single concentration test
occasions correlated against dose response data.
GSK TB single concentration data, presented as a mean of the two test occasions,
correlated against replicate 1 (●) and replicate 2 (●) dose response data, displayed
as logIC50, or pIC50.
The data in Figure 101 confirm that most hits identified during single concentration
screening were the inhibitors found during dose response testing with IC50 values
lower than 100 µM. The IC50 and pIC50 data for the confirmed TB set hits are detailed
in Table 25.
Table 25. GlmU acetyltransferase TB set hits a.
GSK compound number b

Mean IC50 (µM)

Mean pIC50

GSK810037A

3.1

5.6

GSK1611550A

4.6

5.3

SB-435634

5.5

5.3

GSK1826089A

6.2

5.2

GSK735826A

8.6

5.1

GSK920684A

9.9

5.0

AH24761A

13.2

5.0

GSK1826825A

11.8

4.9
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GSK426032A

12.0

4.9

GSK690382A

15.6

4.9

GSK1385423A

14.6

4.9

GSK1905227A

20.1

4.8

GSK1829674A

21.4

4.7

GSK1329151A

24.2

4.7

GSK1180781A

22.6

4.7

GSK735816B

23.6

4.7

GR223839X

23.6

4.7

GSK920703A

29.0

4.7

CCI7967

24.0

4.7

a Data

b GSK

are a mean of two replicates.

registration numbers for

compounds included in the GSK TB set publication by Ballel, et al.427

The compounds listed in Table 25, as well as the hits from the robustness set
screening (Figure 91) were re-prepared from alternative stocks of compounds and
re-tested as concentration titrations in the DTP absorbance assay (Figure 102).

Figure 102. GlmU acetyltransferase assay TB and robustness set hit dose
response confirmation.
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Concentration response test data of re-prepared hit compound concentration
titrations, presented as a scatter plot. The original pIC50 test values are presented
on the x-axis and the pIC50 values determined from the re-prepared concentration
titrations are on the y-axis. Data normalised to microplate controls Eqn. (23) and
then fitted to Eqn. (8). The x=y trend is represented by (―).
Several potential hits identified from screening the robustness and TB sets did not
re-confirm when re-tested from new preparations of test compounds, which was not
unexpected, as preparations of test compounds can be unstable. The more potent
hits identified from screening did re-test, albeit with different pIC50 values from the
original test value.
The inhibitors that re-confirmed in the dose response testing experiment, utilising
new preparations of compounds, were assessed further.

The most promising

compound, GSK920684A, was further investigated along with three related
compounds. These compounds were identified and then tested, as concentration
titrations in the GlmU acetyltransferase activity DTP absorbance assay, alongside a
further retest of the original hit (Figure 103).

Figure 103. GlmU acetyltransferase assay dose response testing of TB set hit
and close analogues.
TB set hit, GSK920684A (●), re-tested in the DTP absorbance assay, along with
three close analogues; GSK024A (●), GSK025A (●), and GSK026A (●). These data
were normalised to microplate controls using Eqn. (23) and subsequently fitted to
Eqn. (8).
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The dose response inhibition of TB set hit, GSK920684A, re-tested and an IC50 of
2.5 ± 0.3 µM was determined. The three close analogues of GSK920684A tested
concurrently, were related to the original TB set hit by Tanimoto similarities of
between 0.93 to 0.96. The only analogue to inhibit 100 % of GlmU acetyltransferase
activity was GSK026A, which was determined to have an IC50 value of 1.6 ± 0.1 µM.
The other analogues did not inhibit 100 % of GlmU acetyltransferase activity at the
concentrations utilised for this study, however, fitting the data to Eqn. (8) allowed
determination of apparent IC50 values of 6.1 ± 1.7 µM and 9.1 ± 1.9 µM, for GSK024A
and GSK025A, respectively.
The compounds tested in the GlmU acetyltransferase activity assay were
subsequently tested in a DSF thermal stability assay to ascertain whether these
potential inhibitors stabilised GlmU Tm (Table 26).

Table 26. GlmU DSF studies in the presence of inhibitors identified from TB
set screening a.
GSK compound number

Maximum ∆Tm (°C) b, c Kd (µM) b, c

GSK920684A

1.3 ± 0.1

2.2 ± 0.2

GSK024A

0.2 ± 0.08

N.D.

GSK025A

0.6 ± 0.12

N.D.

GSK026A

0.9 ± 0.1

35.3 ± 11

a

Experiments carried out using 1.5 µM GlmU and 10 x SYPRO Orange.

Compounds incubated with GlmU for 15 mins at 25 °C, prior to addition of
SYPRO Orange and application of the thermal gradient. Compounds
tested from 200 µM and were titrated by 1.5-fold.
four replicates.

c

b

Data are a mean of

Data were fitted to Eqn. (19) first to determine Tm and

∆Tm before fitting to Eqn. (20) to determine Kd.

The data presented in Table 26 demonstrates that GlmU Tm was stabilised from
0.9 °C or higher by GSK920684A and GSK026A. The dose response data for these
compounds were fitted to Eqn. (20) and subsequently Kd values were determined for
both GSK920684A and GSK026A. The GlmU Tm was only modestly stabilised by
either 0.2 or 0.6 °C in the presence of either GSK024A or GSK025A, respectively.
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This study was controlled by 16 replicates of non-liganded GlmU, which, when fitted
to Eqn. (19), yielded a Tm of 51.7 ± 0.1 °C, in addition to two titrations of Ac-CoA from
3 mM. The GlmU Tm in the presence of Ac-CoA was stabilised by a maximum Tm of
4.2 ± 0.1 °C and this dose response data when fitted to Eqn. (20) yielded a Kd value
of 160 ± 17 µM. These control results confirm that the GlmU DSF data were as
expected when compared to previous studies in experiment Table 9 and Figure 57.
To further confirm the validity of these GlmU inhibitors an alternative assay was
required to monitor acetyltransferase activity, which would ideally not utilise either a
thiol detection or absorbance assay methodology, as to discount the possibility of
interference mechanisms. RF-MS was identified as a potential method to directly
monitor the simultaneous reduction in concentration of the substrate, GlcN-1P, in
addition to the increase in amounts of the second product, GlcNAc-1P. Initially,
GlcN-1P and GlcNAc-1P were titrated in assay buffer adjusted to pH 7.5, prior to
addition of 1% formic acid and detection of substrate and product using RF-MS
(Figure 104).

Figure 104. RF-MS detection of GlcN-1P and GlcNAc-1P titrations.
GlcN-1P (●) or GlcNAc-1P (●) were titrated in assay buffer at pH 7.5 and
subsequently detected by RF-MS, following additions of 1% Formic acid. The y-axis
data are the smoothed, extracted ion-chromatogram (XIC) peak areas for each
compound. Each of these data have been fitted to a linear regression; GlcN-1P (―,
correlation coefficient = 0.99) or GlcNAc-1P (―, correlation coefficient = 0.99). The
inset plot presents the titration data of GlcN-1P and GlcNAc-1P below a
concentration of 200 µM.
The data presented in Figure 104 demonstrate that it is possible to use RF-MS to
monitor a linear concentration response of GlcN-1P and GlcNAc-1P from 2 µM up to
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800 µM. The minimum level of detection of GlcN-1P and GlcNAc-1P is equivalent to
1% substrate turnover when using 200 µM substrate. Subsequently, after validating
the use of RF-MS to simultaneously detect the relative concentrations of GlcN-1P
and GlcNAc-1P from the same microplate well, the next experiment was to ascertain
the linearity GlmU acetyltransferase activity. This was achieved by titrating enzyme
and initiating acetyl transfer by addition of 200 µM GlcN-1P and Ac-CoA before
stopping the reaction by addition of 0.5% Formic acid at several discrete time points
and then detecting concentrations of substrate and product using RF-MS (Figure
105).

Figure 105. RF-MS detection of GlcNAc-1P formed by GlmU acetyltransferase.
These experiments were carried out with the help of Michelle Pemberton, Screening,
Profiling and Mechanistic Biology, GSK. GlmU was titrated in the presence of 200
µM of both Ac-CoA and GlcN-1P in assay buffer at pH 7.5. Accumulation of the
product was monitored by RF-MS and normalised to a GlcNAc-1P standard curve,
on the same microplate. The concentrations of GlmU used were; 5 nM (●), 2.5 nM
(●), 1.25 nM (●) and 0.613 nM (●).
GlmU acetyltransferase activity was linear for all concentrations of enzyme tested in
Figure 105, and a maximum of 160 µM of GlcNAc-1P was formed by 5 nM GlmU
after 12 mins, which is equivalent to 80% substrate turnover. These data are in broad
agreement with the substrate turnover of 5 nM GlmU acetyltransferase determined
using the DTP absorbance assay, which approximated that 50% CoA-SH was
formed after 8.3 mins (Figure 89). Prior to finalising the GlmU acetyltransferase RFMS assay conditions, the steady state parameters were determined for the
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acetyltransferase substrates by titrating either GlcN-1P or Ac-CoA in the presence
of a fixed, saturating concentration of the second substrate and 5 nM GlmU (Figure
106).

Figure 106. GlmU acetyltransferase RF-MS steady-state kinetics.
These experiments were carried out with the help of Michelle Pemberton, Screening,
Profiling and Mechanistic Biology, GSK.
Initial velocity data for GlmU
acetyltransferase reaction using titrations of either Ac-CoA (●) or GlcN-1P (●) in the
presence of saturating concentrations of the second substrate. These discontinuous
data were fitted to a linear regression model and then normalised using a GlcNAc1P standard curve, on the same microplate. Symbols represent experimental data,
and solid lines the fit of the data to Eqn. (1), for either Ac-CoA (―) or GlcN-1P (―).
These data are a mean of two discrete replicates.
The acetyltransferase activity of GlmU was monitored in the presence of a titration
of Ac-CoA, at a saturating concentration of GlcN-1P enabled determination of a Km,
Ac-CoA

of 112.6 ± 32 µM and kcat, Ac-CoA = 29.6 ± 3.9 s-1. The reverse experiment, using

a titration of GlcN-1P in the presence of a high concentration of Ac-CoA was also fit
to Eqn. (1), which gave a Km, GlcN-1P of 40.9 ± 5.8 µM and kcat, GlcN-1P = 38.1 ± 1.3 s-1.
The GlmU acetyltransferase Michaelis-Menten parameters using the RF-MS assay,
which monitored accumulation of GlcNAc-1P, were broadly in agreement with the
steady state values determined using the DTP absorbance assay. Inhibition of GlmU
acetyl transfer monitored using the RF-MS assay was first validated utilising CoASH to confirm product inhibition, which was presented previously in Figure 58.
The GlmU acetyltransferase activity RF-MS assay was subsequently used to confirm
the inhibition of the top TB set hit and the three analogues, initially investigated using
the DTP absorbance assay in Figure 103. The inhibitors were titrated and then
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incubated with GlmU, prior to initiation of acetyl transfer with 200 µM Ac-CoA and
GlcN-1P. The acetyltransferase reaction was stopped using 0.5% formic acid and
quantification of the concentration of GlcNAc-1P using RF-MS (Table 27).

Table 27. GlmU RF-MS inhibition studies using inhibitors identified from TB
set screening a.
GSK compound number

RF-MS IC50 (µM) b, c

DTP absorbance IC50 (µM) c, d

GSK920684A

49.9 ± 4.6

42.7 ± 3.5

GSK024A

37.7 ± 4.1

106.8 ± 30.1

GSK025A

250.5 ± 96.3

430.3 ± 8.3

GSK026A

89.1 ± 15.6

80.9 ± 10.3

a

Experiments carried out using 2.5 nM GlmU, 200 µM Ac-CoA and GlcN-1P. Compounds

incubated with GlmU for 15 mins at 25 °C, prior to addition of substrates to initiate the reaction.
An addition of 0.5% formic acid stopped the reaction. Compounds tested from 100 µM and
were titrated by 2-fold.

b

Data are a mean of five replicates.

c

Data were fitted to Eqn. (23)

first to determine % Inhibition, before fitting to Eqn. (8) to determine IC50.

d

Comparator data,

generated simultaneously using the DTP absorbance assay. These data are a mean of two
replicates.

The data in Table 27 confirms that the inhibitor, GSK920684A, identified by
screening the TB set and the three analogues all inhibit GlmU acetyltransferase
activity in an assay independent manner. There is a significant discrepancy, 25 to
50-fold, between the IC50 values determined using RF-MS when compared to the
values determined, initially, using the DTP absorbance assay (Figure 103).
GSK920684A and analogues were retested simultaneously using the DTP
absorbance assay and the IC50 values determined were much more comparable to
the results of testing these compounds in the RF-MS assay (Table 27). This could
potentially be due to the use of re-purified compounds, which were prepared from
solid immediately before carrying out the RF-MS and DTP absorbance assays.
There were some general trends between all the datasets, primarily that the
magnitude of inhibition of GSK920684A and GSK026A was greater than the values
achieved with GSK024A and GSK025A. It should be noted that both the starting
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concentration and dilution series of all the test compounds was inappropriate and
should have been both higher and lower, in terms of dilution factor. These data in
combination with the DSF direct binding data confirm that GSK920684A, and
analogues, bind to GlmU acetyltransferase domain and inhibit the enzyme activity.
To further explore this compound series, the GSK compound collection was
searched to identify related compounds that could be tested as inhibitors against the
GlmU acetyltransferase activity. The compound search identified 81 small molecules
(with a Tanimoto similarity equal to 0.8 or greater) that were tested in a series of
dose response experiments. These studies utilised titrations of analogues from 100
µM and were subsequently tested against the GlmU acetyltransferase activity, using
the DTP absorbance assay, in the presence of 200 µM Ac-CoA and GlcN-1P (Figure
107).

Figure 107. Dose response testing of GSK920684A analogues against GlmU
acetyltransferase activity.
Concentration titrations of GSK920684A analogues tested in the GlmU
acetyltransferase absorbance assay in assay buffer adjusted to pH 7.5. The dose
response data were fitted to Eqn. (8), and the pIC50 values (●) were then correlated
against the Tanimoto similarity of the analogues to GSK920684A. Alternatively, the
pIC50 values (●) were also correlated against the Tanimoto similarity of the analogues
to GSK834A, which is the most potent compound.
The dose response data of GSK920684A analogues, presented in Figure 107 as the
fitted pIC50 value demonstrate that there is no correlation between similarity to the
original TB set hit and the tested pIC50 (r2 value of -0.4). An alternative correlation is
presented in Figure 107 between the pIC50 and the Tanimoto similarity of test
compounds to the most potent inhibitor, GSK834A, which yielded an r2 value of 0.5.
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The correlation coefficient of pIC50 with the Tanimoto similarity to GSK834A suggests
that there is a compound structure activity relationship (SAR) that could be explored
to optimise the potency of these inhibitors. In this study, 81 compounds were tested
and 25 had pIC50 values of 4.95 or higher, which further confirms this series of small
molecules are promising inhibitors of the GlmU acetyltransferase activity.
To confirm the binding of GSK920684A analogues, to GlmU, MST direct interaction
studies were carried out. MST is a biophysical technique that utilises fluorophore
labelled protein (referred to from hereon in as fluoro-protein) to monitor changes in
the migration of fluoro-protein upon application of a limited temperature gradient to
the sample. The migration of the fluoro-protein is modulated by the concentration
and affinity of the test compound, allowing determination of a Kd for the binding
interaction by first fitting the data to Eqn. (25) and then to Eqn. (8). Prior to testing
the GSK920684A analogues, GlmU was labelled with the NanoTemper fluorophore,
NT647, following the protocol detailed in Section 2.2.27. To initially validate MST as
an appropriate methodology to monitor direct binding to GlmU, Ac-CoA was titrated
from 10 mM in the presence of 46 nM of fluoro-labelled protein, prior to aspiration of
the samples into capillaries and then measurement of a MST signal (Figure 108).

Figure 108. MST studies investigating binding of Ac-CoA to GlmU.
These experiments were carried out with the help of Sabrina Bedard, Protein,
Cellular and Structural Sciences, GSK. Titrations of Ac-CoA in the presence of 46
nM GlmU. The data are a mean of 3 discrete replicates. The data for each condition
investigated were first fitted to Eqn. (25), and then Eqn. (26) to determine the Kd.
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The Ac-CoA binding studies had a concentration response, which when fitted to the
Eqn. (26) yielded a Kd value of 480 ± 40 µM. The GlmU Kd, Ac-CoA determined using
MST agrees with the Kd value determined using DSF (Figure 57), which gives
confidence in both the Kd, Ac-CoA and MST for characterising binding to GlmU.
The GlmU MST binding assay was then utilised to investigate five compounds that
are analogues of the initial TB set hit, GSK920684A. The compounds were titrated
from 500 µM in the presence of 50 nM fluoro-labelled GlmU in a microplate, prior to
aspiration into test capillaries. The experimental protocol utilised differed from the
method used for Ac-CoA binding study, primarily due to a change in fluorescence
observed from the test capillaries, prior to initiating the laser heating and
measurement of the MST signal. This is a commonly observed phenomenon and
can be due to modulation of the fluorescence of the fluorophore labelled protein, in
the presence of compound434,435. The change in initial observed fluorescence was
utilised to calculate the fraction of test compound bound to fluoro-labelled GlmU,
which subsequently can be used to determine a EC50 value (Table 28).
Table 28. GlmU MST binding studies using GSK920684A analogues a.
Similarity to
GSK compound number

EC50 (µM)

c

IC50, (µM)

d

GSK920684A
(Tanimoto score)

GSK102A

13.2 ± 1.1

21.3 ± 26.1

0.86

GSK105A b

10.7 ± 1.5

2.4 ± 0.4

0.84

GSK104A b

10.7 ± 2.8

2.2 ± 0.04

0.83

GSK103A

7.9 ± 1.0

1.6 ± 0.3

0.83

GSK984A

151 ± 46

11.8 ± 5.6

0.91

a Experiments

carried out using 50 nM NT647 labelled-GlmU. Compounds incubated with GlmU

for 15 mins at 25 °C, prior to aspiration into test capillaries.
c

b

Data are a mean of two replicates.

Data were fitted to Eqn. (25) first to determine a fraction bound, before fitting to Eqn. (27) to

determine EC50.

d

GlmU acetyltransferase utilising the DTP absorbance assay. Compounds

were incubated with 5 nM GlmU for 15 mins at 25 °C, prior to initiation of acetyl transfer by the
addition of 200 µM Ac-CoA and GlcN-1P. Data were normalised to microplate controls using
Eqn. (25) and then fitted to Eqn. (27).
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The experiments in Table 28 were carried out with the help of Sabrina Bedard,
Protein, Cellular and Structural Sciences, GSK.

The GSK920684A analogues

assessed in the MST direct binding assay were all confirmed as GlmU interacting
compounds. The MST binding experiments were carried out in the absence of both
acetyltransferase substrates, which indicates that the test compounds could all bind
to apo-GlmU. As the binding of the test compounds was determined by monitoring
a change in fluorescence from the fluoro-labelled GlmU, additional control
experiments were required. The control assessments were carried out to ascertain
that the observed compound induced fluorescence quench was not due to
aggregation of the fluoro-labelled GlmU. These control experiments known as an
“SD test” and involve preparation of mixtures containing the test compound
concentrations and 50 nM NT647-GlmU in a PCR microplate, prior to centrifugation
for 10 min at 14000 rpm. This centrifugation step removed any protein precipitate
before addition of two-fold concentrate SD solution, which contained 4% SDS and
40 mM DTT. The mixtures were subsequently transferred to centrifuge tubes and
heated at 90 °C for 15 mins, before an additional centrifugation step at 14000 rpm
for 1 min.

The mixtures were then aspirated into capillaries and fluorescence

detected using the Monolith NT.115 instrument.

There was no change in

fluorescence for any of the compound concentrations tested (for all five
GSK920684A analogues tested), which is indicative of compound-induced
fluorescence quenching of NT647-GlmU and mitigates any concerns regarding
compound-induced protein denaturation. If compound-induced GlmU denaturation
was present, then the fluorescence change monitored from the SD test samples
should be the same as the values utilised to calculate the EC50 values in Table 28.
The SD test confirms that the observed quench of fluorescence from NT647-GlmU
is compound-mediated and suggests that this occurs upon compound binding.
The data in Table 28 demonstrate that for all compounds, apart from GSK984A, have
EC50 values in the range of 7.9 to 13.2 µM. There is a consistent 5-fold difference
between the MST EC50 and absorbance assay IC50 values for all compounds, apart
from GSK984A, which conversely is the most similar compound to GSK920684A.
The apparent IC50 values are more potent than the EC50 values, which could be
explained by the presence of concentrations of the acetyltransferase substrates that
are equivalent to the measured Km values in the acetyltransferase activity assay. To
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provide a positive control for the compound MST studies, the Ac-CoA binding
experiment was repeated concurrently, which yielded a Kd value of 330 ± 70 µM.
In addition to the 227 compound, GSK TB set, an additional collection of 3000
Mycobacterium tuberculosis targeted small molecules, known as the TB box. These
small molecules were identified from the same HTS as the compounds comprising
the TB set but unlike the smaller collection, the TB box was kept as a confidential
GSK resource. The aim of screening the TB box collection of small molecules is to
identify further compounds or series of inhibitors that could be utilised as either tool
molecules to better understand the role of GlmU in cell wall biosynthesis or provide
starting points for future inhibitor optimisation.
The TB box set of compounds were screened at a single concentration of 10 µM in
the GlmU acetyltransferase DTP absorbance assay, utilising assay buffer adjusted
to pH 7.5 and 200 µM of Ac-CoA and GlcN-1P (Figure 109).

Figure 109. GlmU acetyltransferase screening of TB box small molecule set.
GlmU acetyltransferase activity screening of the GSK TB box small molecule
collection. The initial rate data were normalised to the microplate control populations
using Eqn. (23). The test compound number is on the x-axis and the % Inhibition,
determined from the control populations on each test microplate, is on the y axis.
The data presented in Figure 109 demonstrates that there were several potential
GlmU acetyltransferase hit compounds identified from the initial single concentration
screen of the TB box set. The statistical hit threshold, determined from the mean
and standard deviation of the non-inhibitory test compounds, was 26.5 % Inhibition,
which yielded a hit rate of 2.6 %, or 77 potential inhibitors. The assay signal window
270

Chapter 5. Results

and Z’ factor data for the 7 TB box set microplates tested are presented in Figure
110.

Figure 110. Z’ factor and assay controls of GlmU acetyltransferase TB box set
single concentration screening.
GlmU acetyltransferase absorbance screening assay controls for TB box set single
concentration screening. The uninhibited controls are represented by (●) and the
no-enzyme controls, representative of 100% inhibition, are represented by (●). Each
of the control data points are a mean of 16 replicates. The Z’ factor, determined
using Eqn. (24), for each microplate is represented by (●). The solid horizontal lines
represent the mean of either the uninhibited control (―), no-enzyme control (―) or
the Z’ factor (―). The dashed lines represent the +/- standard deviations of each
microplate measure.
The TB box set single concentration mean Z’ factor for the 7, 384-well microplates
tested was 0.75 ± 0.15, which was as expected and greater than the minimum limit
of 0.4 and all microplate data were subsequently involved in the hit identification
analysis (Figure 109).
The 77 potential inhibitors identified from screening the GlmU acetyltransferase
activity against the TB box single concentration set were re-tested as concentration
titrations from 10 mM stocks of compounds (Figure 111).
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Figure 111. Dose response testing of GlmU TB box hit compounds.
TB box hit compounds, re-prepared as concentration titrations from 10 mM stocks
and then tested against the GlmU acetyltransferase activity DTP absorbance assay.
The absorbance assay was carried out in assay buffer adjusted to pH 7.5, utilising 5
nM GlmU, 400 µM DTP, 200 µM Ac-CoA and GlcN-1P. The dose response data
was normalised to the on-microplate controls and then fitted to Eqn. (8). The data is
presented as a scatter plot with the TB box single concentration % inhibition on the
x-axis and the pIC50 value on the y-axis.
The general trend when testing the 77 TB box hits in the dose response experiment
was that compounds with a single concentration response in excess of 60 %
inhibition were confirmed as inhibitors. There were 14 confirmed inhibitors with %
inhibition values greater than 60 and pIC50 values more than 4.2. The two most
potent GlmU acetyltransferase inhibitors identified from small molecule screening
were identified from the TB box set, with pIC50 values of 6.20 and 6.25 (IC50 values
of 562 and 631 nM). Most of the hits that had % inhibition responses below 60, were
not confirmed as inhibitors, however, there were a number of compounds between
27 and 48 % inhibition that when fitted to Eqn. (8) yielded a pIC50 in excess of 4. The
range of pIC50 values for the compounds with single concentration responses below
60 % inhibition was from 4.1 to 5.3.
The data in Figure 111 confirms that there are yet more inhibitors that can be used
to further understand the role of GlmU acetyltransferase activity, in addition to,
offering several potential starting points for future SAR chemistry. The confirmed
inhibitors identified from the TB box small molecules are not related chemically to the
TB set hit, GSK920684A (no Tanimoto similarity greater than 0.7).
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5.4 GSK validation set screening
At GSK, prior to embarking on a full HTS screen of more than 2 million compounds,
a smaller set of 10000 compounds is screened as a final assessment of the suitability
of the chosen assay. The 10000-small molecule set is known as the validation set
and this collection of compounds represents a significant percentage of the diversity
present in the GSK HTS collection. GlmU acetyltransferase activity was screened
against the GSK validation set using the DTP absorbance assay to ascertain whether
it was possible to identify any novel, hit compounds. In addition, using the DTP
absorbance assay to screen the validation set will also allow an initial assessment of
the suitability of this approach for future single concentration screens of the GlmU
acetyltransferase activity. The validation set was screened utilising the absorbance
assay in assay buffer adjusted to pH 7.5, using 5 nM enzyme, 400 µM DTP, 200 µM
of Ac-CoA and GlcN-1P (Figure 112).

Figure 112. GlmU acetyltransferase screening of the GSK validation small
molecule set.
GlmU acetyltransferase activity screening of the GSK validation small molecule
collection. The initial rate data were normalised to the microplate control populations
using Eqn. (23). The test compound number is on the x-axis and the % Inhibition,
determined from the control populations on each test microplate, is on the y axis.
The data presented in Figure 112 demonstrates that there were several potential
GlmU acetyltransferase hit compounds identified from the initial single concentration
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screen of the GSK validation set. The statistical hit threshold was determined using
the normal distribution of the non-inhibitory test compounds (Figure 113).

Figure 113. Distribution of % Inhibition for validation set test compounds.
Histograms of the distribution of % Inhibition values of the 10000 test compounds of
the GSK validation set when screened in the GlmU acetyltransferase assay. The
data on the y-axis are the count of the values in each histogram category.
The mean response of the validation test compounds after normalisation to the onmicroplate assay controls was 1.48 ± 9.5% inhibition, which yielded a hit
classification threshold of 17% inhibition (after robust weighting of hit compounds).
Application of the statistically derived hit threshold led to classification of 168
compounds as potential inhibitors, which is a hit rate of 1.68%. The assay signal
window and Z’ factor data for the 28 validation set microplates tested are presented
in Figure 114.
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Figure 114. Z’ factor and assay controls of GlmU acetyltransferase validation
set single concentration screening.
GlmU acetyltransferase absorbance screening assay controls for validation set
single concentration screening. The uninhibited controls are represented by (●) and
the no-enzyme controls, representative of 100% inhibition, are represented by (●).
Each of the control data points are a mean of 16 replicates. The Z’ factor, determined
using Eqn. (24), for each microplate is represented by (●). The solid horizontal lines
represent the mean of either the uninhibited control (―), no-enzyme control (―) or
the Z’ factor (―). The dashed lines represent the +/- standard deviations of each
microplate measure.
The validation set single concentration mean Z’ factor for the 28, 384-well
microplates tested was 0.83 ± 0.02, which was as expected and greater than the
minimum limit of 0.4 and all microplate data were subsequently involved in the hit
identification analysis (Figure 112 and Figure 113).
The 168 potential inhibitors identified from screening the GlmU acetyltransferase
activity against the validation single concentration set will be re-tested later to
determine IC50 values for these hits.

5.5 Literature-based inhibitor identification and further dose
response testing
As previously discussed in Section 1.4.5, there have been several efforts to identify
novel chemical entities that inhibit both M. tuberculosis GlmU, as well as several
orthologues. To investigate whether the novel chemical entities are inhibitors of M.
tuberculosis GlmU, a sub-section of related small molecules were selected from the
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GSK compound collection. The testing of literature reported inhibitors focussed on
the compounds reported by two studies; a GSK encoded library technology (ELT)
screen of multiple M. tuberculosis proteins that identified a small number of GlmUinteracting molecules and an Astra Zeneca report of a series of compounds identified
from a HTS conducted against the E. coli GlmU orthologues acetyltransferase
activity.
The GlmU interacting small molecules that were identified from the GSK ELT screen
were assessed along with similar compounds, were selected to screen against the
acetyltransferase activity.

To assess the ELT-related small molecules, 148

compounds were titrated from 10 mM stocks and incubated with 5 nM GlmU, prior to
initiation of acetyl transfer by the addition of 200 µM Ac-CoA and GlcN-1P, followed
by detection of CoA-SH using the DTP absorbance assay (Figure 115).

Figure 115. GlmU acetyltransferase screening of compounds related to the
proposed ELT pharmacophore.
GlmU acetyltransferase screening of compounds related to the small molecules
identified by ELT. The initial rate data were normalised to the microplate control
populations using Eqn. (23), before fitting these data to Eqn. (8) to determine the
compound pIC50 values. The pIC50 values for each of the test compounds are
represented by (●). The compound number on the x-axis is arbitrary and utilised to
demonstrate the spread of pIC50 values.
There were 8 compounds identified that, when fitted to Eqn. (8), yielded pIC50 values
more than 4.3, which is equivalent to an IC50 value of 50 µM. These data confirm
that the small molecules identified from ELT binding studies, to some degree, are
inhibitors of GlmU acetyltransferase activity. These data also demonstrate that the
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SAR for compounds related to the proposed pharmacophore is restrictive and small
changes to the small molecules lead to loss of inhibition.
The most significant GlmU medicinal chemistry effort to identify hits against the E.coli
orthologue, and subsequently optimise the promising leads, in terms of both potency
and physical chemistry properties (optimise the lead compounds to be more druglike), was carried out by AZ, as discussed in Section 1.4.5. A sub-structure search
of the GlmU compound collection identified 59 compounds that were within a
Tanimoto similarity of 0.7 of the most potent compound presented (compound 8) in
the manuscript by Stokes, et al. in 2012436. As with the compounds related to the
ELT-identified molecules, potential inhibitors were titrated from 10 mM stocks and
incubated with 5 nM GlmU, prior to initiation of acetyl transfer by the addition of 200
µM Ac-CoA and GlcN-1P, followed by detection of CoA-SH using the DTP
absorbance assay (Figure 116).

Figure 116. GlmU acetyltransferase screening of compounds related to the
most potent AZ E. coli GlmU inhibitors.
GlmU acetyltransferase screening of compounds related to the E. coli GlmU
acetyltransferase inhibitors reported by AZ. The initial rate data were normalised to
the microplate control populations using Eqn. (23), before fitting these data to Eqn.
(8) to determine the compound pIC50 values. The pIC50 values for each of the test
compounds are represented by (●). The compound number on the x-axis is arbitrary
and utilised to demonstrate the spread of pIC50 values.
There were 4 compounds identified that, when fitted to Eqn. (8), yielded pIC50 values
more than 4.3, which is equivalent to an IC50 value of 50 µM. These data confirm
that the E. coli GlmU acetyltransferase inhibitors identified by AZ are poor inhibitors

277

Chapter 5. Results

of M. Tuberculosis GlmU acetyltransferase activity. These data demonstrate that the
likely mode of inhibition of the AZ inhibitors is specific for E. coli and this mechanism
does not translate to the M. tuberculosis protein. The E. coli GlmU acetyltransferase
inhibitors identified by AZ were potent against the orthologue from Haemophilus
influenzae (H. influenzae) but 1400-fold selective against the Streptococcus
pneumoniae (S. pneumoniae) enzyme.
Selectivity of GlmU acetyltransferase inhibitors between bacterial orthologues could
potentially aid identification of the function of active site residues. To this end, after
further searching of the GSK data repositories, a GlmU hit identification project, using
the Staphylococcus aureus (S. aureus) orthologue, was identified. This project was
one of many bacterial proteins that were screened against the GSK HTS compound
collection and, in the case of both S. aureus GlmU enzymatic activities, classified as
intractable348. This hit identification project, that was terminated in 2000, identified
several potential inhibitors of S. aureus GlmU acetyltransferase activity, which could
provide useful chemical starting points for developing potent inhibitors of M.
tuberculosis GlmU acetyltransferase. Testing the S. aureus GlmU acetyltransferase
inhibitors in the M. tuberculosis GlmU acetyltransferase assay will allow further
understanding of inhibitor selectivity between the acetyltransferase domains of GlmU
orthologues. S. aureus GlmU acetyltransferase inhibitors were titrated from 10 mM
stocks and incubated with 5 nM GlmU, prior to initiation of acetyl transfer by the
addition of 200 µM Ac-CoA and GlcN-1P, followed by detection of CoA-SH using the
DTP absorbance assay (Figure 117).
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Figure 117.

GlmU acetyltransferase screening of S. aureus GlmU

acetyltransferase inhibitors.
GlmU acetyltransferase screening of GSK compounds identified as inhibitors of the
acetyltransferase activity of S. aureus GlmU. The initial rate data were normalised
to the microplate control populations using Eqn. (23), before fitting these data to Eqn.
(8) to determine the compound pIC50 values. The pIC50 values for each of the test
compounds are represented by (●). The compound number on the x-axis is arbitrary
and utilised to demonstrate the spread of pIC50 values.
There were 234 S. aureus GlmU inhibitors tested in the M. tuberculosis GlmU
acetyltransferase absorbance assay and, after fitting the dose response data to Eqn.
(8), 157 compounds had pIC50 values greater than 4 (IC50 = 100 µM). Several
compounds tested had pIC50 values greater than 6 and the most potent inhibitor
yielded an IC50 value of 165 nM. These compounds were previously characterised
as pan-GlmU inhibitors (data not shown) and could potentially provide useful tools to
better understand the essentiality of the acetyltransferase activity in live M.
tuberculosis assays.
Finally, a significant number of compounds were screened in dose response
experiments from various sources, which primarily included hits and sub-structure
searches based on these small molecules, from the TB and robustness single
concentration sets.

These compounds were titrated from 10 mM stocks and

incubated with 5 nM GlmU, prior to initiation of acetyl transfer by the addition of 200
µM Ac-CoA and GlcN-1P, followed by detection of CoA-SH using the DTP
absorbance assay (Figure 118).
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Figure 118. GlmU acetyltransferase dose response screening of hits identified
from single concentration screening.
GlmU acetyltransferase dose response screening of hits and compounds related to
these hits, identified from single concentration screening and subsequent substructure searching. The initial rate data were normalised to the microplate control
populations using Eqn. (23), before fitting these data to Eqn. (8) to determine the
compound pIC50 values. The pIC50 values for each of the test compounds are
represented by (●). The compound number on the x-axis is arbitrary and utilised to
demonstrate the spread of pIC50 values.
A total of 1039 compounds were screened in dose response experiments against the
GlmU acetyltransferase activity, which identified 25 potential inhibitors with pIC50
values greater than 4. The most potent inhibitor identified by these dose response
studies had an IC50 value of 4.5 nM.
Most of the potential inhibitors identified in these dose response studies need to be
further qualified to confirm that the inhibitory responses observed in the
acetyltransferase assay are not due to interference mechanisms.

5.6 Knowledge-based inhibitor characterisation
In addition to the inhibitor identification efforts, utilising small molecule screening, an
alternative approach was investigated using knowledge-based, rational inhibitor
design. To initiate the knowledge-based design effort, GlcN-1P was identified as the
starting point for chemistry. The chemistry plan involved modifying the amine group
of GlcN-1P, utilising a variety of groups added to block acetylation by GlmU, with the
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eventual aim of identifying a non-natural, dead-end inhibitor that would trap the
acetyltransferase ternary complex. There were six GlcN-1P analogues synthesised
and purified, which are presented in Figure 119.

Figure 119.

Knowledge-based, compound design of non-natural GlcN-1P

analogues.
GlcN-1P analogues designed and synthesised to potentially act as dead-end
inhibitors of GlmU acetyltransferase activity. These molecules were prepared by
Ben Whitehurst and Rob Young, Novel Chemical Entity Chemistry, GSK.
The first experiment to validate the GlcN-1P analogues was to ascertain that these
compounds were not able to replace GlcN-1P as a substrate from GlmU catalysed
acetyl transfer. To achieve this, the compounds presented in Figure 119 were
titrated in the presence of a fixed concentration of GlmU, prior to initiation of acetyl
transfer by the addition of a concentration of Ac-CoA equivalent to 10-fold of Km
(Table 29).
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Table 29. GlmU acetyltransferase steady state parameters for non-natural
GlcN-1P analogues a.

a

GSK compound number

kcat (s-1)

Km (µM)

GlcN-1P

35.3 ± 0.9

199.8 ± 7.2

GSK017A

18.4 ± 2.1

4117.7 ± 508

GSK217A

N.D.

N.D.

GSK436A

1.9 ± 0.3

8824.9 ± 2035.3

GSK930A

N.D.

N.D.

GSK439A

4.2± 0.5

7675.1 ± 1241.5

GSK776A

N.D.

N.D.

Experiments carried out using 10 nM GlmU. Compounds or GlcN-1P, titrated from

6.25 mM and then incubated with GlmU for 15 mins at 25 °C, prior to addition of 1.25
mM Ac-CoA and monitoring CoA-SH formation using 400 µM DTP. Data are a mean of
three replicates. Linear initial rates were fitted for each condition and the data were
subsequently fitted to Eqn. (1).

The GlcN-1P experiment was carried out as a control concurrently to assessment of
the GlcN-1P analogues and the subsequent data generated was as expected. There
were some unexpected results from the steady state experiment detailed in Table
29, where when titrating one analogue, GSK017A, a significant increase in kcat (to
18.4 s-1) was observed.

Furthermore, modest acetyltransferase activity was

monitored when titrating two additional analogues, GSK436A and GSK439A, where
the apparent kcat was observed as 1.9 and 4.2 s-1, respectively. The apparent Km
values for the GlcN-1P analogues, were at least 20-fold weaker than the endogenous
substrate, which is indicative of these analogues being poor substrates.

The

structure and purity of all the GlcN-1P analogues synthesised were confirmed by
both LC-MS and NMR, so given the modifications on the primary amine, GlmU
catalysed acetyl transfer was not expected. This was true for three of the GlcN-1P
analogues tested; GSK217A, GSK930A and GSK776A, where no acetyl transfer was
observed at any concentration of titrant. A possible explanation for the unexpected
data observed with GSK017A, GSK436A and GSK439A was the presence of
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contaminating concentrations of GlcN-1P, which may have been used as a synthesis
intermediate. Subsequently, GSK017A, GSK436A and GSK439A were re-purified
to ensure that the chance of any slight GlcN-1P contamination of the analogues was
further diminished.
The GlcN-1P analogues were then assessed as inhibitors of GlmU acetyltransferase
activity in the presence of the natural substrates. In order to carry out this study,
each of the GlcN-1P analogues were titrated from 1 mM and then incubated with
GlmU for 15 mins at 25 °C, prior to addition of 200 M Ac-CoA and 100 M GlcN-1P to
initiate acetyl transfer and 400 M to monitor CoA-SH formation (Table 30).

Table 30. GlmU acetyltransferase competition studies using non-natural GlcN1P analogues.
Maximum inhibition (v (s-1))
GSK compound number

IC50 (µM)

(Concentration of
competitor (µM))

GSK017A

30.6 ± 4.2

26.6 ± 1.5 (1000)

GSK217A

40.6 ± 8.6

25.1 ± 2.5 (1000)

GSK436A

71.9 ± 17.1

26.1 ± 3.1 (1000)

GSK930A

91.8 ± 23.5

28.3 ± 3.5 (1000)

GSK439A

60.7 ± 8.9

27.4 ± 1.9 (1000)

GSK776A

N.D.

N.D.

a Experiments

carried out using 10 nM GlmU. Compounds titrated from 1 mM and then

incubated with GlmU for 15 mins at 25 °C, prior to addition of 250 µM Ac-CoA and 125
M GlcN-1P to initiate the reaction and monitoring of CoA-SH formation using 400 µM
DTP. Data are a mean of three replicates. Linear initial rates were fitted for each
condition and the data were subsequently fitted to Eqn. (8).

The data in Table 30 demonstrate that five of the six GlcN-1P analogues inhibited
GlmU acetyltransferase activity with IC50 values in the range of 30.6 to 91.8 µM. The
compound that did not inhibit acetyltransferase activity was GSK776A, which is the
least like the native substrate of the analogues synthesised. To confirm these
observations and better define the maximum and minimum asymptotes of the dose
response plots, the inhibition studies were repeated. In the repeat study, the GlcN283
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1P analogues were titrated from 10 mM and then incubated with GlmU, before
initiation of acetyltransferase activity by the addition of GlcN-1P and Ac-CoA (Figure
120).

Figure 120. GlmU acetyltransferase, GlcN-1P analogue dose response plots.
Titrations of GlcN-1P analogues from 10 mM, incubated with 2.5 nM GlmU, prior to
initiation of acetyl transfer with 250 µM Ac-CoA and 125 µM GlcN-1P. CoA-SH
formation was detected by 400 µM DTP. The compound titration data presented are
repeats of two of the analogues; GSK439A (●, ●) and GSK930A (●, ●). The data
are a mean of three replicates. Linear initial rates were fitted for each condition,
normalised to the on-microplate controls using Eqn. (23) and subsequently, the data
were fitted to Eqn. (8) to determine IC50 values.
The GlcN-1P analogue dose response data presented in Figure 120 typifies the
inhibition data generated with these compounds. Notably, after fitting these data to
Eqn. (8) the apparent IC50 values for GSK439A and GSK930A, were 421.5 ± 48.2
and 279.1 ± 30.7 µM, respectively. The apparent IC50 values determined from these
studies were 7- and 3-fold, for GSK439A and GSK930A, respectively, weaker than
the original inhibition data, presented in Table 30. A similar trend was observed for
both GSK436A and GSK217A, with the observed IC50 values 10-fold weaker than
the original inhibition data.

After multiple re-tests, the original inhibition data

determined for GSK017A could not be repeated, while no inhibition was observed
from GSK776A.
The inhibitor studies utilising the GlcN-1P analogues were variable and the data were
hard to consistently interpret.

There were several contributing factors to the

variability observed with these inhibition studies, primarily, the lack of consistency
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between experiments but also, at the time these experiments were carried out, there
was limited understanding of the GlmU acetyltransferase kinetic mechanism.
The data from these studies, in addition to potential future approaches and
experiments will be further discussed in the Discussion section.

5.7 Inhibition

of

Mycobacterium

tuberculosis

growth

by

confirmed GlmU acetyltransferase inhibitors
To further characterise the validated GlmU acetyltransferase inhibitors identified in
previous sections in this chapter, a sub-section of these compounds were tested
against M. tuberculosis to investigate whether they had any effect on the growth of
the live bacteria. The compounds selected for screening against M. tuberculosis
were GSK920684A and the close analogues; GSK024A, GSK025A and GSK026A.
The rationale for selecting these small molecules was twofold; GSK920684A was an
original GlmU acetyltransferase hit from screening the TB set and by how this set
was selected, a minimum inhibitory concentration (MIC) was likely. In addition, the
four compounds selected had been confirmed as GlmU acetyltransferase binders or
inhibitors utilising several different GlmU assay approaches.

The GlmU

acetyltransferase inhibitors were titrated from 50 mM before adding M. tuberculosis
inoculum and incubating the test microplate for six days at 37 °C. Detection solution
was added to the test microplate, which was then subsequently for a further two days
at 37 °C before measuring the assay signal to determine the MIC (Table 31).
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Table 31.

Determination of M. tuberculosis MIC values for GlmU

acetyltransferase inhibitors.
GSK compound number

Extracellular MIC (µM) a, b

Intracellular MIC (µM) a, b

GSK920684A

80

24.8 ± 2.1

GSK024A

10

1.6 ± 0.2

GSK025A

35

17.2 ± 1.9

GSK026A

40

21.3 ± 0.7

a Experiments

carried out in duplicate.

b

MIC values were fitted from assay data were as per

Section 2.2.30.

The data presented in Table 31 were carried out by Beatrix Rodriguez, TB Discovery
Performance Unit, GSK.

The MIC data for GSK920684A and the three close

analogues in Table 31 demonstrated that all these inhibitors prevent M. tuberculosis
growth, both directly by monitoring the effect on the bacteria in culture and also when
measuring the effect of the test compounds on M. tuberculosis-infected THP-1
cells336. The MIC results for both the intra- and extracellular values of GSK920684A
and analogues vary in terms of absolute apparent measure, but a rank order is
maintained; GSK024A is the most potent compound and GSK920684A is the
weakest inhibitor.
The MIC’s determined for the test compounds in Table 31 are like the GlmU
acetyltransferase apparent IC50 values. These data confirm that inhibition of M.
tuberculosis growth by GSK920684A and related compounds could be due to
inhibition of GlmU acetyltransferase activity.
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Chapter 6.

Discussion

6.1 Acetyltransferase kinetic mechanism
Initially, M. tuberculosis GlmU was expressed and purified to homogeneity from E.
coli, which yielded 2.96 mgs of His6-TEV-GlmU from every 1 gram of cell pellet. The
monomer mass of His6-TEV-GlmU was confirmed by LC-ESI-TOF-MS, which
corresponded to the expected molecular weight, minus the N-terminal methionine
residue. Further analysis of the purified protein, using peptide-mass fingerprinting,
confirmed the identity as His6-TEV-GlmU. Expression and purification of the Cterminal TEV-His6 construct of GlmU identified that there was significant posttranslation cleavage. These data suggest that any modification of GlmU C-terminal
is not well tolerated, leading to proteolysis by endogenous E. coli hydrolases. The
30-residue, C-terminal extension of M. tuberculosis GlmU is not present in E. coli
and S. pneumoniae and is comprised of two α-helices, which are linked by a series
of β-turns215. The C-terminal extension forms part of the acetyltransferase active
site, contributing Trp460 and Lys464, which interact with, and stabilise, Ac-CoA.
Mutation of Trp460 to Ala has previously been found to significantly compromise
acetyltransferase activity. In the same study as the aforementioned W460A SDM,
addition of seven residues to the C-terminal led to ablation of acetyltransferase
activity245. Acetyltransferase activity experiments with E. coli GlmU identified that
constructs with a C-terminal hexahistidine tag are 12-fold less active that the native
enzyme437. These studies demonstrate the importance of the GlmU C-terminal
extension for acetyltransferase activity and highlight that addition to this region are
not likely to be well tolerated.
Further characterisation of His6-TEV-GlmU, using both CD and CD Tm confirmed that
the enzyme had secondary protein structure that could be denatured upon
application of a thermal gradient. The data generated using CD to monitor thermal
unfolding of GlmU secondary protein structure was confirmed using SYPRO Orange
DSF.

The Tm values determined using these two biophysical techniques are

different, with the DSF values 5 °C higher than the CD determined melting
temperature. The main difference between the conditions for these two experiments
is that 10 mM MgCl2 was included in the assay buffer for the DSF studies, whereas,
due to the known interference of high concentrations of Cl- ions, it was omitted from
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the CD study438. Divalent metal ions, such as Mg2+ and Co2+, have previously been
observed, using X-ray crystallography studies, bound to GlmU in both the N- and Cterminal domains (Table 7). The absence of divalent metal from the assay buffer for
the CD thermal denaturation experiment could lead to a reduction in GlmU Tm,
especially if the role of the metal ion is to stabilise the protein structure.
The acetyltransferase activity of GlmU was first evaluated using the thiol detection
reagents DTP and DTNB, to kinetically monitor accumulation of CoA-SH by a change
in absorbance at either 324 nm or 412 nm, respectively. The two thiol detection
reagents were found to have very similar sensitivities to CoA-SH concentration in
assay buffer both as a product titration and when detecting product release as a
function of acetyltransferase activity. The thiol detection reagent selected to further
study GlmU acetyltransferase was DTP, primarily due to the suitability of this reagent
for pH-rate studies at pH conditions below 7.3420. The use of thiol-reactive detection
reagents to kinetically monitor GlmU catalysed acetyl transfer to GlcN-1P,
demonstrated that, there are no catalytically important Cys residues. In addition,
pre-incubation of GlmU with an excess of thiol modifying reagent, such as NEM, did
not have any effect on the acetyltransferase rate. There were some reports that
either pre-treatment with thiol-modification agents or mutation of Cys residues to Ala,
inactivated E. coli GlmU acetyltransferase activity208,437, however, the data obtained
with the M. tuberculosis GlmU homologue in this report, does not support these
observations and agree with previous findings with the same enzyme215.
The evaluation of assays based on CoA-SH production identified that, regardless of
thiol detection reagent used, initial non-linear acetyltransferase activity (i.e. lag
phase) was observed. This non-linear acetyltransferase activity was both enzyme
and substrate concentration independent but MgCl2 concentration and incubationtime dependent.

The data presented in Figure 29 demonstrate that the

acetyltransferase lag phase can be alleviated by incubating GlmU with 10 mM MgCl2
for an extended period at 4 °C.

To confirm these observations, the opposite

approach was taken, whereby GlmU was incubated with the metal collating agent
EDTA for 12 hrs at 4 °C, prior to dialysis to remove EDTA. Subsequently, the
acetyltransferase activity of the EDTA-treated preparation of GlmU was assayed in
the absence of any MgCl2, which far accentuated the initial non-linear kinetics that
had previously been observed (Figure 30). Initial non-linear kinetics for enzymes is
not without precedent in the literature and in some cases a requirement for a cofactor,
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such as a divalent metal ion has been found to alleviate the observed initial lag phase.
In a study with the M. tuberculosis enzyme succinic semialdehyde dehydrogenase
(GabD1) the researchers identified an initial non-linear phase when monitoring the
initial velocity of the NAD(P)+-coupled oxidation of succinic semialdehyde (SSA) to
succinate. This non-linear phase was eradicated only when the activity of GabD1
was monitored in the presence of Mg2+, with Co2+, Ni2+, Ca2+ and Mn2+ demonstrated
to have a similar effect. Subsequent studies defined the GabD1 Mg2+ Kact, value to
be 0.3 ± 0.07 mM and revealed a 4-fold decrease in the Km value for SSA and a 6fold decrease in the Km value for NADP+439. Another example of the activation of a
M. tuberculosis enzyme was reported for 1-Deoxy-d-xylulose-5-phosphate (DXP)
isomeroreductase, which catalyses the isomerisation and reduction, in a
nicotinamide adenine dinucleotide phosphate- (NADPH-) dependent manner of DXP
to generate 2-C-methylerythritol 4-phosphate (MEP). DXP isomeroreductase was
found to be metal ion-activated, displaying specificity for Co2+, in preference to either
Mn2+ or Mg2+, with the later Kact determined to be 1.2 mM, 1000-fold less potent than
the preferred cation. However, the authors of the report reason that Mg2+ may still
be the physiological activating metal ion, as the reported bacterial free intracellular
concentration of Mg2+ (in E. coli of roughly 1−2 mM)440 agreed with the measured
DXP isomeroreductase Mg2+ Kact441. The bacterial intracellular concentrations for
Mn2+ (0.01µM)442 and Co2+ (0.001µM)443 are considerably smaller than the
corresponding DXP isomeroreductase cation Kact values.
These initial observations of the requirement of Mg2+ for optimal GlmU
acetyltransferase led to a more thorough investigation to fully characterise this
divalent metal dependence. This requirement has not been previously characterised
in depth with any GlmU homologue, as divalent metals are typically not required
cofactors in acetyl transfer reactions. The majority of GlmU homologue studies
published to date have used a fixed concentration of Mg2+, in the range of 0.5 to 10
mM208,209,215,245, presumably based on the early work of Mengin-Lecreulx and van
Heijenoort208.

Experiments utilising EDTA pre-treatments of GlmU not only

exacerbates the initial non-linear acetyltransferase phase but, in the absence of
divalent metal ion(s) in assay buffer, kcat,

acetyltransferase

was reduced by 5 – 7-fold

(Figure 45). The EDTA pre-treatment and subsequent dialysis of GlmU decreased
the DSF determined Tm by 2 °C, which indicated that the divalent metal ion(s) had a
stabilising effect. The Kact, Mg2+ is 1.5 ± 0.2 mM and the optimal concentration of Mg2+
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for maximal GlmU acetyltransferase activity is 10 mM, which is between the 5 and
15 mM Mg2+ concentrations determined for the Y. pestis224 and B. subtilis
homologues222, respectively. The preparation and storage of GlmU in the continuous
presence of 10 mM MgCl2 led to the subsequent eradication of non-linear
acetyltransferase activity, which demonstrated the importance of Mg2+ for optimal
catalysis.
To better understand whether the requirement of GlmU for optimal acetyltransferase
activity is specific to Mg2+, several divalent metal ions, including Ca2+, Mn2+, Co2+,
Ni2+ and Zn2+ were investigated. The divalent metal ions could be broadly divided
into two groups, primarily based on activation of GlmU acetyltransferase activity and
stabilising effect on Tm.

The metal ions that activated optimal, linear

acetyltransferase activity, in addition to stabilisation of the GlmU Tm, were Mg2+, Ca2+
and Mn2+. Indeed, the GlmU acetyltransferase Kact for both Ca2+ and Mn2+ were both
lower than the apparent value determined using Mg2+. The effect of these divalent
metal ions on the GlmU Tm were contrasting; Mg2+ stabilised by 1.2 °C, Mn2+ by 6.4 °C,
while Ca2+ stabilised by a modest 0.3 °C. The GlmU Kact, acetyltransferase and Tm values
demonstrate that Mn2+ is the most optimal divalent metal ion for optimal
acetyltransferase activity and stabilisation of GlmU, followed by Mg2+ and Ca2+.
There are a number of reports that GlmU binds Mg2+, Ca2+ and Mn2+, primarily, either
in the pyrophosphorylase active site212,246,247, or at the crystallographic axis of
symmetry between the three, C-terminal LβH helices involved in forming the
homotrimer214,220. Two octahedrally coordinated Mg2+ ions were detected on the H.
influenzae GlmU threefold crystallographic axis, the location of which corresponds
to Mg2+ and Co2+ ions identified in the crystal structure of E. coli GlmU in complex
with UDP-GlcNAc and Ac-CoA (pdb 2OI7)220. The two Mg2+ ions in the H. influenzae
GlmU crystal structure complexes were coordinated by three H2O molecules and
three Asp406-OD atoms, one from each monomer of the homotrimer (pdb 2V0J)214.
The M. tuberculosis GlmU ternary complex crystal structure determined for this
project (pdb 6GE9) has one Mg2+ bound at the threefold crystallographic axis,
coordinated by three Asp417-OD and Ser392-OG atoms444. The majority of liganded
M. tuberculosis GlmU structures in the pdb have two divalent metal ions, either Mg2+,
Co2+ or a combination of the two, coordinated in the same position by Asp417-OD
atoms.
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The divalent metal ions that destabilised GlmU, prior to determination of Tm using
DSF, were Co2+, Ni2+ and Zn2+. These metal ions appear to cause rapid protein
aggregation, prior to application of the thermal gradient. This observation is due to
the decrease in total maximal fluorescence of GlmU in the presence of either Co2+,
Ni2+ and Zn2+, when compared to the no metal ion control. The maximal fluorescence
in a SYPRO Orange DSF experiment is protein concentration dependent and a
decrease in fluorescence is likely due to formation of high order protein aggregates.
These protein aggregates occlude the hydrophobic patches of the globular protein
core, which are typically exposed and bound by SYPRO Orange upon application of
a thermal gradient in a DSF experiment. Aggregation of the protein, in these cases
caused by the divalent metal ions, prior to addition of the SYPRO Orange, would
bury core hydrophobic patches and prevent a subsequent increase in fluorescence.
This divalent metal ion induced protein aggregate formation, would reduce the total
concentration of correctly folded GlmU and appear as though less protein had been
added used in the DSF assay. DSF thermal stability experiments are very sensitive,
so, despite metal ion induced aggregation reducing the total concentration of
functional protein, it was still possible to monitor temperature induced unfolding of
GlmU. The GlmU Tm was stabilised by increasing concentrations of both Co2+ and
Ni2+ up to maximums of 3 °C and 4 °C, respectively.
Activation by divalent metal ions, specifically Mg2+, Ca2+ and Mn2+, has previously
been reported for the related M. tuberculosis enzyme tetrahydrodipicolinate Nsuccinyltransferase (DapD), which is a trimer in solution and a member of the LβH
acyltransferase superfamily89. Indeed, the divalent metal binding site is found in a
similar position, at the trimer, three-fold axis of symmetry in both DapD and GlmU.
The Mg2+ ions in the DapD structure are coordinated by the three Asp166-OD atoms
and neutralises the negatively charged rings formed by the side chains of Asp164,
Asp166 and Glu183 and their respective symmetry mates. DSF studies with M.
tuberculosis DapD identified that Mg2+ stabilised the Tm of the homotrimer104. THDP
N-succinyltransferase activity catalysed by DapD exhibits the same non-linear
acyltransferase activity in the absence of divalent metal ions in the assay buffer104.
The addition of Mg2+, Ca2+ and Mn2+ resulted in moderate increases in DapD
catalysed THDP N-succinyltransferase activity, whereas Zn2+ or Co2+ and inhibited
the reaction rate. The inhibition of THDP N-succinyltransferase activity by Zn2+ or
Co2+ was also observed in studies with E. coli DapD445. Additional DapD X-ray
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crystallography studies identified that soaking with either excess Zn2+ or Co2+ led to
replacement of the Mg2+ at the trimer, three-fold axis of symmetry, coordinated by
the same residues. Schuldt, et al. propose that the central H2O filled channel that
runs along the homotrimer axis of symmetry allows divalent metal ion access to
binding site on DapD104. GlmU and DapD are unique amongst the hexapeptide
acyltransferases, both enzymes have conformationally mobile C-terminal tails that
form the active sites upon substrate binding212. The structural evidence for a unique
substrate-induced conformational change of the C-terminal tails of GlmU and DapD,
could potentially be stabilised by binding of divalent metal ions at the three-fold trimer
axes. Taking these previous observations into account, along with the findings from
this project, it seems plausible to conclude that the divalent metal binding to the Cterminal of GlmU, plays a structural, stabilising role. Divalent metal ion binding leads
to activation of GlmU acetyltransferase activity through a non-catalytic mechanism,
potentially by ensuring that the enzyme is in the optimal conformation for catalysis of
acetyl transfer. The binding of divalent metal ions to GlmU may provide a novel
regulatory mechanism that modulates acetyltransferase activity under specific
cellular conditions. Importantly, no evidence for changes in oligomeric state have
been observed (data not shown) and GlmU appears to be a trimer under all
experimental conditions tested.
The measured steady-state kinetic parameters, presented in Sections 3.6 and 3.7,
were of a similar magnitude to those previously determined for M. tuberculosis GlmU,
as well as other orthologues, specifically Km,

Ac-CoA

and Km,

GlcN-1P,

which were

reported to be in the range of 200 – 400 µM and 60 – 360 µM, respectively (Table 8).
Furthermore, the Km,

UTP

and Km,

GlcNAc-1P

parameters for the uridylyltransferase

activity are within a similar magnitude to the reported values, which are 10 – 70 µM
and 20 – 110 µM, respectively (Table 8).

The reported kcat values for both

acetyltransferase and uridylyltransferase activities appear to be more variable, in the
ranges of 50 – 1500 s-1 and 1 – 350 s-1, respectively (Table 8). This variation in kcat
may be caused by the use of discontinuous assays in the majority of LβH
acyltransferase and pyrophosphorylase kinetic characterisation studies, which
inherently lead to greater variabilities and error. Nonetheless, the measured GlmU
kcat, acetyltransferase value was 28 s-1, which is less than two-fold lower than the reported
range. Furthermore, the measured GlmU kcat, uridylyltransferase value was110 s-1, which
is within the range of the reported values (Table 8). Interestingly, the majority of the
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GlmU steady-state kinetic parameter studies to date have reported that the ratelimiting step, and therefore the slower of the two reactions was the uridylyltransferase
activity.

This is contrary to the findings of this study, which identified that the

acetyltransferase activity was the slower of the two enzymatic functions catalysed by
GlmU. Early GlmU domain dissection studies on the E. coli orthologue suggested
that GlcNAc-1P was released from the acetyltransferase domain and allowed to
accumulate to Km concentrations, prior to uridylyltransferase209. However, the results
from this study, indicate that the opposite is likely, whereby GlcNAc-1P is produced,
released and then immediately catalysed by the uridylyltransferase domain to form
UDP-GlcNAc. If this is the case and GlmU is the sole GlcNAc-1P consuming activity
present in M. tuberculosis, a finite concentration will be observable in vitro.
The acetyltransferase kinetic mechanism of all GlmU orthologous acetyltransferase
activities have been poorly characterised, with no initial velocity, product or deadend inhibition pattern-type studies carried out. For example, product inhibition of the
acetyltransferase activity by CoA-SH, and the lack of inhibition by GlcNAc-1P, have
not been described to date (Table 14). Initial velocity patterns obtained by varying
GlcN-1P concentrations at fixed concentrations of Ac-CoA were intersecting, which
demonstrated that GlmU acetyltransferase activity requires the formation of a ternary
complex prior to catalysis. This result rules out a ping-pong mechanism, which would
typically lead to the formation of an acetyl-enzyme intermediate. Further studies,
using intact mass, protein LC-ESI-TOF-MS were unable to identify an acyl-GlmU
intermediate, confirming that a ping-pong mechanism was unlikely (Figure 50 and
Figure 51).
The substrate specificity for GlmU acetyltransferase activity was probed with a
variety of analogues of Ac-CoA and GlcN-1P. As previously reported for E. coli GlmU,
there is some flexibility in the length of the acyl moiety that can be transferred from
CoA-SH to the amine group of GlcN-1P; with Pro-CoA and Suc-CoA identified as
substrates with roughly 10 and 100-fold less efficiency when compared to Ac-CoA
(kcat/Km, Table 13 and Table 14)209.

The substrate preference of the

acetyltransferase active site appears to be limited to acyl-chain lengths of 3-carbons,
as when the 4-carbon acyl-CoA analogue (Bu-CoA) was investigated no CoA-SH
formation could be detected.

However, even though Bu-CoA was no longer a

substrate it was still able to bind GlmU and was shown to inhibit GlmU
acetyltransferase activity.

The acyl-CoAs, AAc-CoA and Suc-CoA were both
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identified as substrates (significantly lower kcat/Km, Table 13) but are of similar
thioester chain length to Bu-CoA. The identification of these acyl-CoAs as GlmU
substrates could be explained by acyl-thioester hydrolysis, which, due to the thiol
detection methodology used to monitor the acetyltransferase reaction, would still
appear as product formation.
The most plausible alternative physiological acyl substrate identified for GlmU
acyltransferase activity was Pro-CoA, primarily due to the low Km, which was 4-fold
lower than Km,
the Km,

Pro-CoA

Ac-CoA,

and the subsequent calculated catalytic efficiency. Although

was low, the GlmU acyltransferase catalytic efficiency, utilising Pro-

CoA as a substrate, was determined as 100-fold worse than the acetyltransferase
kcat/Km. This is likely to be due to the increased length of the acyl-chain of Pro-CoA,
which has the direct effect of increasing the acyltransferase Km,

GlcN-1P

by 3.4-fold.

The increased acyl-chain of Pro-CoA also reduces the acyltransferase kcat by 56-fold,
when compared to acetyltransferase kcat, which is likely primarily due to the disruption
of GlcN-1P binding. However, it was possible to carry out acyltransferase initial
velocity pattern studies by varying GlcN-1P concentrations at fixed concentrations of
Pro-CoA, which were intersecting, confirming that propionyl transfer activity, like
acetyl transfer, requires the formation of a ternary complex prior to catalysis.
The GlmU acetyltransferase substrate specificity for amino sugar phosphate is much
more restricted when compared to the previously discussed Ac-CoA specificity. The
only other amino sugar phosphate identified as an alternative acetyltransferase
substrate was UDP-GlcN, which had previously identified in studies with the E. coli
orthologue209,210.

The identification of UDP-GlcN as an alternative GlmU

acetyltransferase substrate, albeit a poor one (kcat/Km,

2

UDP-GlcN

= 2.2 × 10 in

4

comparison to kcat/Km, GlcN-1P= 9.7 ± × 10 ), raises the possibility of an alternative order
of GlmU catalysed reactions (Scheme 11)209. However, it was not possible to confirm
that GlcN-1P could be utilised as a substrate for uridylyl-transfer by the M.
tuberculosis GlmU, in contrast to the E. coli orthologue studies (that conflicted with
previous studies by Gehring, et al.)210. These data suggest that GlmU may be able
to catalyse formation of UDP-GlcNAc from UDP-GlcN in vivo but this is unlikely to be
the preferred route and probably only occurs in response to specific physiological
conditions. These results confirm that the canonical order of GlmU reactions is
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preferred route for formation of UDP-GlcNAc for the M. tuberculosis orthologue
(Scheme 11).
The other GlcN-1P analogues investigated demonstrated the requirements required
for acetyltransferase active site binding. Glucosamine and GlcN-6P were not utilised
as substrates, which highlights the importance of a phosphate group at the C-1
position of the amino sugar. In contrast to findings in a previous study characterising
the substrate specificity of the E. coli orthologue, galactose-derived amino sugar
analogues (C-4 epimers of glucose) are not utilised as substrates for the
acetyltransferase activity of M. tuberculosis GlmU. These results highlight that M.
tuberculosis GlmU has a stronger preference for the glucose epimer when compared
to the E. coli orthologue.
GlmU acetyltransferase substrate analogues that were not substrates were further
investigated as potential inhibitors. The inhibition of acetyltransferase activity by
GlcN-1P analogues was observed only with Glc-1P (less than 10 mM IC50), which
confirms the binding specificity for the glucose C-4 epimer.

Inhibition was not

observed with either GlcNAc-1P or GlcNAc, which demonstrates that acetylated
products have a low affinity for the GlcN-1P binding site. To further understand
inhibition by Glc-1P, X-ray crystallography studies, in the presence of Ac-CoA were
carried out, which identified that it was possible to overlay the position and orientation
of Glc-1P with GlcN-1P (using a previously solved alternate ternary complex, pdb
3ST8, Figure 67). Importantly, the GlcN-1P amine and the Glc-1P hydroxyl both
occupy the same position in the ternary complex structure, as do the rest of the
molecules. The hydroxyl in position C-2 of Glc-1P is within hydrogen bond distance
to His374, which suggest that this residue could serve as the general base that
deprotonates the GlcN-1P amine prior to nucleophilic attack on Ac-CoA. A similar
approach to study the ternary Michaelis complex of Aspergillus fumigatus GlcN-6P
N-acetyltransferase was carried out using Glc-6P as a dead-end substrate in place
of GlcN-6P, which provided evidence to aid inference of the likely catalytic
mechanism446.
Further M. tuberculosis GlmU acetyltransferase dead-end inhibition studies were
carried out using the Ac-CoA analogues not initially identified as substrates. These
studies identified dead-end inhibition with the following Ac-CoA analogues; Bu-CoA,
IsoBu-CoA, Mlo-CoA and Cro-CoA. The acetyltransferase inhibition observed with
these Ac-CoA analogues is likely due to the increase in acyl-thioester chain length,
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which will extend from the Ac-CoA binding site, protruding into the GlcN-1P site and
subsequently precluding GlcN-1P binding to GlmU. Product inhibition by CoA-SH
was relatively potent (when compared to the apparent Km,

Ac-CoA),

whereas no

inhibition was observed with GlcNAc-1P, even at concentrations 180-fold higher than
Km ,

GlcN-1P.

No product-analogue inhibition was observed with dethio-CoA,

suggesting that additional interactions with the sulphur of the β-mercaptoethylamine
portion of CoA-SH, reported by Jagtap, et al., are required for binding245.
DSF binding studies facilitated determination of equilibrium constants for the
dissociation of Ac-CoA, Bu-CoA, CoA-SH, GlcN-1P and Glc-1P from GlmU.
Titrations of Ac-CoA, Bu-CoA and CoA-SH were able to stabilise GlmU, increasing
the observed Tm by up to 4 °C and subsequent use of the change in Tm (∆Tm), as a
function of substrate ligand concentration, allowed dissociation constants to be
determined. These Kd values were broadly in agreement with the Km and IC50 values
that were previously determined for these substrates, products and dead-inhibitors.
Dissociation constants for GlcN-1P and Glc-1P from GlmU could not be determined
without Ac-CoA or a close analogue present, however, in the presence of high
concentrations of a known interacting acyl-CoA, Kd for the complex could be
determined. These findings support an ordered bi-bi sequential kinetic mechanism,
whereby Ac-CoA or a short acyl-CoA analogue binds to GlmU first, followed by
completion of the ternary complex with GlcN-1P association.
To further characterise whether the likely bi-bi sequential kinetic mechanism is either
random or ordered, both product and dead-inhibition studies were carried out. The
inhibitor patterns obtained using the product CoA-SH are most consistent with a
sequential ordered bi-bi kinetic mechanism (Scheme 12). CoA-SH was determined
to be a competitive inhibitor when titrated against Ac-CoA and a non-competitive
inhibitor when varied against fixed concentrations of GlcN-1P.

Crucially, the

formation of a dead-end ternary complex using Glc-1P as an inhibitor, which was
determined to be uncompetitive when varied against fixed concentrations of Ac-CoA.
The uncompetitive inhibition pattern observed with varying concentrations of Glc-1P
in the presence of fixed concentrations of Ac-CoA does not change regardless of the
concentration of GlcN-1P utilised (Figure 61).
Further dead-end inhibition studies identified two competitive inhibition patterns
(Table 15), which were observed with titrations of Glc-1P versus GlcN-1P and BuCoA versus Ac-CoA. These competitive inhibitor patterns are characteristic of an
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ordered mechanism with the formation of non-productive GlmU:Ac-CoA:Glc-1P and
GlmU:Bu-CoA complexes. Bu-CoA likely extends part of its acyl-chain into the GlcN1P active site, which blocks GlcN-1P from binding therefore appearing as a
competitive inhibition. Indeed, this observation is confirmed by mutual exclusivity
studies carried out using Bu-CoA and Glc-1P. Analysis of this experiment using the
Yonetani-Theorell method confirms that these inhibitors are partially mutually
exclusive. An α value of 3 was obtained from this experiment, suggesting some
degree of antagonistic binding, which further confirms competition likely due to the
extended acyl-thioester chain length of Bu-CoA (Figure 60).
Importantly, no inhibition was observed with GlcNAc-1P against either Ac-CoA (in
the presence of varying fixed concentrations of GlcN-1P) or GlcN-1P. This lack of
inhibition is diagnostic of an equilibrium ordered bi-bi kinetic mechanism. However,
contrary to this observation, CoA-SH inhibition versus GlcN-1P is non-competitive,
instead of competitive, as expected for and equilibrium ordered mechanism. A
protein conformational change of GlmU induced by Ac-CoA binding but prior to GlcN1P binding could potentially explain both the initial velocity and inhibitor patterns
obtained and demonstrates that the most likely kinetic mechanism is steady-state
ordered.
The structure of GlmU with Ac-CoA and Glc-1P bound, provides useful insights into
both formation of the catalytic and dead-end inhibited ternary complexes. Inhibition
by CoA-SH and Bu-CoA versus Ac-CoA, which in both cases is competitive, can be
explained by the conserved recognition and binding of both the adenine ring and
pantetheinyl arm of CoA, in combination with the limited interactions with the
thioester bound to the β-mercaptoethylamine. It was apparent from the GlmU:AcCoA:Glc-1P structure that the binding sites are non-overlapping, hence, for any
competitive inhibition to occur between dead-end analogues of the two substrates,
there must be an increase in size of one or both molecules to cause a direct steric
clash.

Superposition of the GlmU:Ac-CoA:Glc-1P structure with previously

determined M. tuberculosis GlmU:Ac-CoA and apo-structures, clearly highlights that
a disordered loop becomes ordered upon binding of either CoA-SH or CoA thioesters.
This conformation change is likely to be facilitated through the interaction of the
backbone carbonyl of Tyr398, which is located on the mobile loop, and the nitrogen
N4P of Ac-CoA (Figure 68).

The conformational change and subsequent

stabilisation of the mobile loop, succeeding initial Ac-CoA binding, positions Asn397
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and Lys403, in addition to Tyr398, in favourable orientations to interact with either
Glc-1P or GlcN-1P. Additional stabilisation in the acetyltransferase active site is
contributed by carbohydrate-aromatic interactions between the phenolic side chain
of Tyr398 and the hexose ring of GlcN-1P447, which have previously been identified
in the E. coli orthologue220. The specificity of GlmU acetyltransferase active site for
binding hexose sugars with a phosphate group at the C-1, is demonstrated by the
GlmU:Ac-CoA:Glc-1P structure. The C-1 phosphate interacts with three cationic side
chains (Lys403, Arg344 and Lys362) as well as the side chains of Asn397 and
Tyr377. These active site groups stabilise binding of GlcN-1P and ensure the correct
orientation for efficient catalysis. Mutation of any of these GlmU residues were
subsequently shown to decrease the Km, GlcN-1P by at least 4-fold, as well as reduce
the acetyltransferase kcat (see data in Section 4.6 and further discussion in Section
6.2).
Further observations from the GlmU:Ac-CoA:Glc-1P structure identified an
interaction between the side chain of His374 and Glu370, in addition to stacking of
the His imidazole against the phenolic side chain of Tyr377. These interactions
promote the most advantageous tautomeric form of the His374 imidazole, primarily
ensuring the proton lacking Nε2 is directed towards the C-2 of Glc-1P (the amine of
GlcN-1P would occupy this position) in addition to increasing the basicity of the side
chain. The analogous interactions have previously been observed in the GlmU:CoASH:GlcN-1P:UDP-GlcNAc structure of the E. coli GlmU orthologue220, in addition
equivalent enzyme residues in a similar active site configuration have been
described for the non-LβH acetyltransferase CAT132,147.
The identity of the active site residues, forming an oxyanion hole, involved in the
stabilisation of the transition state remains elusive. The residues identified to be
involved in stabilisation of the pantetheinyl arm of the substrate in the GlmU:AcCoA:Glc-1P structure were Ser416 and Ala434, which are equivalent to the residues
involved in stabilising CoA-SH in the E. coli orthologue220. However, mutation studies
with M. tuberculosis enzyme did not confirm that Ser416 was essential for catalysis245,
which highlights that this is an area for further study.
These structural observations in combination with kinetic and binding data are
consistent with a steady-state ordered mechanism, depicted in Scheme 12.
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6.2 Acetyltransferase chemical mechanism
The ionisation of the groups that may be responsible for substrate binding and
catalysis in the M. tuberculosis GlmU-catalysed acetyl transfer reaction were
investigated by carrying out pH-rate profiles, examining kcat, kcat/Km, Ac-CoA and kcat/Km,
GlcN-1P (Section

4.1).

Prior to embarking on the extensive pH-rate profile study, it was necessary to carry
out several controls to ensure that GlmU is stable and active across the planned pH
range. To characterise stability, DSF studies were carried out to monitor GlmU Tm
at pH conditions spanning the planned range. The GlmU Tm varies by 3.4 °C
between pH 6 and 10, however, there are typical thermal profiles at each pH
condition tested, suggesting that the protein remains folded (Figure 72 and Table 18).
The acetyltransferase activity of GlmU was assessed by monitoring CoA-SH release
using the DTP absorbance assay at pH conditions from 6 to 10.

This control

experiment is complex, as due to the nature of the pH-rate study, the steady-state
kinetic parameters are expected to be dependent on the pH of the assay conditions.
To partially address this, the activity experiments were carried using either GlmU that
had been incubated for a minimal period in each of the pH conditions or exposed to
the pH conditions for a two-hour period, prior to initialisation of acetyltransferase
activity. It was possible to kinetically monitor the linear formation of CoA-SH using
the change in DTP absorbance at each of the pH conditions. Additionally, for each
pH condition tested, there was a similar rate of CoA-SH formation, regardless of the
length of GlmU incubation prior to initiation of acetyltransferase activity (Figure 73).
These control experiments demonstrated that GlmU is both stable and able to
catalyse acetyl-transfer at pH conditions ranging from 6 to 10.
The interpretation of pH-rate profiles is complex but can report on several groups
involved in binding, catalysis or both. Values for kcat/Km and kcat are obtained by
titrating one substrate at saturating concentrations the co-substrate.

The pH

dependence of kcat/Km reflects the protonation state of ionisable group(s) on either
the free enzyme, substrate, or both, important for all steps from binding of the varied
substrate until the first irreversible step. The pH dependence of kcat reflects the
groups on the enzyme required for acetyltransferase activity, in this case, from the
ternary complex (GlmU:Ac-CoA:GlcN-1P) until release of the last product.

299

Chapter 7. Discussion

The kcat/Km,

Ac-CoA

pH-rate profile was described by a bell-shaped curve that

decreases at both low and high pH, which was best fit to an equation for two
nonresolvable acidic groups and one basic group.

The ionisation constants

determined for the kcat/Km, Ac-CoA pH-rate profile were pKa = 6.6 and pKa = 8.1, which
both appear to be important for binding of Ac-CoA and catalysis.

The crystal

structure of GlmU with Ac-CoA bound in the acetyltransferase active site reveals that
the cofactor is stabilised in an extended conformation that directs the Ac-CoA sulphur
atom toward the His374.

The acidic ionisable group identified in the kcat/Km, Ac-CoA

pH-rate profile can be tentatively assigned to His374, which is proposed to be the
general base required for deprotonation of the –NH3+ group from GlcN-1P. The basic
ionisable group (pKa = 8.1) could correspond to Tyr398 which has been shown to
interact through its backbone carbonyl with the oxygen atom of the acetyl group of
Ac-CoA. A similar pKa value has been observed previously in studies on the enzyme
serotonin N-acetyltranferase448, which led to assignment of this ionisable group to an
active site Tyr residue.

The free and liganded structures of GlmU (Figure 68)

identified a mobile loop that is only visible in X-ray structures when acyl-CoA or CoASH are present. The conformational change of this loop, induced by Ac-CoA binding,
brings Tyr398 into hydrogen bonding distance with Ac-CoA, which could lead to
further stabilisation, prior to catalysis. Further studies, possibly SDM of Tyr398, are
required to accurately assign the basic ionisable group, responsible for the pKa value
of 8.1, involved in Ac-CoA binding and catalysis.
The kcat/Km, GlcN-1P pH-rate profile was described by bell-shaped curve that decreases
at both low and high pH, which was best fit to an equation for two nonresolvable
acidic and basic groups. The dissociation constants determined from the kcat/Km, GlcN1P pH-rate

profile were pKa = 7.5 and pKa = 9.1, which are both important for binding

of GlcN-1P and catalysis. One of the acidic ionisable groups determined to have pKa
= 7.5 can potentially be attributed to the His374 active site residue, which is in the
range of 90% of the His residues identified in pH-rate studies (the vast majority of
these measurements fall within the range of pH 5 – 8449). The basic ionisable groups
in the kcat/Km, GlcN-1P pH-rate profile were determined to have a pKa = 9.1 are difficult
to attribute to any of the ionisable groups in the acetyltransferase active site. Further
studies were carried out to assign the basic groups, which will be discussed in depth
later in this section.
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The kcat pH-rate profile revealed the presence of four nonresolvable ionisable groups,
two with pKa values of 6.7 and two with pKa values of 9.0. The ionisable groups in
the kcat pH-rate profile have previously been identified in the kcat/Km profiles. The pKa
values of 6.7 were identified in both the kcat and kcat/Km,

Ac-CoA

profiles and has

tentatively been assigned to at least one enzyme residue, which is His374. This
assignment was further investigated by SDM of His374 to Ala, which is discussed in
more depth later in this section. The pKa values of 9.0 - 9.1 were identified in both
the kcat and kcat/Km, GlcN-1P profiles, which have previously been difficult to assign to
any ionisable residue in the acetyltransferase active site.
To further assign pKa values identified in the pH-rate profile study, 1H NMR
spectroscopy studies were carried out to ascertain the pKa values of two GlcN-1P
groups, CH(2)-NH3+ and CH(1)-PO4H2. The pKa values determined for CH(2)-NH3+
and CH(1)-PO4H2 were 8.43 and 8.44, respectively. These values do not directly
correspond to the pKa values determined in the kcat or kcat/Km, GlcN-1P pH-rate profiles,
which could potentially indicate that the binding of GlcN-1P and its deprotonation by
His374 are potentially not rate-limiting for acetyl transfer. The inability to assign the
1H

NMR spectroscopy determined pKa values to any of the pH-rate acid dissociation

constants led to further SDM studies to further characterise these groups.
Initially, His374 was mutated to Ala to ascertain what effect would be caused by
removing the imidazole sidechain, initially, on the stability of GlmU and
acetyltransferase activity and subsequently on the pH dependence of the steadystate kinetic parameters for both Ac-CoA and GlcN-1P. The stability of GlmU H374A
mutant was assessed by DSF, which identified that the Tm remained unchanged,
when compared to the wild type enzyme. Additionally, binding of 1000 µM CoA-SH
stabilised GlmU H374A Tm by 1.7 °C, which is the same extent as that for WT enzyme.
The acetyltransferase activity of GlmU H374A diverged significantly from the wild
type enzyme in assay buffer adjusted to pH 7.5, with CoA-SH formation completely
ablated at most concentration tested (Figure 79).
Subsequently, to ascertain the effect of mutating His374 to Ala on acetyltransferase
steady-state parameters, pH-rate studies were carried out using GlmU H374A. The
kcat/Km, GlcN-1P pH-rate profile was best fit to an equation for a single ionisable group,
which revealed a pKa = 9.7. This is likely an enzymic group involved in the binding
of the phosphate of GlcN-1P, possibly either Tyr377 or Arg344. The kcat, GlcN-1P pHrate profile revealed that as the pH conditions became more basic the kcat, GlcN-1P
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increased with a slope of one until a plateau at pH 9. The single ionisable group that
needs to be deprotonated under kcat conditions was observed, which was determined
to have a pKa value of 8.2. The kcat, GlcN-1P pKa value is in close agreement with the
pKa value of 8.4 for the amino group of GlcN-1P, which was previously determined
using 1H NMR spectroscopy. This result indicates that deletion of the imidazolium
group of His374 leads to a significantly decreased catalytic rate (1000-fold) and an
alteration in the rate-limiting step. Catalysis of acetyl transfer by GlmU H374A
appears to be dependent on deprotonation of GlcN-1P prior to enzyme binding,
which highlights that this chemistry is rate-limiting, as all other wild type identified
ionisable groups are no longer observed.
The GlmU H374A kcat/Km, Ac-CoA pH-rate profile was a bell-shape that decreases at
both low and high pH conditions, which was best fit to an equation for two
nonresolvable acidic groups and one basic group.

The ionisation constants

determined for the GlmU H374A kcat/Km, Ac-CoA pH-rate profile were pKa = 7.7 and pKa
= 9.1, which both seem to be important for binding of Ac-CoA and catalysis. The
GlmU H374A kcat/Km, Ac-CoA pKa values are divergent from the wild type kcat/Km, Ac-CoA
values, which demonstrates that the mutation of His374 to Ala has altered these
constants. The GlmU H374A kcat/Km, Ac-CoA pKa values are both increased by one log
unit to make both more basic and, interestingly, the same as the acid dissociation
constants determined for the GlmU wild type kcat/Km, GlcN-1P pH-rate profile. These
observations demonstrate that the GlmU H374A kcat/Km, Ac-CoA pKa values are difficult
to specifically assign but the groups could potentially be attributed to enzymic groups
that are involved in GlcN-1P binding.
The GlmU H374A kcat, Ac-CoA pH-rate profile is in close agreement to the kcat, GlcN-1P
profile determined with the mutant enzyme.

The acid dissociation constant

determined from the GlmU H374A kcat, Ac-CoA pH-rate profile was pKa = 8.2, which has
previously been assigned to the amino group of GlcN-1P.
Subsequently, further SDM studies were carried out to try and assign the pKa values
identified for catalysis of acetyl transfer of wild type GlmU. These studies involved
mutation of GlmU acetyltransferase active site residues Arg344, Lys362 and Tyr377
to Ala. The same protein stability and enzyme activity control studies were carried
out for the three new SDM proteins, as were implemented for the H374A mutant.
These studies identified that none of the mutations shifted the GlmU Tm more than
1.5 °C, while the acetyltransferase activity was reduced for R344A and K362A and
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ablated for the Y377A mutant (Table 20, Figure 83). The kcat/Km,

GlcN-1P

pH-rate

profiles for R344A, K362A and Y377A were all best fit to an equation for a single
ionisable group, which revealed pKa values of 7.4, 7.3 and 7.6, respectively. These
pKa values are like dissociation values that have previously been attributed to the
His374 active site residue, which has been tentatively assigned as the
acetyltransferase general base. The kcat/Km, GlcN-1P pH-rate profiles for R344A, K362A
and Y377A were all missing additional pKa values in the basic range, which could
indicate that one or more of these residues can be potentially assigned to these
dissociation constants.
The kcat/Km, Ac-CoA pH-rate profiles for R344A, K362A and Y377A were all divergent
from the wild type enzyme profile. There were similar acid dissociation constants
determined from fitting these pH-rate profiles, primarily, two non-resolvable pKa
values of 9.1 or 9.2 were identified from the R344A and K362A mutants. These two
non-resolvable basic pKa values were also identified from the wild type GlmU kcat/Km,
Ac-CoA

pH-rate profile. Importantly these two non-resolvable basic groups are missing

from the GlmU Y377A kcat/Km, Ac-CoA pH-rate profile, which indicates that one of the
pKa values of 9.1 can be assigned to Tyr377. The acidic groups identified in the
kcat/Km, Ac-CoA pH-rate profiles diverge from the wild type GlmU (pKa = 6.4) from 0.5
log, for GlmU K362A, to either pKa = 7.7 or pKa = 7.8 for the Y377A or R344A mutants.
Furthermore, the equations used to fit these data differed from the wild type enzyme,
which was fit to an equation describing two nonresolvable acidic and basic groups,
as was the GlmU K362A kcat/Km, Ac-CoA pH-rate profile. An equation describing one
acidic and two nonresolvable basic groups was the best fit for the GlmU R344A
kcat/Km, Ac-CoA pH-rate profile, while an equation describing one acidic group fit the
Y377A data optimally. These differences are difficult to reconcile, as the mutations
do not remove groups that can be directly attributed to the acid dissociation constants
identified. However, the mutations may affect local acetyltransferase active site
conditions and modulate the determined pKa values, all of which are within the
reported range of pKa values for His residues449.
The GlmU kcat, Ac-CoA and kcat,

GlcN-1P

pH-rate profiles for R344A, K362A and Y377A

are divergent from the wild type kcat profiles, as a decrease in kcat under basic
conditions is not observed. These data suggest that either one or a combination of
these residues are responsible for the basic groups, which are determined to have
pKa values in the range of 9.2 to 9.6, observed in the wild type GlmU kcat pH-rate
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profiles. The dissociation constants for the acidic groups observed in the kcat, Ac-CoA
and kcat,

GlcN-1P

pH-rate profiles for R344A and K362A differ by between 1.3 to 1.1

pKa log units, respectively. The pKa values determined for GlmU R344A and K362A
kcat, GlcN-1P (pKa = 8.4 and pKa = 8.2, respectively) are comparable to the pKa values
determined for Y377A from both kcat pH-rate profiles.

These pKa values are

comparable to the pKa values previously determined for GlcN-1P using 1H NMR
spectroscopy.
Notably, the magnitude in kcat differs for the pH-rate profiles for each SDM mutant
from wild type GlmU, with a 10-fold reduction observed for GlmU Y377A. There is a
difference between the kcat of GlmU R344A and K362A from the two pH-rate profiles,
which is indicative of the inability to fully saturate with GlcN-1P when titrating Ac-CoA.
The kcat, GlcN-1P pH-rate profiles demonstrate that the kcat values for both GlmU R344A
and K362A are likely to be the same as the wild type enzyme. These kcat variations
demonstrate that the mutation of Tyr377 to Ala has a deleterious effect on the rate
of GlmU acetyl transfer by 10-fold, while the mutations of R344A and K362A do not
alter the magnitude of catalysis.
Further SDM studies could be carried out to further understand the ionisable groups
identified in the pH-rate profiles, in addition to exploring the amino acids identified
from the structural biology studies. The Tyr398 residue, which is found on the mobile
loop that changes conformation upon Ac-CoA binding would be a candidate for
further study, as would Glu370, the residue that has been shown to interact with the
imidazole side chain of His374. The two residues that have been speculated to form
the active site oxyanion hole, Ser416 and Ala434, would be additional candidates for
SDM studies, as would the two-substrate interacting residues, Asn388 and Asn397.
In addition to further SDM studies to investigate more GlmU acetyltransferase active
site residues, an alternative mutagenesis strategy could be taken to the one
employed for this project.

The strategy taken here was to mutate single

acetyltransferase active site residues to Ala, which in some cases, for instance with
His374, is not a conservative change. A conservative mutation is typically an amino
acid replacement in a protein that changes a given amino acid to a different amino
acid with similar biochemical properties. An alternative SDM strategy that could be
explored is to make more conservative mutations, for instance, mutating Tyr377 or
Tyr398 to Phe. In addition, the strategy taken for this project was to mutate one
residue at a time to attribute specific functions to the amino acid of interest, such as
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involvement in catalysis. The single residue SDM approach could be expanded to
change two amino acids at a time, which would provide further information about the
interplay between groups in the acetyltransferase active site. A combination of a
conservative SDM approach, along with changing more than one residue at a time,
may help to further elucidate the residues in the acetyltransferase active site involved
in substrate recognition, binding and catalysis.
To assess the contribution of solvent derived protons to the rate-limiting steps of the
acetyl transfer catalysed by GlmU solvent kinetic isotope effect studies (SKIEs) were
utilised.

SKIE studies involve the titration of one substrate in the presence of

saturating concentrations of all others, in either 100% H2O or D2O, which are
subsequently used as comparators to determine the effect of replacing the H atom
with a D atom450. Prior to proceeding with SKIE experiments, it is important to ensure
that the effects observed are not due to the higher solvent viscosity associated with
the use of D2O, when compared to the viscosity of H2O. In the case of GlmU
acetyltransferase activity, the addition of 9% glycerol to the H2O conditions, which
acts as a viscogen to mimic the viscosity of 100% D2O, had only small effects on
V/KGlcN-1P451.
SKIEs effects on the V profiles encompass all steps from GlmU:Ac-CoA:GlcN-1P
and includes all steps up to and including the release of GlcNAc-1P and CoA-SH
and the subsequent regeneration of the free enzyme. SKIEs effect on the V/K
profiles report on all steps from free GlmU until the first irreversible step (usually
assumed to be the chemical step).
These SKIE studies identified highly reproducible SKIEs of 1.6 on both VGlcN-1P and
VAc-CoA, while a small SKIE of 1.34 on V/KAc-CoA, was determined. Additional studies
were carried out to ascertain the number of protons involved in the chemical step
evident in the solvent isotope effects, which are known as proton inventory studies452.
The data from these experiments were linear, which is indicative of a single proton
in flight in the rate-determining step of the reaction, which is likely the origin of the
observable SKIE on V.
The chemical step that is partially rate-limiting for acetyl transfer and that is observed
during these SKIE studies is likely a solvent-sensitive step, such as the deprotonation
of GlcN-1P. The similar magnitude of the SKIEs on V obtained by varying either
substrate,

at

saturating concentration of

the co-substrate indicates

that

deprotonation of GlcN-1P by a general base, likely His374, is partially rate-limiting.
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This is likely not a simple single isotope effect, as deprotonation of GlcN-1P the
deuterated amine will be a combination of the primary isotope effect of the proton
being attracted by the His374 imidazole, in addition to the contribution of the other
two alpha deuterons, that remain in the amine. Proton inventory experiments, on
D2OV

indicates that a single proton is in flight during the transition state. In contrast,

this isotope effect could be originated in subsequent steps leading to formation of
free enzyme.
The small SKIE observed on V/KAc-CoA and the lack of an effect on V/KGlcN-1P indicate
that D2O has little effect on the formation of the ternary complex and on chemistry.
Together, these small SKIEs indicate that steps other than chemistry are likely ratelimiting for GlmU-catalysed acetyl transfer, particularly under V/K conditions.

6.3 Acetyltransferase inhibitor identification
Novel inhibitor identification of the GlmU acetyltransferase activity was carried out to
provide chemical tools to chemically validate the essentiality of the enzyme function
in vivo in addition to potentially providing unique starting points for future drug
development projects. Furthermore, these inhibitor identification studies will enable
a thorough, independent assessment of the chemical tractability of the GlmU
acetyltransferase active site, which will provide confidence for future drug discovery
efforts. Finally, these studies will provide a comparative dataset to the published
GlmU acetyltransferase activity inhibitor identification studies, for both M.
tuberculosis and orthologues (see Section 1.4.5).
Prior to commencing small molecule screening of the GlmU acetyltransferase activity,
it was necessary to configure several assays to be used to identify and confirm novel
inhibitors. The primary assay used for initial screening of all small molecule was the
DTP thiol detection absorbance assay, however, further optimisation experiments
were required to validate its use. These experiments involved ensuring that the
appropriate concentrations of both substrates were utilised, optimisation of the DTP
concentration and determination of the linearity of GlmU catalysed acetyl transfer
activity.

The combination of the concentration of reagents used in the

acetyltransferase activity DTP absorbance assay, were critical. It was necessary to
achieve a signal window of sufficient magnitude to enable determination of a Z’ factor
value that was in excess of 0.4453, while still maintaining an assay sensitive to
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inhibition and ensuring that the turnover of Ac-CoA does not exceed 50%. The
validation experiments confirmed the optimal conditions for the DTP thiol detection
absorbance assay, which were the use of 200 µM Ac-CoA and GlcN-1P, 400 µM
DTP. The concentration of GlmU selected for use during small molecule screening
studies, was 5 nM, which gave a linear response for a sufficient time to achieve good
assay signal window, prior to turnover of 50% Ac-CoA.
The GlmU acetyltransferase activity DTP absorbance assay was evaluated for single
concentration small molecule hit identification by screening two GSK compound
training collections, known as the Robustness and Nuisance sets. These sets are
typically used to assess how prone the test assay is to random and known false
positive compounds, respectively.

The Robustness set is comprised of 1408

compounds that were selected to be representative of the compound diversity found
in the GSK HTS collection, which consists of 1.7 million compounds. Typically, at
GSK, an assay configured utilising a recombinant, purified protein, would be
expected to identify up to 2% of the HTS compound collection as potential hit
compounds. This 2% hit rate equates to 34,000 compounds, which would, typically,
be first clustered and assessed by computational chemistry tools prior to selecting
20,000 or less compounds (this number is limited by process limitations) for further
hit confirmation screening454.

The Robustness set is used as an early assay

development test to ensure that the test assay hit rate is not likely to exceed 2%,
which would be 14 hit compounds. If the Robustness set hit rate exceeds 2% then,
typically, further assay development experiments are initiated, such as buffer and
reagent optimisation. Indeed, published studies have shown that the confirmed hit
rate, defined as compounds that inhibit the target of interest in at least two orthogonal
assays (typically a biophysical and cellular approach) from HTS projects is much
lower than 1%, as low as 0.01% to 0.14%455. Screening the GSK Robustness set in
the GlmU acetyltransferase activity DTP absorbance assay yielded a 1.5% hit rate,
which was 21 compounds.

These hit rate data confirmed that the GlmU

acetyltransferase activity assay was within the GSK hit identification criteria expected
for a purified, recombinant protein.
The GSK Nuisance set is an annotated collection of 1027 compounds comprised of
a diverse range of known assay interferences, which was compiled in response to
increasing knowledge of PAINS. Screening of the GlmU acetyltransferase activity
DTP absorbance assay against the Nuisance set yielded a hit rate of 22.1%, which
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is high when compared to the GSK recommendations. Typically, for an assay
utilising a purified, recombinant protein, a Nuisance set hit rate of between 7 to 15%
would be expected, based on GSK data since the inception of this test in 2010291.
Generally, further assay development, to reduce the hit rate, or use of an alternative
screening assay would be considered before further small molecule screening would
be attempted. However, the PAINS classifications of several the Nuisance set hits
can be explained, and would be expected, using a thiol detection methodology to
monitor the formation of CoA-SH. During a single concentration, diversity screen,
using the DTP absorbance assay, hits like the PAINS identified in the Nuisance
screen, would simply be excluded, or followed up with caution using a non-thiol
detection methodology.

Indeed, a recent publication documents the issues of

utilising a thiol detection assay methodology to monitor the histone acetyltransferase,
Rtt109456. The planned screening activities utilising the DTP absorbance assay are
limited in scale, when compared to screening the GSK, 1.7 million compound HTS
collection and the availability of alternative assays to confirm any hits, gave
confidence to proceed using the current methodology. Additionally, awareness of
the likely interference mechanisms that can afflict the absorbance assay will allow
prioritisation of any hits identified from screening the diversity and focussed sets and
exclusion of any PAINS inhibitors. The data generated with screening these training
sets validated the use of the DTP absorbance assay for further hit identification
studies, while also highlighting the likely PAINS that could be encountered.
The DTP absorbance assay was used to screen the GlmU acetyltransferase activity
against the 227 compounds GSK TB set, which is a collection of compounds that
have been shown to inhibit the growth of M. tuberculosis (this set was discussed in
Section 1.4.2.6).

The TB set was initially screened in duplicate at a single

concentration of 10 µM, which led to the identification of 20 compounds, a hit rate of
9.6%.

In parallel, the TB set compounds were screened, in duplicate, as

concentration titrations, from a high concentration of 100 µM, which subsequently
led to the identification of 39 hits, a hit rate of 17.2%. Reassuringly, a plot of the data
generated in the single concentration screen against the IC50 values, determined
from the dose response test occasions correlated, confirming that the same hit
compounds were identified on four test occasions (Figure 101 and Table 25). Further
testing of the GlmU acetyltransferase activity TB set hits from fresh preparations of
small molecules confirmed the most potent inhibitors and highlighted the value of
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using compounds from alternative sources. A complimentary approach to retesting
compounds from different sources, is to carry out a sub-structure search based on
the hit (using Tanimoto similarity457), and test related small molecules458. Testing of
three small molecules related to the most potent TB set hit (by a Tanimoto similarity
of between 0.93 – 0.96), confirmed that these compounds are all inhibitors of the
GlmU acetyltransferase activity, with a spread of potencies.

These initial data

demonstrate that there is potential SAR related to this series of compounds that
could be utilised to optimise a lead compound.
To confirm that the hit compounds identified by the primary screening approach, it is
pertinent that, in addition to retesting compounds from an alternative source (or reprepared stocks), the potential inhibitors are tested in at least one alternative assay.
Importantly, it is key to ensure that the confirmation assays utilise an alternative
methodology and, ideally, monitor either direct protein interaction of the test
compound or the levels of another reactant. The approaches employed to monitor
direct protein interaction of the test compound are biophysical assays, which are
typically either SPR, ligand-observed or protein-observed NMR, MST or DSF300. The
most potent GlmU acetyltransferase activity hit compound, and related small
molecules, were tested in two alternative assays, which were RF-MS, utilised to
monitor the concentrations of GlcN-1P and GlcNAc-1P, and DSF, employed to
observe the modulation of GlmU Tm. The secondary assays confirmed that the hits
were able to inhibit GlmU acetyltransferase activity, monitored by RF-MS, in addition
to stabilise the DSF observed GlmU Tm.
To further explore the chemical space around the initial potent TB set hit,
GSK920684A, related compounds (Tanimoto similarity > 0.8), were screened in the
GlmU acetyltransferase DTP absorbance assay. This additional screening identified
25 inhibitors that had pIC50 values greater than 4.95, and further confirmation testing
using MST, independently demonstrated that a subset of compounds were able to
bind GlmU.

MST was used to provide an alternative biophysical approach to

characterise compound binding, primarily to ensure that modulation of GlmU Tm
determined by DSF could be confirmed by measuring a different compound mediated
protein effect. This additional screening and confirmation data supplemented the
GSK920684A series dataset and provided further evidence that this series has
potential for further optimisation. Crucially, for this series to be considered for further
studies it was necessary to demonstrate that analogues of GSK920684A were
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inhibitors in vivo against M. tuberculosis. Inhibition studies were carried out using
GSK920684A and three close analogues (Tanimoto similarity between 0.93 – 0.96)
against M. tuberculosis H37Rv, which enabled the determination of MIC values for
all test compounds. GSK920684A was originally identified as an inhibitor of both M.
bovis BCG and M. tuberculosis H37Rv and these data demonstrate that it is possible
to conservatively modify the core chemical structure, while maintaining MIC values.
The GSK TB set was filtered to ensure that all 227 compounds, including
GSK920684A, in the final collection had drug-like physiochemical properties making
these small molecules attractive for future lead optimisation335,336.

These M.

tuberculosis inhibition data validate the GSK920684A and related compounds as
viable starting points for inhibitor optimisation, primarily to increase potency while
maintaining desirable drug-like physiochemical properties.

Furthermore, the

confirmation of the GSK920684A series as dual GlmU acetyltransferase activity and
M. tuberculosis inhibitors provides further evidence for the essentiality GlmU. To
facilitate further exploration of the GSK920684A series, future studies that could be
considered are mode of action experiments, such as substrate competition and
residence time studies, GlmU structural biology X-ray co-crystallography with
exemplar inhibitors, as well as metabolomic experiments to confirm that these hit
compounds inhibit UDP-GlcNAc biosynthesis in vivo.
A continuation of GlmU acetyltransferase activity inhibitor identification studies was
to screen additional single concentration small molecule collections, including the
3,000-compound focussed M. tuberculosis TB box (Figure 109) and the GSK
Validation set (Figure 112), which is larger, more predictive version of the
Robustness set. Screening of the aforementioned sets identified several novel
potential inhibitors of the GlmU acetyltransferase activity, which further validates the
chemical tractability of this active site. The TB box hits were screened in duplicate
in a concentration titration experiment, leading to the identification of hit compounds
with IC50 values less than 1 µM (Figure 111).

Initially, to better validate hit

compounds from these small molecule collections and confirm GlmU inhibition,
testing in orthogonal acetyltransferase activity and biophysical assays is required. In
the absence of any additional hit compound confirmation data, these screening
experiments serve to demonstrate that both the use of the DTP thiol absorbance
assay (in kinetic mode) and, more generally, the GlmU acetyltransferase activity are
viable and attractive propositions for chemical tool and drug discovery.
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As counterpart studies and to address some of the GlmU acetyltransferase literature
conjecture, screening experiments were carried out to validate small molecules from
the aforementioned reports.

The premise of these studies was to explore the

additional chemical space identified in these publications using the rigorous
screening strategies applied to the previously discussed hit identification
experiments. The ELT inhibitor identification approach taken by Machutta et al. at
GSK broadly explored the chemical tractability of several M. tuberculosis proteins310.
This study identified a limited number of GlmU-interacting compounds, which when
screened against the acetyltransferase activity in the DTP thiol absorbance assay
were shown to be inhibitors but of restrictive SAR. The ELT study identified GlmU
as poorly chemical tractable, which may be the case using this approach, however,
the results of screening experiments in this project and by other groups, such as AZ
and Pfizer (using orthologues of the M. tuberculosis enzyme), are contrary to this
classification.
Assessment of analogues of E. coli GlmU acetyltransferase inhibitors published by
AZ demonstrated that these small molecules were poor inhibitors of the M.
tuberculosis activity, perhaps highlighting the differences in the active sites between
the two orthologues. The screening of small molecules identified as S. aureus GlmU
acetyltransferase inhibitors was, surprisingly, much more successful, given that a
2007 publication by Payne et al. stated that hit identification studies with this enzyme
were unsuccessful348. The screening of 234 chemically related S. aureus GlmU
inhibitors against the M. tuberculosis enzyme identified 67% of these compounds
inhibited acetyltransferase activity with IC50 values of greater than 100 µM.
Exemplars for this chemical series had previously been shown to inhibit the growth
of S. aureus GlmU, in addition to several other bacteria, including E. coli, S.
pneumoniae and H. influenzae. Further studies are ongoing to validate whether the
same exemplars are M. tuberculosis inhibitors, confirmation of which, given the high
potency of some of these compounds, would provide an additional chemical series
to further investigate alongside the TB set derived GSK920684A series.
In addition to the screening of synthetically derived small molecules, an alternative
knowledge-based inhibitor design approach was explored. This early study involved
the derivatisation of GlcN-1P at the C-2 amine position, to develop a potent deadend inhibitor that would trap GlmU in a non-productive ternary complex.

This

approach was relatively successful, given that at the inception of the study, key
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mechanistic information, such as the order of substrate binding and the acetyl
transfer chemical mechanism, had yet to be elucidated. This mechanistic information
would have better informed the synthesis of GlcN-1P analogues as well as the
configuration of acetyltransferase activity assays to assess these compounds
(ensuring the correct order of substrate addition). The modification of GlcN-1P,
without further optimising active site contacts, was perhaps not an ideal starting point,
given the relatively high Km, GlcN-1P and weak Glc-1P IC50. Furthermore, derivatisation
of the GlcN-1P amine, given the proximity to both His374 and the Ac-CoA acetyl
group, was not an ideal strategy and would likely lead to steric clashes, given the
substrate binding order in the acetyltransferase active site.
The screening of the GlmU acetyltransferase activity to identify small molecule
inhibitors was successful, with two chemical series found. The GSK920684A series,
identified from screening the GSK TB set, have been confirmed as GlmU inhibitors
in several orthogonal assays. Exemplars of the GSK920684A series have been
shown to inhibit the growth of M. tuberculosis, which confirms the essentiality of the
GlmU acetyltransferase activity and UDP-GlcNAc biosynthesis.

6.4 Conclusions
The results of this project presented herein define three important facets of the kinetic
and chemical mechanisms of acetyl transfer by the LβH domain of GlmU (Scheme
12 and Scheme 13). First, the intersecting acetyltransferase initial velocity patterns
and product inhibition studies rule out a kinetic ping-pong mechanism and confirm
that the acetylation of GlcN-1P proceed by the initial formation of a ternary complex,
with Ac-CoA binding to GlmU first, followed by GlcN-1P prior to catalysis. Second,
the amine of GlcN-1P is likely to be in a protonated form when it binds to GlmU, and
subsequently the first essential step in the acetyl transfer reaction is the
deprotonation of this amine group by an active site general base. The side chain
imidazole of His374 is both optimally positioned and of the right pKa to be able to
deprotonate the positively charged amine from GlcN-1P. Mutation of His374 to an
Ala, demonstrated that in the absence of the imidazole side chain, acetyl transfer
only occurs when the GlcN-1P amine is in the deprotonated. There are many reports
of acetyltransferase active site histidine residues acting as general bases, in addition
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to catalysis proceeding by ternary complex mechanisms, some of which are detailed
in Table 4 and Section 1.2.3. Third, chemistry is likely to be partially rate-limiting as
both pH-rate studies and solvent kinetic isotope effects identified contributions of
critical substrate and enzyme groups. Proton inventory experiments identified that
one proton is in flight during the acetyl transfer reaction, the identity of which is likely
to be the proton abstracted by the imidazole side chain of His374 from the NH3+ of
GlcN-1P.
Additional key results from this project were that GlmU requires the presence of
divalent metal ions, which could either be Mg2+, Mn2+ or Ca2+ for optimal
acetyltransferase activity. The dependence of acetyltransferase activity on divalent
metal ions is concentration dependent and Kact values have been determined. The
requirement of LβH acyltransferases for optimal catalysis has been shown previously
for both E. coli GlmU and DapD104,209.
The first identification of CoA-SH product inhibition, as well as characterisation of the
novel dead-end inhibitors Bu-CoA and Glc-1P, enabled the use of inhibitor pattern
studies to confirm the order of the acetyltransferase activity steady-state sequential
mechanism. The first substrate likely to bind to the LβH domain of GlmU is Ac-CoA,
which is thought to elicit a conformational change of a mobile loop, that is stabilised
over the acetyl thioester of Ac-CoA forming a pocket to enable binding of GlcN-1P.
These observations were confirmed by structural biology studies that captured the
novel X-ray crystallography structure of the Glc-1P dead-end inhibited ternary
complex. After transfer of the acetyl group to GlcN-1P, GlcNAc-1P is thought to
dissociate first followed by CoA-SH. Further SDM pH-rate studies supported the
observations of the X-ray crystallography structural experiments, which identified
Arg344, Lys362 and Tyr377 as key residues for GlcN-1P binding.
The mechanistic features of GlmU acetyltransferase activity revealed by these
studies have proved to be invaluable for both synthetic and rational inhibitor
identification studies. Furthermore, these findings will provide useful basis for future
GlmU mechanistic and inhibitor identification studies that could be used to finalise
the essentiality of GlmU and UDP-GlcNAc biosynthesis for the optimal growth of M.
tuberculosis and subsequently the pathogenesis of TB.
The use of drug-like small molecule inhibitors of GlmU acetyltransferase activity to
explore the essentiality in vitro in M. tuberculosis, is now possible due to the
identification of at least two chemical series. The identification and confirmation of
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the GSK920684A series as novel inhibitors of GlmU acetyltransferase activity, was
followed by the determination of MIC values for exemplars of this series against M.
tuberculosis.

These

data initially demonstrate that

inhibitors

of

GlmU

acetyltransferase activity leads to inhibition of M. tuberculosis growth, confirming that
GlmU catalysed acetyl transfer to form GlcNAc-1P, is likely to be essential.
Furthermore, the chemical tractability of the acetyltransferase activity of GlmU has
been demonstrated by these screening experiments, which identified several diverse,
novel inhibitor starting points for future lead optimisation studies.
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