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Abstract

Over 400 million  people are  currently affected  by parasitic  worm infections.  While

seldom fatal,  the long-term consequences of helminthiases are significant and global

burden  is  estimated  at  22 million  disability  adjusted  life  years  per  annum.  Amid

growing concerns of zoonosis, treatment resistance and geographical expansion, there

has  been  a  call  for  the  development  of  novel  anti-parasitic  strategies.  To minimise

potential treatment side effects, common approaches target proteins that are essential for

parasite  survival  but  absent  from the host  genome.  One such target  is  the  essential

enzyme trehalose-6-phosphate  phosphatase  (TPP),  the  final  enzyme in  the  trehalose

biosynthesis pathway. TPP is essential for roundworm survival, a validated target for the

treatment of tuberculosis and also shows promise as a vaccine against the nematode

Brugia malayi, the causative agent of lymphatic filariasis. This work focuses on the TPP

enzymes of the parasitic nematodes Toxocara canis and Ancylostoma ceylanicum as the

centre of a target-based approach to identify novel TPP inhibitors with potential as early

drug discovery leads. 

Structure-based  sequence  analysis  of  the  TPP  enzymes  of  a  range  of  pathogens

supported  the  proposal  of  three  topological  groups  with  structural  differences  and

revealed species-specific variation in what is otherwise considered a highly conserved

enzyme family. To account for interspecies variation during downstream drug discovery

work,  the  TPPs  of  Mycobacterium  tuberculosis,  Stenotrophomonas  maltophilia and

Pseudomonas aeruginosa  were added to the study, forming a panel of nematode and

bacterial  TPPs.  Enzymatic  characterisation  of  these  enzymes  revealed  that  they  are

kinetically  suited  to  their  physiological  function  and  largely  employ  super-

stoichiometric burst kinetics, which suggests a role for conformational change during

catalysis. 

To identify  novel  scaffolds  for  TPP inhibition,  5,452  compounds  were  screened  as

potential TPP ligands. Of these, 222 compounds (4% selection rate) were selected and

tested for TPP inhibition in vitro. This work culminated in the identification of a series

of  novel  TPP  inhibitors  based  on  three  chemical  scaffolds,  with  low-micromolar

inhibition constants and structures amenable to further development. The specificity of

these compounds suggests that some may provide avenues for cross-species control of a
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range of parasitic diseases, while others may be leveraged to target only the nematode

enzymes. One compound was found to be a species-specific suicide inhibitor of the

nematode TPPs and has potential applications as a control or probe molecule in future

TPP assay development. Two additional compounds were found to inhibit TPP via a

mixed-type ‘competitive noncompetitive’ mechanism, which suggests the presence of

an additional binding site distal to the active site. Based on structure-activity analysis,

avenues for future rational design of TPP inhibitors are proposed and it is hoped that

this work will support the development of new treatments for parasitic disease.
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Chapter 1. Introduction

1.1 Parasitic disease

1.1.1 The impact of helminths

Over 400 million people are currently burdened by parasitic infections, which impose a

great  socio-economic  burden.  Developing  populations  in  tropical  and  subtropical

regions are currently the most affected (Pullan et  al.,  2014; De Rycker et  al.,  2018)

(Figure 1). However, recent studies linking climate change to the spread of infectious

diseases suggest that other regions may soon come under threat (Lindgren et al., 2012;

Gordon et al. 2016) as more areas become amenable to parasite transmission (Figure 1).

The causative  agents  of  infectious  parasitic  diseases  are  both uni-  and multicellular

organisms.  The  former  are  protozoa,  for  example  the  enteric  parasite  Giardia

intestinalis and  malaria-causing Plasmodium  species.  The  latter  are  metazoa  or

helminths, large multicellular ‘worms’ that are divided into three phyla: platyhelminths,

acenthocephalins  and  nematodes.  The  phylum  Nematoda includes  ascarids

(roundworms),  spirurids  (filarials),  strongyles  (hookworms),  oxurids  (pinworms),

rhabditids (threadworms) and trichocephalids (whipworms) (Sprat et al., 1991; Ashford

& Crewe, 2003; O’Donaghue & Pryor, 2016). The nature and consequences of infection

vary with different species, but most helminthiases are chronic and debilitating.  For

example, hookworms inhabit the intestine of the host and ingest large volumes of host

blood  (Diemert  et  al.,  2008),  leading to  gastrointestinal  disturbances  and potentially

severe iron-deficiency anaemia  (Crompton, 2000). Newborns, children and women of

child-bearing age form the highest-risk group and untreated infections may cause low

birth weight and reduced milk production in expectant mothers (Bundy et al., 1995). In

children, infection causes impaired physical and mental development (Dickson et al.,

2000), resulting in poor school attendance and decreased cognitive ability. Additionally,

helminth infection may moderate immune response, making the host more susceptible

to infection by bacteria and viruses (Ezenwa & Jolles, 2015). Thus, while seldom fatal,

the long-term consequences of hookworm disease are significant, and global burden has

been estimated at 22 million disability adjusted life years (DALYs) per annum (Bethony

1



Chapter 1. Introduction

et al., 2006; Brooker et al., 2004; GAHI: Global Atlas of Helminth Infections, 2016).

However, more recent work concluded that the combined economic and health impact

has  been underestimated  thus  far  (Bartsch  et  al.,  2016).  In  addition  to  humans  and

domestic animals, helminths also infect livestock and plants and thus, pose a threat to

global food security. At present, parasitic diseases in cattle and sheep impose a cost of

AU$ 1 billion per annum (Mcleod 1995; Van Voorhis et al. 2016).

2

Figure 1. Geographical distribution of intestinal worms: deaths and transmission

(A) Deaths  caused  by nematode infection.  Countries  are  sized  in  proportion  to  the
number of people who died from intestinal infections (roundworm 29%, whipworm
26%, hookworm 20% and others 20%) in 12 months. Image taken from WorldMapper
(https://worldmapper.org/). (B) Potential geographic expansion of parasitic nematodes
(soil-transmitted  helminths;  STHs).  Regions  with  climates  not  amenable  to
transmission and those with gross domestic product (GDP) > US$20,000 are excluded.
The map links areas in which transmission is likely due to infrastructure (irrigation
[blue]  and  urbanisation  [pink])  and  demonstrates  the  globally  significant  risk  of
helminth  transmission.  Figure  reproduced from Pullan  and Brooker  (2012)  under  a
Creative Commons Attribution licence.
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Human infection by the blood-feeding nematodes  Necator americanus,  Ancylostoma

duodenale and  Ancylostoma ceylanicum has been dubbed the second most important

parasitic infection of humans (Inpankaew et al., 2014; Speare et al., 2016; Traub, 2013)

and is a leading cause of protein malnutrition and anaemia in the developing world

(Crompton, 2000). Along with Toxocara canis, A. ceylanicum is of specific interest in

this  thesis. Both  species  are  primarily  parasites  of  dogs,  but  zoonosis  has  led  to

increases in human infection rates. Indeed, toxocariasis has been added to the Centers

for  Disease  Control’s  list  of  Neglected  Parasitic  Infections  for  prioritisation  (CDC

Centers  for  Disease  Control,  2016;  Holland  &  Hamilton,  2013;  Traub,  2013;

Inpankaew et al.,  2014; Speare et al.,  2016; Ma et al.,  2017) because it is the most

common parasitic infection associated with poverty in the United States  (Woodhall et

al.,  2014;  Hotez  & Wilkins,  2009) and has  been linked  to  blindness  and increased

susceptibility  to  allergies  (Pinelli  et  al.  2008;  Overgaauw  and  van  Knapen  2013).

A. ceylanicum has  primarily  been  used  as  an  experimental  model  for  roundworm

infection but initially received little clinical attention, because it had been dubbed ‘rare

and abnormal’ in humans (Chowdhury & Schad, 1972). It has since become prominent

in the Asia-Pacific region, India and northern Australia (Traub, 2013; Pa Pa Aung et al.

2016; Smout et al., 2017; O’Connell et al., 2018), and its recent detection in Western

Australia (Speare et al. 2016; Koehler et al. 2013) indicates that urgent control measures

are required to rapidly halt its spread.

1.1.2 Current antihelminthics and the development of resistance

While  nematode  infections  are  currently  largely  managed  through  drug  regimens,

improved access to health education and greater sanitation have the potential to generate

significant improvement, particularly in regions of low socio-economic status (Hotez,

2016;  Schulz  et  al.,  2018).  Some  at-risk  countries  have  utilised  preventative

chemotherapy  for  regular  treatment  of  vulnerable  groups  to  reduce  infection  rates

(World Health Organization, 2012; Montresor et al., 2017). However, regular treatment

of individuals in community-based settings where the full population is treated without

prior diagnosis has prompted regulators to question the risks in both economic and drug

resistance  contexts  (Andrews  et  al.,  2017).  Current  treatments  are  benzimidazoles

(albendazole,  ivermectin,  mebendazole)  or  macrocyclic  lactones  (moxidectin,
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ivermectin)  and,  where  available,  are mostly  effective  in  humans  (de  Silva,  2003;

Montresor et al., 2017), though some require extended treatment periods. For example,

ivermectin  involves  annual  dosing  for  up  to  five  years  to  treat  lymphatic  filariasis

because it is only active against microfilaria but does not affect adult worms (World

Health Organization, 2009, 2014, cited in Panic et al., 2014). 

In  contrast  to  humans,  resistance  in  livestock  parasites  is  substantial  following

continued  large-scale  treatments  of  growing  populations  in  closed  environments

(Kaplan, 2004; Wolstenholme et al., 2004; Gilleard, 2006; Zajac, 2006; Roeber et al.,

2013). It is of potential concern that infections in both animals and humans are treated

with many of the same compounds (e.g., ivermectin; de Silva, 2003), particularly amid

reports of zoonosis (see e.g., Traub, 2013). Further, the time between introduction of a

new  antihelminthic  and  the  development  of  resistance  appears  to  be  decreasing

(reviewed in James et al., 2009). For example, the first antihelminthic, phenothiazone,

was introduced in 1940 and resistance was not reported until 17 years later. In contrast,

the periods between introduction of and resistance to ivermectin (1981) and moxidectin

(1991) were 7 and 4 years,  respectively (Kaplan,  2004,  cited in  James et  al.,  2009;

Fuerden  et  al.,  2015).  Some  compounds  approved  for  veterinary  use  have  shown

potential  for  re-purposing  as  human  treatments  (reviewed  in  Panic  et  al.,  2014),

including oxantel pamoate (Crump & Ōmura, 2011), moxidectin (Awadzi et al., 2014),

and emodepside (DNDi, 2018; Moser et al., 2018); however, the slow progression of

zoonosis  (McCarthy  & Moore,  2000;  Robinson  & Dalton,  2009;  Thompson,  2015;

Gordon  et  al.,  2016)  calls  the  long-term  use  of  these  compounds  in  humans  into

question. 

Reports of resistance in humans (Reynoldson et al.,  1997; Geerts & Gryseels, 2000,

2001; Albonico et al., 2004; Schwab et al., 2005; Schulz et al., 2018), transmission of

parasites  to  new  regions  (Speare  et  al.,  2016;  Bradbury  et  al.,  2017) and  ongoing

concerns about treatment consistency (Humphries et al., 2016) and sustainability have

prompted calls (Crompton et al., 2003; World Health Organization, 2012, 2015; Kaplan

Vidyashankar, 2012; Kaminsky, 2013; Lo et al., 2016; Hotez, 2016) for a shift in focus

towards  proactive  and  pre-emptive  development  of  both  new  therapies  and

prophylactics. This is a pressing issue, particularly since only two new antihelminthics
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—tribendimidine (Xiao et al.,  2005) and amino-acetonitrile derivatives (Kaminsky et

al.,  2008)—have been discovered for human treatment in the past 30 years (Shalaby,

2013; Lo et al., 2016; Humphries et al., 2017).

1.2 Target-based drug discovery

In contrast  to organism-based drug screening approaches, where the entire pathogenic

organism is probed in phenotypic or survival assays (reviewed in Zheng et al., 2013),

protein-based strategies  have the clear advantage of providing insights into the

molecular mechanisms of chemical effectors. In  this  context, pathogen  proteins

identified as promising targets are appraised in the development of novel therapeutics,

which  includes  structural  characterisation  and  evaluation  of  protein  function  to

understand  their molecular mechanisms. The results from such an appraisal then

provide a starting point for informed structure-based drug design  (Schreiber,  2000).

Three principal methods currently exist for discovering novel effectors of these targets;

they vary in throughput,  cost and hit  rate and thus,  the approach taken is  generally

selected to balance these factors.

1.2.1 Structure-guided drug design

As the function of an enzyme is fundamentally linked to its structure, knowledge of the

structure can be leveraged in the design of potent inhibitors (reviewed in Anderson,

2003). A common starting point for such work is the natural substrate or binding partner

and  thus,  many  studies  have  successfully  developed  inhibitors  through  the  rational

modification and design of substrate analogues (Lounnas et al., 2013) for targets linked

to a range of diseases, including tuberculosis (Gutierrez-Lugo et al., 2009; Patel et al.,

2017), human immunodeficiency virus (Dreyer et al., 1989) and cancer (Bhattarai et al.,

2015; Zhang et  al.,  2015). Modifications made to the natural substrate are based on

high-resolution  protein  structures  obtained  through  X-ray  crystallography,  nuclear

magnetic resonance (NMR) or, more recently, cryo-electron microscopy (de Fonseca &

Morris, 2015). These can be used to map likely points of contact in a target’s binding

site  and  thus,  inform the  iterative  development  and refinement  of  inhibitors.  While

powerful in its ability to guide the mechanism of inhibition, successful structure-guided

drug design often requires the parallel efforts of both synthetic chemists and structural

5



Chapter 1. Introduction

biologists and does not facilitate the discovery of novel inhibitor scaffolds (Anderson,

2003).  Further,  rationally  designed  molecules  may  also  require  complex  synthetic

pathways, leading to delayed validation and incurring potentially significant costs. 

High-resolution  protein  structures  may also  be  used  in  drug discovery for  in  silico

screening of compound libraries through docking and molecular dynamics simulations

(Boeckler et al., 1998; Ekins et al., 2007; Zoete et al., 2009). While this approach is

limited in that it inevitably requires downstream experimental validation, it is useful for

the  identification  of  potential  leads  to  limit  the  number  of  compounds  selected  for

testing from large libraries (Sarnpitak et al., 2015; Ekins et al., 2007; Zoete et al., 2009).

Such leads can then be examined for inhibition in vitro and modified to improve their

activity.

1.2.2 Compound library screening

Arguably  the  most  successful  approach  for  the  identification  of  new  inhibitors—

particularly those with novel structures that differ from the natural substrate—is the

screening of compound libraries, either computationally or experimentally. Target-based

experimental  approaches  may  begin  by  seeking  ligands  before  examining  their

functional effects. Alternatively, if an assay with suitably high throughput is available, it

may be used to directly screen molecules for their effect on the function of the target

protein. As previous successful screening studies have demonstrated, identification of

suitable leads may often require the testing of 10,000–20,000 compounds and thus, the

potential time and resource costs must be considered (Preston & Gasser, 2017; Preston

et al., 2017).

The selection of appropriate libraries is also significant. Fragment-based drug discovery

involves the screening of smaller molecules (molecular mass < 300 Da; Congreve et al.,

2003; Rees et al., 2004) than typical compound libraries and aims to identify hits that

interact with different areas of the binding site,  without considering their  individual

potency. If multiple fragments can be found that interact with adjacent points in the

binding site, they may serve as a template for the synthesis of larger molecules having

the same spatial orientation of functional groups to facilitate binding. While fragment-

based  approaches  combine  both  the  high-throughput  of  screening  and  the  rational
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design of synthesis, they are dependent on the identification of suitable lead fragments

at appropriate locations in the target site. Given their smaller size, fragment ligands may

be more difficult to detect and thus, require a sensitive screening approach (Hadjuk &

Greer, 2007; Erlanson et al., 2016). 

In contrast to fragment-based approaches, screening libraries of larger (but still small)

molecules (molecular mass < 1,000 Da) is potentially amenable to a broader range of

detection methods. Given the massive breadth of chemical space (2.7 × 107  molecules

reported to date; Camp, 2018) and potentially limited resources available, the rise of

high-throughput  compound  screening  has  led  to  the  assembly  of  focused  libraries

designed to have a higher probability of hitting a particular target (Harris et al., 2011;

Spear  &  Brown,  2017).  Where  little  structural  or  ligand  information  is  available,

libraries are designed to sample a broad range of chemical space; in contrast, if a target

structure is known, then screening libraries can be assembled from compounds selected

according to their potential structural compatibility with the binding site on the protein

(Dandapani et al., 2012; Sheppard et al.,  2014). As such, a number of commercially

available  libraries  tend  to  target  proteins  that  are  subject  to  extensive  study  (e.g.,

kinases,  G protein-coupled  receptors,  proteases  and  receptors;  Gregori-Puigjane  &

Mestres, 2008). 

Increased  compound  screening  has  also  prompted  the  rise  of  open  drug  discovery,

whereby data are made available to researchers through collaboration and open-source

libraries (Årdal & Røttingen, 2012). This approach has furthered the early stages of the

drug  discovery  progress,  particularly  in  the  area  of  neglected  tropical  diseases

(including a number of parasitopathies; Duffy et al., 2017). Examples of such libraries

include  the  Malaria  Box  and  the  Pathogen  Box  (Medicines  for  Malaria  Initiative;

https://www.mmv.org/),  which  are  curated  collections  of  compounds  having  activity

against  the  causative  agents  of  malaria  and  various  neglected  tropical  diseases,

respectively, but with unknown mechanisms of action (Van Voorhuis et al., 2016). It is

hoped that the availability of these libraries will facilitate the elucidation of their targets

and further the development of treatments for these diseases. Indeed, screening of such

open libraries has identified compounds with activity against a number of additional

pathogens  (Duffy  et  al.,  2017)—including  the  nematode Haemonchus  contortus
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(Preston  et  al.,  2016)—and  has  highlighted  their  potential  activity  against  multiple

targets. Thus, a major factor in the screening of compound libraries is the nature of the

target itself and whether it is amenable to the chosen detection method.

1.2.3 Target selection for antiparasitic drug discovery

Given  the unprecedented wealth of genomic and transcriptomic sequence data now

publicly available for bacterial pathogens and parasitic worms, the choice of target is

fundamental. A promising avenue to identify novel drug targets involves a comparison

of pathogen and host genomes, with the aim of finding genes in the pathogen that are

distinct from the host (sometimes called subtractive genomics;  Barh  et  al.,  2011).

Ideally, such targets should be essential for the pathogen's  development  or survival.

Upon interference with, or interruption of, such targets, the viability and growth of the

pathogen should be substantially impaired and thus, ultimately lead to the clearance of

the pathogen from the host. Additionally, an ideal target protein in a pathogen should

not have an orthologue in the host, such that the possibility of 'cross-reactions' of a

specific chemotherapeutic with host proteins and pathways is reduced, helping to

minimise side effects (Schreiber, 2000) Thus, metabolic pathways found in pathogens

but absent from hosts hold great potential for new target discovery.

A 2005 review by Gupta et al. compared filarial nematode and human metabolism to

identify pathways that might provide targets for antifilarial drug discovery. Nucleotide,

lipid, amino acid, folate and carbohydrate metabolism were all analysed and, notably,

the trehalose biosynthesis pathway was highlighted as a possible target area.

1.3 Trehalose metabolism

The  non-reducing  disaccharide  trehalose  (mycose/tremalose)  is  essential  for  many

micro-organisms but is neither required, nor synthesised by mammalian cells. Trehalose

comprises two glucose units with an α,α-1,1-glycosidic bond (Figure 2). It occurs in a

wide range of species and is synthesised by bacteria, fungi, both lower and higher order

plants and various invertebrates—with  mammals  being  the  stand-out  exception.

Trehalose has arguably received the most study in plants and fungi, where it has roles in

development, abiotic stress tolerance, energy storage and the regulation of energy
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metabolism (Lunn et  al.,  2006).  Studies  of  plants  (reviewed in Schluepmann et  al.,

2012;  Delorge  et  al.,  2014)  have demonstrated that modification of trehalose

metabolism enables the engineering of crops with higher biomass content or increased

resistance to  abiotic stress.  This  is  likely due to  the ability of  trehalose to  stabilise

proteins and membranes under low-hydration conditions by either trapping or replacing

water molecules at the interaction interface or surrounding the macromolecules with a

vitreous trehalose matrix (Kaushik & Bhat, 2003; Lins et al., 2004; Erkut et al., 2012).

While the exact mechanism remains unclear, this property of trehalose gives it use in

many commercial products (Ohtake & Wang, 2011) and it is currently under ongoing

investigation as a therapeutic for treating protein misfolding disorders (Casarejos et al.,

2011), including Huntington's Disease (Ravikumar et al., 2004; Tanaka et al., 2004) and

amyotrophic lateral sclerosis (Ohtake &Wang, 2011).

In nematodes, trehalose is important for embryonic development, larval metabolism and

hatching (reviewed in Behm, 1997). It confers resistance to anhydrobiosis (Browne &

Abbott,  2016),  cryoprotection  (Ash  &  Atkinson,  1983)  and  potentially  also

thermotolerance (Behm, 1997) and plays a significant role in carbohydrate metabolism.

As in insects, trehalose is the primary blood sugar of nematodes (Feist et al., 1965).

Unlike glycogen, it is osmotically active and sequestration of glucose in cells in the

form of trehalose has been proposed to produce a positive gradient for glucose uptake

and regulation of glycolysis (Thevelein & Hohmann, 1995). 

Trehalose can be synthesised  in vivo via five different pathways (Figure  2). The only

conserved pathway among plants, fungi and invertebrates was first described for yeast

(Cabib & Leloir, 1958). It is regulated by the enzyme trehalose-6-phosphate synthase

(TPS; E.C.  2.4.1.245) which catalyses  the formation of  trehalose-6-phosphate (T6P)

from UDP-glucose  and glucose-6-phosphate  (Figure  2).  The phospho group is  then

removed by trehalose-6-phosphate phosphatase (TPP; E.C. 3.1.3.12) to yield trehalose

(Lapp et al., 1971; Matula et al., 1971). Knockdown of either the TPS genes (tps-1,

tps-2) or the TPP gene (gob-1) in the free-living roundworm  Caenorhabditis elegans

showed that it is an accumulation of the T6P intermediate rather than the absence of

trehalose that produces a lethal phenotype (Kormish & McGhee, 2005). This is likely

due to the functions of T6P in signalling and regulation. 
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T6P plays  a  role  in  the  regulation  of  energy  storage.  In  plants,  there  is  a  strong

correlation between T6P and sucrose levels. A corresponding homeostatic mechanism

has been proposed for the regulation of sucrose via T6P signalling, which affects growth

and development (Yadav et al., 2014). This can also be influenced by T6P inhibition of

sucrose-non-fermenting-1-related protein kinase (SnRK1) (Y. Zhang et al., 2009; Nunes

et  al.,  2013).  T6P can inhibit  gluconeogenesis  (Deroover  et  al.,  2016) and also halt

glycolysis by inhibiting hexokinase (Blázquez et al.,  1993). Additionally, it regulates

starch synthesis by activating ADP-glucose pyrophosphorylase (Kolbe et al., 2005).

Trehalose is hydrolysed by the aptly-named trehalase (E.C. 3.2.1.28). Like its substrate,

trehalase is widespread, with diverse functions including spore germination in fungi

(Nwaka & Holzer 1998; Elbein et al., 2003) and energy provision during insect flight

(Sacktor, 1955). Interestingly, in mammals, including humans, the protein is expressed

in the kidneys and intestines (Sacktor, 1968).
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Figure 2. Trehalose biosynthesis pathways

The five biosynthetic routes producing trehalose have been mapped in different species
(Cabib & Leloir, 1958; Nishimoto et al., 1996; Wannet et al., 1998; Streeter & Bhagwat,
1999; Qu et al., 2004). Enzymes are shown in purple.
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1.4 Trehalose-6-phosphate phosphatase

The prevalence of the TPS/TPP biosynthetic pathway and its absence from vertebrates

makes it an attractive source of potentially druggable targets, as drug cross-reactivity is

unlikely when the host organism does not have an orthologous protein. As mentioned in

Section 1.3, knockdown of TPP leads to a toxic accumulation of T6P and death of the

nematode. As it is both absent from mammals and essential for nematode survival, TPP

is an ideal therapeutic target. In fungi, it functions as part of a cooperative multi-enzyme

complex with TPS and the two regulatory proteins TPS3 and TSL1 (Bell et al., 1992;

De Virgilio  et  al.,  1993;  Reinders  et  al.,  1997).  In  contrast,  both TPS and  TPP are

functional  as  mono-enzymes  in  Escherichia  coli,  though  the  expression  of  their

corresponding  genes  (otsA  and  otsB)  from  a  single  operon  suggests  that  their

function―and  indeed  the  production  of  T6P―remains  tightly  regulated  (Hengge-

Aronis et al., 1991; McDougall et al., 1993; Strom & Kaasen 1993; Klutts et al. 2003) 

1.4.1 The haloacid dehalogenase phosphatase family

TPP is  a  member  of  the  haloacid  dehalogenase  (HAD)  family  of  phosphatases

(reviewed in Allen & Dunaway-Mariano, 2009) The HAD domain constitutes 20% of

all human phosphatase domains and catalyses dephosphorylation of an extensive range

of substrates. In 2009, unique HAD phosphatase sequences numbered more than 19,000

(Allen  &  Dunaway-Mariano,  2009)  and  there  is  a  correspondingly  high  variation

between  sequences.  Nevertheless,  HAD  family  members  are  linked  by  a  common

chemistry that is facilitated by highly conserved active site residues positioned within a

Rossmann-like fold known as  the 'core domain'.  In  some family members,  the core

domain sequence contains an inserted 'cap' domain, which may enclose the active site

upon substrate binding (Seifried et al., 2012). Cap domains are linked to diversification

within the family,  and can be divided into three classes  (C0,  C1 and C2) based on

structure and insertion position. In all HAD proteins, the core (and, where present, cap)

domains  are  considered  sufficient  to  achieve  dephosphorylation  and  any  additional

domains are linked to functional diversity (Burroughs et al., 2006). 

HAD phosphatases are magnesium-dependent and share a common catalytic mechanism

(Figure  3) that  involves  nucleophilic  attack by an aspartate  residue,  resulting in  the
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formation  of  a  phospho-aspartyl  intermediate.  This  is  then  hydrolysed  by  a  water

molecule  in  a  second  step,  releasing  phosphate  and  regenerating  the  catalytic

nucleophile (Seifried et al., 2012). The residues involved are conserved across the HAD

family and can be found dispersed across four sequence ‘motifs’. Motif I consists of two

catalytic aspartate residues (DXD), which coordinate the magnesium ion. According to

the  existing  literature,  one  of  the  two,  generally  the  first,  acts  as  the  attacking

nucleophile  (Burroughs  et  al.,  2006).  ‘Motifs’ II  and  III  correspond  to  a  serine  or

threonine and a lysine residue, respectively, and are proposed to stabilise the reaction

intermediate (Burroughs et al., 2006; Lu et al., 2008). Finally, motif IV comprises two

further aspartate residues in the form DD, GDXXXD or GDXXXXD. Structurally, both

are positioned proximal to the aspartate residues of motif I and contribute to magnesium

binding (Burroughs et al., 2006; Lahiri et al., 2003). The magnesium ion is essential for

positioning  and  stabilisation  of  the  phosphate  group,  as  well  as  mitigation  of  the

transition  state  charge  (Allen  &  Dunaway-Mariano  2009;  Seifried  et  al.,  2012).

Substrate specificity is attributed to a separate set of residues outside of the HAD motifs

and to  changes  in  the structure of  the binding cleft  that  make it  uniquely suited to

binding the 'scaffold' of the substrate from which the phosphate is removed (Lu et al.,

2005).
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1.4.2 Structure of Brugia malayi TPP

The structures of six  TPP enzymes from different species have been experimentally

determined; they include the  TPPs from the bacteria  Thermoplasma acidophilum and

Mycobacterium tuberculosis,  the fungi Cryptococcus  neoformans,  Candida albicans

and  Aspergillus fumigatis and  a single nematode,  the filarial  parasite  Brugia malayi

(Rao et al., 2006; Farelli et al., 2014; Miao et al., 2016; Shan et al., 2016). All of the

structures are characteristic of a HAD phosphatase and comprise a core domain with the

repeating α/β sandwich of a Rossmann fold (Figure 8) and an α/β C2-type cap domain

insertion. Bmal-TPP is unusual in that the protein has an additional 3-helix bundle at the

N-terminus, a Microtubule Interacting and Transport (or MIT-like) domain joined to the

core  via  a  helical  linker  (Farelli  et  al.,  2014).  The  MIT-like  and  core  domains  are

structurally interdependent and removal of the MIT-like domain destabilises the protein

14

Figure 3. General catalytic mechanism of HAD phosphatases

Catalysis follows a two-step mechanism involving nucleophilic attack by an aspartate
residue  and  formation  of  a  phospho-aspartyl  intermediate  that  is  subsequently
hydrolysed by a water molecule. Figure adapted from Cross et al. (2017).
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significantly. Beyond its structural role, the MIT-like domain is proposed to be involved

in protein-protein interactions, but this remains as-yet unconfirmed.

Based  on  a  comparison  of  the  crystal  structures  of  TPP from  T.  acidophilum and

B. malayi, it has been suggested that the cap domain of Bmal-TPP rotates towards the

HAD core and encapsulates the substrate, as is common in HAD phosphatases (Allen &

Dunaway-Mariano, 2009; Farelli et al., 2014). Such a rotation has not been observed for

Mtub-TPP (Shan  et  al.,  2016)  and,  since  not  all  HAD family  proteins  require  cap

closure, the necessity of this change is unclear and may vary in different species as a

result of sequence variation between cap domains.
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Figure 4. Structure of apo-Bmal-TPP

Cartoon representation of the B. malayi TPP (PDB entry 4ofz). The MIT-like domain is
coloured dark blue, the helical linker, light blue, the HAD core, magenta, and the cap,
olive; the catalytic magnesium ion (green) is located in the active site at the interface of
the Rossmann fold core and cap domains. Figure prepared with PyMOL (Delano, 2002).
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1.4.3 TPP-based drug discovery

Recent efforts to develop synthetic inhibitors of TPP have focused on analogues of the

natural substrate. This work is challenging due to the multiple hydroxyl groups present

in trehalose, which require careful protection and deprotection during modification of

the scaffold. An alternative strategy employed by Liu et al. (2017) was the replacement

of  the  carbohydrate  moiety with  a  phenyl  group to enable  a  flexible  approach that

allows more varied and simpler synthetic alterations. The most common strategy for

analogue design has been the replacement of the 6-phosphate group with a noncleavable

phosphate mimic and multiple groups have been tested, including sulfate (Farellii et al.,

2014), metavanadate, boronate, phosphonate and tungstate (Liu et al., 2017). Thus far,

the D-glucopyranoside-6-sulphate derivative produced by Liu and colleagues (2017) has

shown the greatest activity, with an inhibition constant of ~50 μM against TPP from the

nematode  Ascaris  suum.  While  this  result  is  encouraging  for  the  development  of

substrate  analogues,  the  relatively  high  inhibition  constant  indicates  that  these

compounds would require significant improvement if they were to be developed into

leads for drug discovery. Thus, efforts towards the identification of novel TPP inhibitors

continue.

As discussed previously,  A. ceylanicum and  T. canis  pose a growing threat to human

health. The genomes of both parasites were published by a collaborating group (Ranjit

et  al.,  2006;  Zhu  et  al.  2015) and,  pending  publication,  their  TPP sequences  were

exclusively available for the current study. Given the omnipresence of TPP enzymes

across non-vertebrate species and the conservation of the HAD phosphatase core, it is

hoped that identifying lead molecules to inhibit the TPPs of A. ceylanicum and T. canis

will facilitate drug discovery for TPPs in other important pathogens.

1.4.4 TPP as a vaccine target in pathogenic nematodes

While TPP is under study as a vaccine antigen against  M. tuberculosis (Zhang et al.,

2007), recent research has also targeted TPP in the context of lymphatic filariasis, where

silencing of the tpp gene in B. malayi resulted in ~85% reduction of worm

establishment in jirds (Kushwaha  et  al.,  2012a).  Vaccination  of  mice  with  the

recombinant protein was also shown to provide protection against multiple life stages of
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the parasite (Kushwaha et al., 2012b, 2013). This is a particularly encouraging result

(Flemming, 2015) and has prompted investigation of other B. malayi proteins (see e.g.,

Sahoo et al.,  2009; Arumugam et al.,  2016; reviewed in Kalyanasundaram, 2018) as

recombinant vaccine antigens. In addition, the TPP enzymes of other nematode species

represent potential avenues for investigation and thus, it is postulated that the T. canis

TPP may be similarly effective for conferring protection against  infection and may,

therefore, have potential for development into a vaccine.  In combination with the fact

that TPP is both absent from mammals and essential for nematode survival, the results

obtained in  murine  immunisation  studies  against  B. malayi (Kushwaha et  al.,  2013)

validate the use of TPP as a therapeutic target for antihelminthics.

In summary, TPP is an attractive target because it shows promise in multiple therapeutic

approaches, including prophylaxis: it can serve as both a drug target for ‘traditional’

ligand-based drug discovery approaches and a potential vaccine antigen and thus, holds

great potential for the development of novel anti-parasitic treatments.

1.5 Project motivation and aims

Given that trehalose-6-phosphate phosphatase is  a validated drug target,  the primary

goal  of this  study was to  identify lead molecules  for drug discovery using the TPP

enzymes  from  A. ceylanicum and  T. canis.  Secondary  was  the  generation  of  a

knowledge  base  of  TPP structure  and  function  in  pathologically-relevant  species  to

establish this system for further work in the Hofmann Laboratory. Thus, a number of

aims were established to guide the research. These included:

1. Survey TPP sequences from pathogenic organisms available in public databases

to determine the conservation of TPP in species of socio-economic importance

2. Express,  purify  and  characterise  active  recombinant  TPP enzymes  from the

species of interest

3. Screen purified  TPP enzymes  against  compound libraries  using  thermal-shift

assays to identify ligand leads

4. Test the lead compounds identified for inhibitory activity in a phosphatase assay

5. Examine the likely mechanism of TPP inhibition using liganded TPP co-crystal
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structures and/or enzyme kinetics.

Given previous studies demonstrating the potential of Bmal-TPP as a vaccine candidate

(Kuaswaha et al., 2012, 2013), an ancillary aim of this study was to test the vaccine

potential of the nematode TPPs. Fortunately, a collaboration was established with the

laboratory of Dr Ewa Długosz at the Warsaw University of Life Sciences, Poland, for

this purpose.
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1.6 Thesis structure

Although  the  original  design  of  the  experimental  component  of  this  project  was

relatively linear (protein production → compound screening → inhibition testing → co-

crystallisation), it expanded beyond the original scope as it progressed. While the study

began with a focus on the TPP enzymes of two parasitic nematodes, the additional data

generated  from  structure-based  sequence  alignments  prompted  the  inclusion  of

additional TPP enzymes from bacteria.  Challenges encountered in crystallising these

enzymes also required the use of enzyme kinetics to elucidate the potential inhibition

mechanisms of the compounds identified. Thus, a map of the study has been generated

to provide an overview of the research and to link each stage to a chapter in the thesis

for easy reference (Figure 5).

19

Figure 5. Progression of experiments and corresponding chapters in the thesis

The initial aim of the work mapped here was to identify compounds that inhibit TPP
enzymes from parasitic nematodes. Additional information gained during the literature
review and a structure-based amino acid sequence alignment led to molecular dynamics
simulations and the inclusion of bacterial  TPP enzymes.  Compounds identified from
screening were tested against the panel of TPPs  assembled in the course of this work
and their inhibition mechanisms were characterised using enzyme kinetics.



Chapter 2. Materials and Methods

This  chapter  describes  the  fundamental  materials  and  methods  used  throughout  the

entire PhD project. To avoid repetition, specific details of methods used in individual

studies that have been published are given in the papers included in chapters 3–7.

2.1 Materials

Escherichia  coli  BL21-AI  cells  were  purchased  from  Genesearch  (Arundel,  QLD,

Australia).  BIOMOL Green  reagent  was  purchased  from Enzo  Life  Sciences  (New

York, USA). The EnzCheck Phosphate Assay Kit  was obtained from Thermo Fisher

Scientific  (Seventeen  Mile  Rocks,  QLD,  Australia).  SYPRO  Orange  and  96-well

COSTAR  assay  plates  were  purchased  from  Sigma  Aldrich  (Castle  Hill,  NSW,

Australia).  Compounds  for  screening  were  obtained  from  collaborators  and  from

Compounds  Australia  (Griffith  Institute  for  Drug  Discovery,  Griffith  University,

Australia). LC480 96-well plates for DSF were purchased from Roche (Sydney, NSW,

Australia). Trehalose-6-phosphate was synthesised by Romain Lepage and Siji Rajan

(Griffith University, Australia) and purchased from Sigma Aldrich (Castle Hill, NSW,

Australia) and Santa Cruz Biotechnology (Santa Cruz, CA, USA). A ToxinEraserTM kit

was obtained from GenScript  (Piscataway,  NJ,  USA). In addition,  all  plasmid DNA

constructs were purchased from GenScript, with the exception of the TEV expression

plasmid, which was a kind gift from Opher Gileadi (Nuffield Department of Medicine,

University of Oxford).  A Limulus Amobocyte Lysate (LAL)  QCL-1000TM endotoxin

quantification kit was supplied by Lonza (Mount Waverley, VIC, Australia). All other

chemicals were standard,  obtained from Sigma Aldrich (Castle Hill,  NSW, Australia)

and Merck (VIC, Australia), and of analytical grade unless otherwise specified. 

2.2 Methods

2.2.1 Molecular biology and plasmid design

Codon-optimised  expression  constructs  of  the  TPP  genes  from  B.  malayi

(gb:XM_001893174.1),  A.  ceylanicum (gb:  EYC23728),  T.  canis (gb:KHN76157),
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M. tuberculosis (gb:WP_024470859),  P. aeruginosa (gb:NZ_JTMO01000001;

chromosomal TPP; [Paer-chTPP] and gb:KC543497.1; extra-chromosomal TPP; [Paer-

ecTPP]) and S. maltophilia (gb:CVWF01000443.1) were designed and purchased from

GenScript (USA), who ligated each into the p11 vector (obtained from The Biodesign

Institute,  Arizona State  University,  USA) via  NdeI and  BamHI restriction sites.  The

resulting  expression  protein  constructs  had  an  N-terminal  fusion  peptide

(MGSSH6SSGRENLYFQGH)  consisting  of  a  hexa-histidine  tag  and  a  tobacco  etch

virus (TEV) cleavage site. The aspartate mutants (BmalTPP-D213N, BmalTPP-D215N,

BmalTPP-D424N,  BmalTPP-D428N,  AceyTPP-D158N and  AceyTPP-D370N) and the

cysteine  mutant  (Tcan-TPP-C215S)  were  generated  by  GenScript  by  site-directed

mutagenesis. 

2.2.2 TPP protein expression

TPP proteins were expressed in either E. coli BL21(DE3) or BL21-AI cells, depending

on availability. This latter strain is engineered with a T7 RNA polymerase under the

control of the araBAD promoter, which allows additional control over expression of the

target protein because arabinose is required to activate expression of the T7 polymerase.

For both strains, competent cells were transformed with TPP expression constructs by

heat shock. While the exact mechanism of heat shock is unknown, the current belief is

that  the  increased  temperature  stresses  the  cells,  creating  micropores  in  the  cell

membrane for plasmid uptake (Panja, 2008). For transformation, a 40 μl aliquot of cells

was incubated on ice with ~100 ng of plasmid DNA for 30 min. The cells were then

transferred to a 42 ºC heating block for 45 s and returned to ice for a further 2 min.

Thereafter,  900 μl  of  LB+  broth  (Hofmann,  2018)  was  added  and  the  cells  were

incubated for 1 hour at 37ºC for recovery. The cells were then grown overnight at 37 ºC

on LB+ agar containing 50 μg ml-1 ampicillin for selection. A single colony was picked

and grown overnight in 500 ml LB+ medium with 50 μg ml-1 ampicillin. This culture

was used to  seed a  production culture  of  8 l  spread  across  seven 2 l  culture flasks.

Cultures  were grown in a  shaker  incubator  at  37 °C for  ~3.5 hours,  until  the  OD600

reached ~1.0. The temperature was then lowered to 20 °C and protein expression was

induced with 0.2% arabinose and 0.1 mM IPTG. Incubation at 20 °C was continued for

48 hours. Cells were harvested by centrifugation for 30 min at 3,000 rpm (~1,350 ×g) at

21



Chapter 2. Materials and Methods

4 °C and resuspended in a buffer containing 100 mM NaCl, 1 mM EDTA, 20 mM TRIS

(pH 8.0),  0.1% Triton  X-100,  1 mM  phenylmethanesulfonyl  fluoride  and  5 mM

benzamidinium chloride, and stored at –20 °C. 

2.2.3 Protein purification by anion-exchange and affinity chromatography

Frozen cell suspensions were lysed by three freeze-thaw cycles, followed by sonication

on ice for 4 min with 1 s pulses at 80% power (Omni Sonic Ruptor 250 with OR-T-375

probe). Cell debris was removed by high-speed centrifugation (20,000 rpm; 38,000 ×g)

for 30 min at 4 °C. 

The resulting supernatant was diluted three-fold with equilibration buffer (20 mM TRIS,

pH 8.0) and loaded onto a pre-equilibrated QA52 anion exchange column (Whatman,

Kent, UK). The resin was washed with 10 column volumes of equilibration buffer and

protein was eluted using a NaCl gradient (0–1 M NaCl, 20 mM TRIS, pH 8.0) across

300 ml,  collected  in  10 ml  fractions.  Fractions  were  assessed  by  SDS-PAGE  (see

Section 2.2.4) and those containing the target protein were pooled.  These were then

loaded onto  a  column of  Ni2+-nitrilotriacetic  acid  resin  (Ni-NTA) (Qiagen,  Victoria,

Australia) equilibrated with 100 mM NaCl, 20 mM TRIS, pH 8.0. After washing with

10 column  volumes  of  equilibration  buffer,  a  four-step  imidazole  gradient  (20 mM,

50 mM,  100 mM,  250 mM imidazole  in  equilibration  buffer)  was  used  to  elute  the

protein. Fractions were again analysed by SDS-PAGE and pooled. 

N-terminal  His-tags were cleaved from the target  proteins  using TEV protease.  The

TEV protease bacterial expression plasmid was a kind gift from the laboratory of Opher

Gileadi (Nuffield Department of Medicine, University of Oxford). The plasmid encodes

TEV (with mutation S219V) as a self-cleaving N-terminal fusion construct with maltose

binding protein (His-MBP-{TEV}-His-TEV) that retains an N-terminal hexahistidine

tag following autocleavage (His-TEV). TEV protease was expressed and purified in-

house  following  the  protocol  described  above.  The  purified  protease  was  stored  in

100 mM NaCl,  20 mM TRIS pH 8.0  with  50% glycerol  at  –20 °C.  For  proteolytic

cleavage  of  TPP targets,  pooled  fractions  were  dialysed  overnight  against  a  buffer

containing 0.5 mM EDTA, 1 mM DTT, 100 mM NaCl and 20 mM TRIS, pH 8.0. To

initiate  cleavage,  1 mg  of  purified  His-TEV protease  was  added  per  50 ml  of  the
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dialysed sample and the mixture was incubated for 48 h at 4 °C. TEV protease was then

removed from the untagged target by passing the mixture through an equilibrated Ni-

NTA column in the presence of 5 mM imidazole. Finally, the TPP target protein was

subjected to  a  second anion exchange chromatography step using Q-Sepharose (GE

Healthcare, Chicago, Illinois, USA) and following the same protocol applied to QA52

resin.

Purified TPP proteins were dialysed against storage buffer (100 mM NaCl, 1 mM MgCl,

1 mM DTT and 20 mM TRIS, pH 8.0),  and concentrated by ultrafiltration using an

Amicon  Ultra  cartridge  (Merck,  Kilsyth,  Victoria,  Australia)  with  either  a  10 kDa

(bacterial TPPs) or 30 kDa (nematode TPPs) cutoff. Protein solutions for use within one

month  were  stored  at  4 °C;  for  long-term  storage,  glycerol  was  added  to  a  final

concentration of 30% and proteins were snap-frozen in liquid N2 and stored at –20 °C.

2.2.4 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) involves the

migration  of  proteins  in  an  electric  field  and  can  be  used  to  determine  both  the

molecular weight and purity of a protein solution. Sodium dodecyl sulphate (SDS) is an

anionic detergent that denatures proteins and binds to them in a consistent mass ratio of

1.4 g SDS per gram of protein. This confers a uniform anionic charge-to-mass ratio that

allows  proteins  to  migrate  through  a  cross-linked  acrylamide  gel  matrix  and  be

separated according to their respective molecular masses (Boyer, 2006). Larger proteins

experience a greater retarding force and hence, migrate at shorter distances.

Traditional SDS-PAGE follows the protocol of Laemmli (1970) and utilises two gels of

differing pH and density to first focus and then separate protein bands. However, this

method can be tedious and comparable results can be achieved with a single gel utilising

amino acids  as electolytes  (Ahn et  al.,  2001).  Denaturing-reducing single gels  were

prepared, run and stained with Coomassie Brilliant Blue R-250 according to standard

in-house protocols (Hofmann, 2018). All analysis was performed with gels comprising

12% (w/v) acrylamide, 3.2% bis-acrylamide (w/v), 0.1 M serine, 0.1 M glycine, 0.1 M

asparagine,  0.4%  (w/v)  ammonium  persulfate  and  0.2%  (v/v)  N,N,N’,N’-

tetramethylethylendiamine.  The  running  buffer  contained  25  mM  TRIS,  250 mM
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glycine  and  1% (w/v)  SDS.  Samples  for  analysis  by SDS-PAGE were  prepared  by

mixing equal volumes of protein and sample buffer (100 mM TRIS pH 6.8, 100 mM

DTT,  4% (w/v)  SDS,  0.1% bromophenol  blue,  20% (w/v)  glycine)  and boiling  for

5 min.

2.2.5 Protein concentration determination

Purified protein was quantified by UV/Vis spectroscopy. Absorbance spectra of proteins

were measured using a  Jasco 710 spectrophotometer  from 200–500 nm. Absorbance

peaks for protein (λ = 280 nm) and contaminating DNA (λ = 260 nm) were extracted for

calculating the protein concentration using the method of Warburg and Christian (1942):

ρ* = (1.55 x A280)–(0.76 x A260)

where ρ* is the protein concentration in mg ml-1.

2.2.6 Endotoxin removal and lyophilisation

Endotoxins are a class of lipopolysaccharides present in the cell membranes of Gram-

negative  bacteria  (including  E. coli).  They activate  the  mammalian  immune system,

particularly macrophages and monocytes, leading to the release of mediator molecules,

including  an  excess  of  pro-inflammatory  cytokines.  These  trigger  physiological

processes that culminate in a range of detrimental effects including raised hypotension,

body temperature, altered metabolic function and septic shock (Martich, 1993 cited in

Anspach,  2001;  Heumann  &  Roger,  2002).  Thus,  the  removal  of  endotoxins  from

recombinant  proteins  expressed  in  E. coli is  essential  for  their  testing  as  vaccine

antigens.

Tcan-TPP was purified for vaccine trials  in mice as described in Sections  2.2.2 and

2.2.3. Endotoxin was removed using a  ToxinEraserTM kit (GenScript, Piscataway, NJ,

USA) according to the manufacturer’s instructions. The kit uses a polymyxin B–agarose

resin to capture endotoxin through the interaction of polymyxin B with the lipid region

of  lipopolysaccharides (Anspach,  2001 and kit  manual:  Technical  Manual  No.  0312

Version  09092015).  Following  endotoxin  removal,  Tcan-TPP  was  lyophilised  for

shipment to a collaborating group at the Warsaw University of Life Sciences, Poland.
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Given its cryoprotective properties (Corradini et al., 2013), trehalose was added to the

protein solution to a final concentration of 250 mM. The mixture was then frozen at –

72 °C by immersing it into a dry ice/ethanol bath for 10 min. The vial with the frozen

sample was then transferred to a freeze dryer flask and water was evaporated in an

Alpha 2-4D freeze dryer (Christ, Osterode, Germany) at –78 °C under vacuum (vapour

pressure of 0.06 hPa) for 22 hours. The product was obtained as a white powder.

The  final  protein  product  was  assessed  for  remaining  endotoxin  using  a  Limulus

Amobocyte Lysate (LAL) QCL-1000TM kit (Lonza, Mount Waverley,  VIC, Australia)

according  to  the  manufacturer’s  instructions.  The  assay uses  the  endotoxin-induced

activation of an enzyme in a lysate of amoebocytes from the crab Limulus polyphemus

to  produce  p-nitroaniline  and  thus,  a  yellow  colour  that  is  measurable

spectrophotometrically (Young et al., 1972). It was found that the antigen preparation

contained 1.8 EU ml-1 (2.0 EU per  mg of  protein).  Considering that  25  μg of  TPP

antigen were used in the immunisation experiments, this resulted in an exposure of 3×

0.05 EU for each individual mouse.  As this is less than the maximum recommended

endotoxin level of < 20 EU ml-1 for recombinant subunits (Brito & Singh, 2011), the

protein was considered suitable for immunisation studies.

2.2.7 Circular dichroism spectroscopy

Circular  dichroism  (CD)  is  the  differential  absorption  of  left-  and  right-handed

circularly polarised light by a chiral medium. In proteins, the effect is due to charge

transitions  between  the  π-orbitals  of  carbon,  oxygen  and  nitrogen  atoms  in  the

polypeptide backbone. As a result, the CD spectra of proteins in the far-UV range (190–

250 nm) are characteristic  of the fold of the polypeptide backbone and thus,  of the

secondary structure of the protein (Kelly et al., 2005). Predominantly α-helical proteins

typically have spectrum minima around 222 nm and 208 nm (n → π* transition) with a

peak at  ~190 nm (π → π* transition).  In  contrast,  the  spectra  of  completely β-sheet

proteins  have  a  minimum  around  218  nm  (n → π*)  and  a  maximum  at  195  nm

(π → π*), while random coil conformations typically show a trough at ~195 nm (Bell,

1981; Gokce et al., 2005).
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Far-UV CD spectra of purified TPP proteins were measured from 190–250 nm using a

JASCO J-715 spectropolarimeter. The collection and analysis of TPP CD spectra are

presented in the supplemental materials of the papers in Chapters 4 (Bmal-TPP; Cross et

al., 2017a) and 5 (Tcan-TPP, Acey-TPP, Mtub-TPP and Smal-TPP; Cross et al., 2017b).

2.2.8 Compound screening by differential scanning fluorimetry

Differential scanning fluorimetry (DSF) is a thermal shift assay that uses differences

between the melting temperatures of a protein in the presence and absence of a ligand to

infer ligand binding. As the protein unfolds with increasing temperature, exposure of the

hydrophobic core provides a binding site for a dye that fluoresces upon binding and can

be used to  track  the unfolding process.  Generally,  the  unfolding curve  is  shifted to

different  temperatures  if  a  ligand  binds.  Fitting  enables  quick  calculation  of  the

transition midpoint, which is related to the binding affinity of the ligand (Niesen et al.,

2007).  The  assay  is  conducted  in  real-time  PCR  instruments,  allowing  for  high-

throughput and results that can be rapidly visualised. 

To account for potential binding site variations between the TPP topological groups, at

least  one member  from each group was tested  for  amenability to  the  DSF method.

While  the  background  fluorescence  for  Smal-TPP,  Paer-ecTPP  and  Paer-chTPP

experiments was too high (likely due to dye binding to hydrophobic residues on the

native  protein  surface),  Acey-TPP and  Mtub-TPP both  proved  amenable.  However,

degradation of the Mtub-TPP signal over time led to all screening being conducted with

Acey-TPP, which produced a consistently stable signal. A detailed description of the

screening protocol applied can be found in Chapter 7 (Cross et al., submitted).

2.2.9 Phosphatase assays

TPP catalyses  the dephosphorylation of  trehalose-6-phosphate to  yield trehalose and

inorganic  phosphate.  The  activity  of  the  enzyme  was  largely  measured  using  a

phosphatase assay where the phosphate product was detected colourimetrically using

BIOMOL Green (Enzo Life Sciences, New York, USA). Later work briefly utilised a

coupled  phosphate-detection  assay  (EnzCheck  Phosphate  Assay  kit,  Thermo  Fisher

Scientific, Seventeen Mile Rocks, QLD, Australia), as described in Section 2.2.13. This
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section describes how both reagents work and how each was optimised for use. Detailed

information  on the  protocols  applied  to  data  collection  can  be  found in  Chapters 5

and 7.

BIOMOL Green (BMG) comprises  an acidic  solution of ammonium molybdate and

malachite  green,  the addition of which quenches  the reaction by rapid acidification.

Under  these  conditions,  phosphomolybdate  forms  and  is  further  complexed  with

malachite green. This complex formation shifts the malachite green absorbance peak

from 540 nm to  620 nm,  resulting  in  the  development  of  a  green  colour  (Figure  6;

Baykov, 1988; Hogan, 2011) The assay is relatively quick, sensitive to low phosphate

concentrations  and  amenable  to  high-throughput  formats.  Thus,  all  assays  were

performed in triplicate in 96-well plates at room temperature. Assay design was guided

by existing TPP assay literature (Klutts et al., 2003; Edavana et al., 2004; Kushwaha et

al., 2011; Li et al., 2012; Farelli et al., 2014).

The EnzCheck Phosphate Assay kit utilises a coupled assay (Figure 7): in the presence

of phosphate produced by TPP, purine nucleoside phosphorylase converts 2-amino-6-

mercapto-7-methylpurine riboside (MESG; λmax = 330 nm) to ribose-1-phosphate and 2-

amino-6-mercapto-7-methylpurine  (λmax = 360 nm).  The  reaction  is  tracked  by

measuring the absorbance at 360 nm over time and can be performed in a 96-well plate.

As a coupled assay, the advantage of this approach is the ability to read out the signal in

real time. This is useful for kinetics, since no development step is required, and reduces

the volume of reagents required. However, the reliability of the signal depends on the

optimal  functioning  of  the  PNP reaction.  It  is  essential  that  there  are  no  delays  or

27

Figure 6. Chemistry of the malachite green phosphatase assay

Dephosphorylation of T6P by TPP can be monitored by the development of a green 
colour as a result of phosphomolybdate complexing with malachite green (MG). 
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aberrant  effects  on  the  coupled  enzyme's  activity,  particularly  in  the  presence  of

inhibitors,  as  this  could misrepresent  the activity of TPP.  Thus,  although it  requires

development time, BIOMOL Green is a more direct measure of phosphate output by

TPP  and  was  used  for  enzymatic  characterisation  to  produce  ‘absolute’  kinetic

constants.  The  EnzCheck  kit  was  employed  for  later  comparative  analysis  where

changes to the kinetic constants were of interest, rather than the exact values.

2.2.10 Phosphate standard curves

To enable quantification of inorganic phosphate produced in enzyme assays, standard

curves linking nanomole amounts of phosphate to measured absorbance (either A620 or

A360) for the various assay formats were set up according to the reagent manufacturers'

instructions. For BMG, the absorbance at 620 nm (A620) was measured every 5 min for

30 min  to  determine  the  appropriate  incubation  time  for  colour  development.  New

standard  curves  were  established  for  each  new  batch  of  reagent  purchased.  The

optimum time for BMG colour development was found to be 15 min (Figure 9). 
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Figure 7. Cleavage of MESG by purine nucleoside phosphorylase

The EnzCheck Phosphate Assay Kit (Thermo Fisher Scientific, QLD, Australia) utilises
a coupled assay to quantify the amount of phosphate produced by an enzyme. In the
presence of phosphate, cleavage of MESG by purine nucleoside phosphorylase shifts
the absorbance peak of the mixture from 330 nm to 360 nm, which can be monitored
spectrophotometrically over time.
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For the EnzCheck kit, the absorbance at 360 nm (A360) was measured after incubation of

the reaction mixture with known concentrations of phosphate for 15 min, according to

the kit instructions (Figure  30). To verify that the compounds selected for inhibition

assays  using  the  EnzCheck  kit  did  not  inhibit  the  activity  of  purine  nucleoside

phosphorylase or interfere with the coupled assay, the standard curve was repeated in

the presence of 5 mM compound (Figure 9). This concentration was selected because it

was 20% higher than the maximum compound concentration tested and thus, would

represent the upper limit of the effect, should one be present. Compound 1 produced a

systematic (potentially 'background') effect that was constant and could be accounted

for downstream. While the effects of both compounds  11 and  23 increased with the

phosphate  concentration,  they  were  negligible  at  the  low  phosphate  concentrations

measured in the kinetics experiments, which targeted initial rates.
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Figure 8. Standard curve for phosphate quantification with BIOMOL Green

The complex formed when BIOMOL Green binds inphosphate absorbs light of 620 nm.
Development of this complex requires a minimum time of 15 minutes to stabilise.
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2.2.11 End-point assays

End-point assays with fixed substrate concentration and reaction time were used to test

the inhibitory potential of common phosphatase inhibitors and compounds identified by

DSF, as well as to measure the relative phosphatase activities of wild-type and variant

Bmal-TPP and  Acey-TPP proteins with active site  mutations.  These experiments are

described in detail in the papers in Chapters 4–7.
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Figure 9. Standard curve for phosphate determination with the EnzCheck 
Phosphate Assay kit in the presence and absence of test compounds

The phosphate product of TPP activity enables the cleavage of 2-amino-6-mercapto-7-
methylpurine  riboside  by  purine  nucleoside  phosphorylase  to  produce  ribose-1-
phosphate and 2-amino-6-mercapto-7-methylpurine (MESG; λmax = 360 nm). Increases
in the absorbance at 360 nm (A360) are, thus, related to the concentration of phosphate
produced. The standard curve was repeated in the presence of hit compounds under
examination as inhibitors of TPP to examine whether they interfere with the cleavage of
MESG. Equations derived from linear fits to each dataset were used to calculate the
projected  concentration  of  phosphate  with  increasing  A360 values.  N-
(phenylthio)pthalamide (1) produces a systematic difference in phosphate concentration
of ~3 μM; however, the effects of compounds 11 and 23 appear to increase with higher
A360 values.
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2.2.12 Dose-response assays

The IC50 value of a compound is  the concentration necessary to reduce the enzyme

activity to 50%. While highly specific for the experimental conditions used, IC50 values

are  useful  in  initial  assessments  to  compare  compounds  tested  under  the  same

conditions. The IC50 values of lead compounds from the CSIRO library were calculated

through titration of each compound against the enzymes that it was shown to inhibit in

end-point assays.

Dose-response assays were performed using the standard end-point (BIOMOL Green)

assay  procedure  with  various  concentrations  of  compound.  Master  stocks  of  each

compound were prepared such that only  2 μl was added to each test well to give the

working concentration, thus keeping the concentration of DMSO constant. Compounds

were tested at concentrations ranging from 2.5 nM to 250 μM and final A620 data were

corrected  for  background  absorbance  and  scaled  relative  to  uninhibited  enzyme

controls. These experiments are described further in Chapter 7 (Cross et al., submitted).

2.2.13 Enzyme kinetics

The  kinetic  constants  of  TPP  catalysis  were  determined  to  characterise  the  TPP

enzymes. These data enable comparisons between TPPs from different species and are

also useful in determining the mechanisms of action of any inhibitors in the absence of

co-crystal structures based on the changes they induce in the kinetic constants (Palmer,

1995; Cross & Hofmann, 2018).

Steady-state kinetics

The  dephosphorylation  of  T6P by  TPP can  practically  be  considered  a  first-order

reaction,  since water is available in excess.  Thus, the conversion of substrate (S) to

product (P) can be simply represented by the reaction:

where [ES] is the enzyme-substrate complex. Briggs and Haldane demonstrated (Briggs

& Haldane, 1925) that the concentration of this complex remains largely constant at
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substrate concentrations in excess of the enzyme concentration. In this so-called ‘steady

state’, the reaction rate remains constant until substrate is depleted (Figure 10): 

Δ[ES ]
Δ t =0

Under these conditions, all enzyme exists as the enzyme-substrate complex [ES] and

thus, by the Law of Mass action, the rate of the reaction is v=k2⋅[ES ] .

The analysis of enzyme kinetics makes use of the initial rate (v0), that is, the rate of the

reaction  at  t = 0 s,  determined by fitting  tangents  to  the  steady state.  These  are  the

fastest  possible  rates  for  particular  concentrations  of  enzyme  and  substrate  under

specific reaction conditions (vmax = v0). Their use is important because the concentrations

of  reactants  are  exactly  known,  the  reverse  reaction  is  insignificant  and  product

inhibition of the enzyme can not yet occur (Fersht, 1997).

Under  saturating conditions,  where all  enzyme is  in  the form [ES],  initial  rates  are

dependent on the substrate concentration:
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Figure 10. Michaelis-Menten analysis of steady-state enzyme kinetics

(A) Reactant and product concentrations over the course of enzyme catalysis: Rapid
mixing of substrate [S] and enzyme [E] occurs in the pre-steady state, and may produce
a  rapid  increase  in  product  before  steady  state  begins.  Under  saturating  substrate
concentrations, all enzyme is bound by substrate and the concentration of the complex,
[ES], remains constant for the duration of the steady state. (B) Michaelis-Menten plots
of initial reaction rate of the steady state against substrate allow determination of the
theoretical maximum rate,  vmax, and the substrate concentration at which the enzyme
operates at half vmax, Km. Images adapted from Cross & Hofmann (2018).
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v0=
Δ[P]

Δ t
=k2⋅[ES]

This  relationship  is  hyperbolic  (Figure  10)  and  mathematically  described  by  the

Michaelis-Menten equation (Michaelis & Menten, 1913; Briggs & Haldane 1925):

v0=
vmax .[S]

Km+[S]
 

where  vmax is the maximum rate of the enzyme at a given concentration and Km is the

substrate  concentration at  which the enzyme functions at  half  vmax.  From these,  two

additional parameters, kcat and kcat/Km can be determined. 

The turnover number kcat  is the number of moles of substrate converted to product per

mole of enzyme over time (s-1).  As such, it  offers insight  into the properties of the

enzyme-substrate complex and its conversion to enzyme and product. The  kcat  can be

determined from vmax and the enzyme concentration:

kcat=k2=vmax .[E] assuming [E] = [ES] during the steady state.

kcat/Km  is  the  catalytic  efficiency,  or  ‘specificity  constant’.  At  low  substrate

concentrations, particularly below Km, the collision of enzyme and substrate becomes a

significant  factor  that  must  occur  before  the  reaction  can  proceed.  As  a  result,  if

kcat >> k- 1, binding of the enzyme and substrate is the rate-limiting step and kcat/Km = k1

and describes the binding specificity of the enzyme for the substrate (Palmer, 1995;

Fersht, 1997). 

Kinetic characterisation of TPPs

A kinetic  characterisation  of  the  TPP enzymes  in  this  study was  undertaken  using

BIOMOL Green (Enzo Life Sciences, New York, USA) to monitor the production of

phosphate by each TPP in the presence of increasing concentrations of T6P.

In an ideal  experimental  optimisation procedure,  the enzyme concentration used for

kinetics studies is determined with an assay testing a range of enzyme concentrations

against  a  range  of  substrate  concentrations  to  identify  the  optimal  conditions  for

monitoring the steady state (Tierno et al., 2007). However, the T6P substrate is both
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expensive  and toxic  and thus,  assay planning required  a  cautious,  conservative  and

deliberate approach rather than an extensive study screening a wide range of enzyme

concentrations, which would have required large amounts of substrate. Thus, the ideal

concentrations of both substrate and enzyme were determined through multiple focused

repeats of the protocol described below, with a series of progressive improvements, to

achieve  linear  data  corresponding  to  the  steady-state.  Initial  work  was  done  with

Tcan-TPP at a starting concentration of 2.5 μM. Over the course of improvement, the

enzyme concentration was progressively decreased to 0.1 μM; the frequency of data

acquisition  was increased and the overall  reaction  time monitored was shortened to

allow all substrate concentrations in each assay replicate to be tested in a single 96-well

plate.  This  established  a  standard  protocol  for  kinetics  measurements.  Additionally,

1 mM T6P was selected for initial studies to determine the ideal enzyme concentrations

for kinetics measurements of the other TPP proteins. These were then tested following

the protocol detailed in Chapter 5 (Cross et al., 2017b, Scientific Reports).
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Briefly, T6P and buffer were set up in a 350 μl well and the reaction was initiated by the

addition of TPP. The reaction was quenched at 15 s time points through the transfer of

50 μl from the reaction will to a fresh well containing 200 μl BIOMOL Green. Blank

wells  with  T6P but  not  TPP were  run  in  parallel  to  account  for  any  background
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Figure 11. Determination of ideal enzyme concentrations for TPP kinetics assays 
with BIOMOL Green

Ideal conditions are those that result in a near-linear increase of A620 over time and are
shown  in  black  for  each  protein.  Tcan-TPP work  was  used  to  determine  an  ideal
concentration of 0.1 μM and assay time of 1.5 min. This was applied to the remaining
proteins. In the case of Mtub-TPP, higher enzyme concentrations show a lower A620 due
to saturation and precipitation of the phosphate-binding dye. 
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absorbance. At higher T6P concentrations, background absorbance was significant and

the quenching ratio was changed: 25 μl reaction was transferred to 200 μl T6P and 25 μl

buffer was added to lower the phosphate concentration and ensure that BMG was not

saturated. Following a 15 min incubation for colour development, the A620 of each well

was  measured,  corrected  for  background  absorbance,  converted  to  phosphate

concentration  and  fitted  to  calculate  the  initial  rate  of  each  reaction.  Assays  were

performed in triplicate at room temperature with increasing concentrations of T6P in

order  to  plot  a  Michaelis-Menten  curve  to  calculate  the  kinetic  constants  (Km,  kcat,

kcat/Km) of each TPP.

TPP kinetics in the presence of inhibitors

Enzyme inhibitors may decrease or halt an enzyme's catalytic output through a number

of mechanisms, which vary based on the binding properties of the inhibitor. First, an

inhibitor may bind reversibly or irreversibly, with the latter resulting in the formation of

a covalent bond (Noe & Gilbert, 2012; Chapter  7, Cross et al.,  submitted). Reversible

inhibitors bind non-covalently and are characterised by a dissociation (or inhibition)

constant,  Ki.  As  the  various  classes  of  reversible  inhibitor  have  different  binding

properties,  they  affect  the  catalytic  cycles  of  their  targets  differently  and  it  is  the

corresponding changes to the Michael-Menten curve and the kinetic constants  Km and

vmax in the presence of inhibitor that indicate the inhibition mechanism. 

For example, competitive inhibitors bind in the active or substrate binding site, thus

outcompeting  the  enzyme's  natural  substrate  and preventing  its  processing.  As  both

molecules bind the same site, they tend to have similar structures and inhibition can be

overcome if the concentration of substrate is increased. The apparent vmax of the enzyme

does not change in the presence of inhibitor, but a higher concentration of substrate is

required to achieve it because the inhibitor must first be outcompeted. Thus, cases of

competitive inhibition are diagnosed by increases in the Km in the presence of inhibitor

(Figure 12). In contrast, non-competitive inhibitors bind at a site distal to the active site

and  generally  inhibit  activity  through  allosteric  modification  of  the  enzyme,  which

induces conformational changes and ultimately renders the enzyme inactive. It may still

be possible for the natural substrate to bind (forming an inactive ternary complex of

enzyme, substrate and inhibitor), but it will not be processed further. Thus, this type of
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inhibition  cannot  be  overcome  by  increasing  the  substrate  concentration.  Non-

competitive inhibitors lower the concentration of active enzyme and thus, while the Km

does  not  change,  the  apparent  vmax decreases  (Figure  12).  Similarly,  uncompetitive

inhibitors  also  form a  ternary complex;  however,  they are  only able  to  bind  to  the

enzyme-substrate complex (ES) after it has formed. In this case, the inhibitor binding

site  must  be  formed  through  conformational  change  induced  by the  binding  of  the

substrate. Again, increasing the substrate concentration does not overcome this type of

inhibition. Both the Km and vmax decrease in the presence of an uncompetitive inhibitor

because the concentration of active enzyme is  lowered (↓vmax)  and formation of  the

ternary  complex  decreases  the  concentration  of  the  enzyme-substrate  complex,  ES,

leading to an apparent increase in the affinity of the enzyme for the substrate due to a

shifting of the binding equilibrium to compensate for the decrease (E + S → ES; ↓Km;

Figure 12).

Elucidation of the mechanism of enzyme inhibition is valuable, not only for building a

fundamental  understanding  of  the  enzyme's  function,  but  also  for  the  rational
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Figure 12. Effect of enzyme inhibition on Michaelis-Menten curves and kinetic 
constants

The mechanisms of enzyme inhibition can be differentiated by the changes each type
induces in the Km and vmax values of the enzyme in the presence of inhibitor. Uninhibited
enzyme is shown as a solid black line. Competitive inhibitors (turquoise; dashed) induce
an  increase  in  Km but  vmax remains  unchanged.  Non-competitive  inhibitors  (purple;
dashed)  decrease  the  vmax,  but  Km does  not  change.  Uncompetitive  inhibitors  (blue;
dashed) induce decreases in both Km and vmax.
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optimisation of ligands with the potential  to be developed into drug leads.  Thus,  to

examine the mechanisms by which the most effective inhibitors identified in this study

act against TPP, kinetic data were collected for TcanTPP in the presence of increasing

concentrations of the three best inhibitors.

BIOMOL Green was used for full kinetic characterisation of TPPs because it allows

direct measurement of the product without  the need for a coupled enzyme reaction.

However, its use required large volumes of T6P and thus, while more robust/reliable for

determining  accurate  kinetic  constants,  it  proved  fairly  costly.  Elucidating  the

mechanism of inhibition involved comparison of the enzyme kinetics in the presence

and absence of inhibitor, which required repeated assays with the full range of substrate

concentrations necessary to plot Michaelis-Menten curves. This would have required

extensive amounts of T6P. Given the cost of the substrate and the fact that changes in

the  kinetic  constants  were  arguably  more  significant  than  the  absolute  values

themselves,  the  use  of  a  coupled  enzyme  assay  was  deemed  acceptable  and  an

EnzCheck Phosphate Assay kit was used. This particular kit has been used by other

groups (Farelli et al., 2014).

As  with  the  optimisation  of  kinetics  measurements  using  BIOMOL  Green,  the

EnzCheck kit was optimised to measure the steady state of Tcan-TPP by testing selected

enzyme and substrate concentrations. Based on the kinetic characterisation performed

earlier,  the  upper  and lower T6P concentrations  (180 μM and 1400 μM) were used.

Assays were performed according to the kit instructions in triplicate in 96-well plates

with  25 nM,  10 nM or  5 nM  Tcan-TPP in  a  total  volume of  100  μl.  This  reaction

mixture comprised 200 μM MESG, 0.1 U PNP and  Tcan-TPP in 50 mM TRIS-HCl,

1 mM MgCl2,  pH 7.5.  Reactions were initiated by the addition of either 180 μM or

1400 μM T6P to wells at 10 s intervals and the A360 was monitored at 30 s intervals

(minimum measurement  window of  the plate  reader)  for up to  30 min.  Blank wells

without TPP were run in parallel to correct for background absorbance. A concentration

of 5 nM Tcan-TPP kinetics was selected for all EnzCheck assays (Figure 13).
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To examine the effect of each inhibitor on the enzyme kinetics, the optimal conditions

were implemented in repeats of the assay to construct Michalis-Menten curves for Tcan-

TPP activity  in  the  presence  and  absence  of  increasing  concentrations  of  inhibitor.

Assays were run as described above, with the exception that increasing concentrations

of each compound were pre-incubated with the reaction mixture for 5 min before T6P

was  added  to  initiate  catalysis.  As  described  in  Cross  et  al.  (2017b;  Chapter  5),  a

substrate concentration range of 180–1400 μM T6P was used.  Compound stocks were

prepared such that a consistent volume of compound was added to maintain a constant

DMSO concentration  of  4%.  As  the  assay  conditions  in  the  EnzCheck  kit  differed

slightly from those used for BIOMOL Green-based assays, control assays to which only

DMSO was added were also run to construct a Michaelis-Menten curve for comparisons

to uninhibited Tcan-TPP. The A360 data for each reaction were corrected for background

absorbance, converted to the corresponding phosphate concentration and plotted against

substrate  concentration  to  produce  Michaelis-Menten  curves  for  each  inhibitor

concentration.
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Figure 13. Optimisation of Tcan-TPP enzyme kinetics in the EnzCheck Phosphate 
Assay kit

Ideal conditions are those that give linear A360 over time. (A) Two TPP concentrations
were tested at the highest and lowest substrate concentrations [c(T6P)] used in previous
experiment.  Based on these  data,  the final  concentration of  Tcan-TPP selected  was
5 nM.  (B)  The  suitability  of  this  concentration  was  verified  by  testing  additional
substrate  concentrations.  As  the  data  obtained  are  linear  for  the  duration  of
measurement, they are suitable for the construction of Michaelis-Menten curves.
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2.2.14 Protein crystallisation

The  process  of  protein  crystallisation  involves  the  controlled  precipitation  of  a

supersaturated protein solution such that it forms an ordered array of regularly repeating

molecules. An ideal and successful experiment produces a crystal with smooth faces, a

well-defined geometrical shape and a homogeneous internal structure. This is achieved

through  the  addition  of  various  precipitants  (salts,  organic  solvents  and  polymers)

and/or modification of the pH or temperature to reduce protein solvation to such an

extent that the equilibrium of the solution shifts towards precipitation into the soluble

phase (Bernal & Crowfoot, 1934; McPherson 1990; Rhodes, 2006). 
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Figure 14. Concentration zones in protein crystallisation

The  relative  concentrations  of  the  protein  and  precipitant  in  vapour  diffusion
crystallisation droplets results in the formation of four 'zones' in the phase diagram. At
low concentrations of both protein and precipitant, the protein remains soluble and no
crystals are observed in the drop. In contrast, at high concentrations of both, the protein
precipitates and amorphous aggregates are observed. As indicated with a dashed line,
under  ideal  conditions,  diffusion  of  water  out  of  the  crystallisation  drop causes  the
concentrations of both protein and precipitant to increase such that the system reaches
the nucleation zone where crystal nuclei (or microcrystals) form. This ideally results in
a decrease in the protein concentration, dropping the system back into the metastable
zone, where the protein concentration is still sufficiently high for protein to move from
the solvent into the crystal phase, but also low enough that it does so at a slower rate,
allowing the steady formation of an organised crystal lattice and thus, producing highly
ordered crystals. If the kinetics of this growth are too fast, crystals with poor internal
order or twinning may result. Image adapted from Hofmann (2018).
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The most popular method for protein crystallisation is vapour-diffusion, where droplets

of  protein  are  mixed  with  precipitant  and  placed  on  a  platform  (sitting  drop)  or

suspended from a cover slip (hanging drop) above a reservoir of precipitant. The wells

are sealed and an equilibrium is  established between the droplet  and the precipitant

through the diffusion of water from the drop. This results in an increase in the protein

concentration in the droplet that, in an ideal experiment, induces the formation of crystal

nuclei (Figure 14). The corresponding drop in protein concentration slows precipitation

to allow stable growth of the crystal over time until a new equilibrium is established

between protein  in  the  soluble and solid  phases.  If  the concentrations  of  protein or

precipitant  are  too high,  or  the conditions  are  such that  the  protein  is  unstable,  the

system may  produce  amorphous  aggregates.  Alternatively,  multiple  nucleation  sites

could decrease the concentration too rapidly, resulting in a flush of microcrystals that

are unsuitable for diffraction but could be used to seed further experiments. Conversely,

if the concentrations used are too low, sufficient protein saturation levels may not be

reached.  Thus,  successful  crystallisation  requires  a  fine  balance  between  the

concentrations of protein and precipitant, pH and temperature of the system (Bianchi et

al., 1967; Rhodes, 2006; Schmit & Dill, 2012).

Crystallisation trials were performed with apo wild-type  Acey-TPP,  Tcan-TPP,  Mtub-

TPP,  Bmal-TPP,  Smal-TPP,  Paer-ecTPP  and  Paer-chTPP,  and  the  inactive  Bmal-

TPP-D215N  and  Acey-TPP-D370N  variants.  For  this,  sitting-drop  experiments

comprising a  100 μl  reservoir  solution and 2 μl  crystallisation drop (1 μl  TPP at  8–

13 mg/ml  and  1 μl  reservoir  solution)  were  set  up  at  16˚C  to  test  1,340  possible

crystallisation conditions against each protein. Co-crystallisation attempts included the

addition  of  60 mM  trehalose-6-sulphate  to  active  proteins  and  60 mM  T6P to  the

inactive variants. Despite extensive efforts, only crystals of Tcan-TPP and Paer-chTPP

were obtained (Figure 15) and only the latter diffracted to sufficiently high resolution.
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Dehydration of TPP crystals: diffraction at Pohang Light Source

Crystals of Paer-chTPP were harvested in cryoloops and cryoprotected by brief soaking

in a 1:1 mixture of paratone-N (Hampton Research, USA) and mineral oil (1:1) and

flash frozen in the cryostream or liquid N2. Initial tests for diffraction were performed

in-house  (Rigaku  MicroMax007-HF;  R-Axis  IV++  detector;  Rigaku  X-stream  cryo

equipment) under cryogenic conditions (T = 100 K) and yielded either poor (7–9 Å) or

no diffraction.  As dehydration of protein crystals  was previously shown to improve

diffraction  quality  (Leow  et  al.,  2014),  Paer-chTPP  crystals  were  subjected  to

dehydration trials. As the crystals were grown in 25% PEG 1500, 0.1 M SPG pH 7.0,

dehydration was performed in 0.1 M SPG (succinic acid, sodium dihydrogen phosphate

and glycine) pH 7.0 with the concentration of PEG varied from 30–40% and increasing

soaking times of 3 min to 2 hours and overnight. A maximum resolution of 3.4 Å was

obtained after soaking for 55 min in 35% PEG 1500, 0.1 M SPG pH 7.0. While this

resolution  remained  too  low  for  structure  analysis,  the  improvement  seen  through

dehydration suggested possible sensitivity of the crystals to hydration and humidity. To

test whether environmental humidity affected crystal quality, the Paer-ch-TPP protein,

plasmid and crystals  were  shipped to  Dr.  Suk-Youl  Park  at  the  Pohang Accelerator

Laboratory (Pohang University of Science and Technology, Republic of Korea), who

achieved  high-resolution  diffraction  of  Paer-chTPP crystals.  Further  details  of  the

crystallisation and diffraction of Paer-chTPP are given in Chapter 6 (Cross et al., 2018).

42

Figure 15. Tcan-TPP crystals

Crystals of Tcan-TPP were grown by hanging drop in PEG 1500, 0.1 M succinic acid,
NaH2PO4, glycine (SPG), pH 7.0 at 16 °C. 
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2.2.15 Molecular dynamics simulations of Bmal-TPP

To compensate for the lack of co-crystal structures, a number of molecular dynamics

simulations  were  performed  to  obtain  clues  about  the  substrate  specificity  of  the

nematode TPPs.  Thus,  the binding of three phospho-saccharides to  Bmal-TPP (PDB

accession code 4ofz, Farelli et al., 2014) was investigated by simulating the molecular

dynamics of a manually docked protein-ligand complex in a charge-neutral solvent cell.

Substrate analogues were selected to dissect the points of contact between the enzyme

and its natural substrate. As T6P is a disaccharide comprising two glucose monomers,

glucose-6-phosphate  (G6P)  was  selected  to  study  the  contribution  of  a  single

monosaccharide  (essentially  one  half  of  T6P)  and  sucrose-6-phosphate  (S6P)  was

selected to preserve the approximate size of the substrate but alter the chemical nature

of the second monomer to investigate its contribution.

Five  molecular  dynamics  simulations  were  performed:  Bmal-TPP, Bmal-TPP:T6P,

Bmal-TPP:S6P,  Bmal-TPP:G6P  and  Bmal-TPP(Δ1-159),  all  in  water.  The  final

simulation of  Bmal-TPP(Δ1-159) was performed to investigate movement of the cap

and core domains and is discussed in Section 3.4. First, in preparation for the simulation

studies, regions of sequence missing from the crystal structure  (PDB accession code

4ofz, Farelli et al., 2014) were built manually using COOT (Emsley & Cowtan, 2004)

and the resulting apo-protein was solvated and subjected to a 20 ns simulation to release

possible modelling bias. The protein conformation at  the end of this simulation was

used for manual placement of the three ligands, which were specifically oriented in the

proposed binding site to obtain suitable starting conformations for the simulations. In

the case of trehalose-6-phosphate and  BmalTPP, the ligand was placed in the binding

site with the phospho group projecting away from the magnesium cofactor. In contrast,

for  the  simulations  of  sucrose-6-phosphate  and glucose-6-phosphate,  the  ligand was

positioned such that the phospho group was in close proximity to the magnesium ion. 

All simulations were performed with Gromacs 4.6.5 (Van Der Spoel et al., 2005) using

the G43a1 force field and the spc water model. Ligand topologies for T6P, S6P and G6P

were  calculated  using  the  PRODRG2  server  (Schüttelkopf  &  Van  Aalten,  2004).

Sodium and  chloride  ions  were  added  at  a  concentration  of  100 mM  by replacing

solvent molecules at sites of high electrostatic potential to ensure a charge-neutral cell.
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A position-restrained dynamics simulation of 20 ps was performed to equilibrate the

solvated  protein  complexes  and  gradually  heat  the  cell  to  300  K  before  the  main

simulation  was  started.  Periodic  boundary  conditions  were  applied  in  all  three

dimensions.  Long-range  interactions  were  modelled  using  the  Particle  Mesh  Ewald

method. The temperature was controlled with the Berendsen thermostat and the pressure

with  the  Parinello-Rahman  barostat.  Simulations  were  performed  on  a  custom-built

server with an Intel Xeon E5-1650 Six Core (3.5 GHz) and 32 GB RAM. Analyses were

performed  with  Gromacs  tools  and  automated  plots  were  generated  with  Grace

(http://plasma-gate.weizmann.ac.il/Grace/) using  in-house  scripts.  The  results  of  this

work are presented in Chapter 3.
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3.1 Modelling TPP substrate specificity

Previous enzymatic study of Mtub-TPP (Klutts, 2003; Edavana et al., 2004) and Bmal-

TPP (Kushwaha et al.,  2011, Farelli et al.,  2014) showed the exquisite specificity of

these  enzymes  for  T6P,  which  was  later  confirmed  for  the  TPP  enzymes  of

Pseudomonas aeruginosa in this thesis (See Chapter 6; Cross et al., 2018). In the early

stages of drug discovery, an understanding of the structural basis of substrate specificity

may  guide  the  selection  of  screening  libraries  and  inform  the  design  of  substrate

analogues as potential inhibitors. In the initial absence of a co-crystal structure of any

TPP with  T6P (or  a  suitable  substrate  mimetic),  Shi  and  colleagues  modelled  the

binding of Mtub-TPP to its substrate using automated docking (2013), while the Allen

lab  attempted  manual  placement  of  T6P followed  by  a  brief  molecular  dynamics

simulation (Farelli et al., 2014). In both cases, the resulting models are limited because

docking does not account for the participation of solvent molecules in ligand binding—

an aspect that is often crucial to constructive binding, as evidenced by the presence of

‘structural’ water molecules in the crystal structures of protein-ligand complexes.

3.2 Binding of phospho-sugars to TPP

Simulations were monitored through the stabilisation of the backbone RMSD values

(Figure 16, panels A–C) and the temperature, pressure and total and potential energies,

which all remained constant throughout. The movement of each ligand relative to the

binding site was tracked by measuring the distance between the phosphate atom of the

phospho-saccharide and the magnesium cofactor  over  the course of  each simulation

(Figure 16).
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Figure 16. Analysis MD simulations of solvated Bmal-TPP with T6P, S6P and G6P

Simulations  were  run  for  20  ns.  A–C:  Root  mean  square  deviation  of  the  protein
backbone. D–F: Distance between substrate P and magnesium cofactor. G–I: Distance
between substrate P and Tyr221-Cγ. J–L:Distance between substrate P and Lys334-Nζ.
Columns 1, 2 and 3 show data for Bmal-TPP:T6P, Bmal-TPP:S6P and Bmal-TPP:G6P,
respectively.
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3.2.1 Trehalose-6-phosphate

In the simulation of  Bmal-TPP:T6P, the system attained an apparent equilibrium state

after ~3 ns (Figure  16, panel A). After ~7.5 ns, the T6P ligand had manoeuvred itself

into a binding pose that remained stable for the duration of the simulation, as evidenced

by monitoring of the distance between the phosphate group of T6P and the active site

magnesium (Figure 16, panel D).

In the final T6P binding pose (Figure 17), the phosphate moiety is oriented towards the

magnesium ion and held in place by contacts with the side chains of Lys334 and Gln332

as well as with a water molecule. The positioning of the Tyr221 side chain (after ~4.5

ns) appears to be of central importance as it moves closer into the substrate binding cleft

as T6P docks (Figure 16, panel G; Figure 17). This new conformation is stabilised by

hydrogen bonds between the phenolic hydroxyl group and the side chains of Asp424

and Asp215. A binding contact with T6P then forms via a parallel stacking interaction

between Tyr221 and the phosphorylated glucose unit (distance ~4 Å; Figure  17). The

second glucose unit reaches into a pocket ‘behind’ Tyr221, which is lined by Tyr225 and

a loop comprising Gly328–Ser329–Gly330. At the bottom of this pocket, three water

molecules interact with both substrate hydroxyl groups and protein residues. Additional

hydrogen bonds are formed between the primary alcohol group of the second glucose

unit and the backbone carbonyl groups of Gly328 and Cys222 (Figure 17). The apparent

requirement  for  water  in  substrate  binding is  expected  as  cleavage of  the  phospho-

aspartyl intermediate is performed by a water molecule activated by one of the binding

site aspartates.
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The complex of  Bmal-TPP with T6P was also modelled by the Allen lab, who used

manual docking followed by a simulation period of 1.2 ns (Farelli et al., 2014). Given

the equilibration times observed in the current  study,  1.2 ns is  brief  and potentially

limited. Additionally, the simulation data are not shown or analysed in the publication

and hence, the validity of the proposed binding pose cannot be fully assessed through an

overlay of the liganded structures. They proposed that the key residues for binding are

Asp215, Tyr221, Asp213, Asn332, Lys334 and Arg337, which, with the exception of

Arg337, were also identified in the present simulation.  This suggests that the model

produced by the Allen group may represent an early point in the substrate binding of

Bmal-TPP and may have agreed with the present  model  had it  been run for longer.

Nevertheless, a structural comparison with the apo crystal structures is still possible and

reveals  that  magnesium  ion  coordination  in  the  core  domain  has  changed  after

simulation of T6P-bound BmalT-PP (Figure 18). The crystal structures (PDB 4ofz and

5e0o) feature a coordination sphere comprising the backbone carbonyl of Asp215 and

the carboxylic acid side chains of Asp213 and Asp424 (and possibly Asp428). Owing to

a conformational change of the Asp215 side chain and a slight movement of backbone
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Figure 17. Binding pose of trehalose-6-phosphate in Bmal-TPP

Stereo  image  of  trehalose-6-phosphate  bound  to  Bmal-TPP following  a  20 ns
molecular dynamics simulation. Residues of the cap and core domains are olive and
purple, respectively. Magnesium is a green sphere. Residues interacting directly with
the ligand are in bold; those that interact via a water molecule are in plain roman text.
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around Asp428 during simulation, the final model obtained here shows a tetrahedral

coordination  sphere  comprising  the  side  chain  carboxylic  acid  groups  of  Asp213,

Asp215 and Asp424 and a water molecule (Figure 18). Using homology and their MD

model,  Farelli  et  al.  (2014)  also  proposed  that  Asp213  is  the  catalytic  nucleophile

responsible  for  formation  of  the  phospho-aspartyl  intermediate.  However,  given the

positioning of Asp213 and Asp215 relative to the cleavable bond (Figure 17), Asp215

appears the more likely candidate as Asp213 is blocked by Mg. This was investigated

further using a series of point mutations in the active site residues and is discussed in the

paper in Chapter 4, which also considers the value of homology-based assumptions.

A co-crystal structure of Mtub-TPP with T6P was published in 2016 (Shan et al., 2016);

however,  comparisons with this  structure are impossible,  primarily because only the

apo-MtubTPP structure has been made available in the Protein Data Bank. Additionally,

the protein used to obtain the co-crystal structure appears to be an active variant, which

should have processed the substrate well before crystals were obtained. The fact that

this  structure is  not available  to  the research community arouses suspicion as to its

reliability and thus, interpretation of this structure here is limited and cautious. 

49

Figure 18. Magnesium coordination in different Bmal-TPP structures

Superposition  of  Bmal-TPP crystal  structures  4ofz  (Farelli  et  al.,  2014)  and  5e0o
(Agarwal  et al., to be published) with the solvated model of  Bmal-TPP after a 20 ns
molecular dynamics simulation without substrate. Rotation of the Asp215 side chain in
the molecular dynamics simulation results in a tetrahedral coordination sphere around
the metal ion with the side chain carboxylic groups of Asp213, Asp215 and Asp424. A
fourth coordination position is occupied by a water molecule (not shown).
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In contrast, the co-crystal structures of TPP enzymes from pathogenic fungi are readily

accessible for comparison (Miao et al., 2016). While the two proteins have a number of

T6P-binding  residues  in  common,  overlay  of  the  Bmal-TPP:T6P  structure  from

molecular dynamics with the co-crystal structure of T6P in the phosphatase domain of

C. neoformans  TPP-D24N (an inactive variant) shows a shifting of the T6P position

within the active site (Figure 19). 
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Figure 19. T6P binding by Cneo-TPP and Bmal-TPP

Overlay of the substrate-bound structures of  C.  neoformans (pdb 5dx9, Miao et  al.,
2016) in teal and B. malayi TPP (from 20 ns MD simulations using pdb 4ofz; Farelli et
al.,  2014)  in  green  shows different  orientations  of  the  T6P substrate  relative  to  the
catalytic aspartates and magnesium ions (shown in dark blue and green for Cneo-TPP
and Bmal-TPP, respectively). Residues from Cneo-TPP are labelled in teal, while those
from  Bmal-TPP are  black.  Residues  forming  direct  interactions  with  T6P  are
highlighted in  corresponding colours in  the sequence alignment.  The alignment  was
generated with Clustal  Omega (Sievers et  al.,  2011) using the sequences of the two
crystal structures.
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This could be due to changes that occur with cap closure, which is not yet reported in

Bmal-TPP (See Section 3.4). The peptide backbones of the two structures overlay with

an RMSD of 9.95 Å, suggesting significant differences in the positioning of secondary

structural elements. The two proteins are also fundamentally different on a functional

level  as  Cneo-TPP  has  an  additional  N-terminal  domain  that  resembles  TPS  in

nematodes  (but  is  not  present  in  the  crystal  structure)  and,  like  other  fungal  TPPs,

functions as part of a multi-protein complex (Reinders et al., 1997; Miao et al., 2016).

Experimental structures will always be preferable to  in silico models; however, given

the  topological  and functional  differences  between nematode and fungal  TPPs,  it  is

unclear whether the differences noted above are due to an artefact of the MD simulation

or actual differences in the substrate binding of the two enzymes.

More recently, the structure of the Anisakis simplex TPP (Asim-TPP) was predicted by

homology modelling (using Bmal-TPP as the model) and subjected to docking and MD

simulations with T6P and the antihelminthics levimasole and ivermectin (Łopieńska-

Biernat et al., 2018). Following a 100 ns simulation, the key amino acids identified for

T6P  specificity  were  Cys198,  Tyr201,  Thr357,  Asp191  and  Tyr197.  While  the

coordinates of the docked structure are not available, comparison to the Bmal-TPP:T6P

structure identified three residues essential  for  binding in  both simulations:  Cys198,

Asp191 and Tyr197 (Cys222, Asp215 and Tyr221 in  Bmal-TPP). While Tyr197 was

proposed to play an essential role in  Asim-TPP catalysis, the MD work here suggests

that  its  Bmal-TPP counterpart,  Tyr221,  is  key  for  substrate  binding  but  reveals  no

obvious role for the residue in the chemical process that follows. This involvement of

tyrosine residues in substrate binding was also proposed by Rao et al. (2006) for the T.

achidophilum TPP. The identification of the active site cysteine (Cys198; Cys222 in

Bmal-TPP) in both proteins also is interesting, given its potential as a target for T6P-

based covalent inhibitors (discussed in Section 3.3 and Chapter 7). The importance of

Asp191/Asp215 is unsurprising, given that it is part of HAD motif I and functions as

one of the catalytic nucleophiles. Thus, while the model of T6P-bound  Asim-TPP is

inherently limited by the use of a homology model instead of a crystal structure, it is in

some  agreement  with  the  Bmal-TPP:T6P  model  as  to  the  key  binding  residues.

Nevertheless, a number of ancillary binding residues differ between the two models and

it is unclear whether this is due to inherent flaws in the Asim-TPP homology model, real
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functional differences between the two proteins—which is unlikely given the similarity

of their  sequences  91% identity (Łopieńska-Biernat et  al.,  2018; see Chapter 4)—or

differences  in  the  MD simulations  themselves.  This  is  a  question  that  can  only be

answered with co-crystal structures.

3.2.2 Glucose-6-phosphate and sucrose-6-phosphate

Despite both phosphate groups being within < 5 Å of the magnesium ion at the start of

the simulation, both G6P and S6P migrated out of the binding cleft (Figure 16, panels E

and  F;  Figure  20).  Notably,  unlike  T6P,  neither  S6P  nor  G6P  formed  stacking

interactions with Tyr221 (Figure 16, panels H and I) and neither interacted with Lys334

(Figure 16, panels K and L). However, S6P did not dissociate entirely from the protein

as expected, but rather was retained by three contacts that the phosphate group formed

with a water molecule and the side chains of Thr425 and Ser427 (Figure 20). As the rest

of the molecule projects out into the solvent, forming no other productive interactions,

this confirmation is unlikely to be catalytically viable.
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Figure 20. Dissociation of S6P and G6P from Bmal-TPP

During a 20 ns simulation, both (A) S6P (cyan) and (B) G6P (purple) migrated out of
the substrate binding cleft and away from the active site magnesium ion (grey). 
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G6P  represents  the  truncated  substrate  and,  thus,  can  yield  insights  into  the

contributions of the phosphorylated glucose moiety to binding. Its dissociation from the

protein suggests that only a portion of the productive binding energy is provided by the

phosphate and first glucose unit alone. Thus, the specificity of TPP for T6P is likely to

be intrinsically linked not only to the binding contributions of the second glucose unit

(absent from G6P), but also to the unique geometry of the α,α-(1→1) glycosidic linkage

(absent from S6P), which gives trehalose a molecular shape complementary to that of

the binding pocket. A similar conclusion has since been reached for the TPP enzymes of

M. tuberculosis, Shigella boydii  and Salmonella typhimurium (Liu et al., 2017), which

further reinforces the importance of the specific geometry of T6P.

3.3 Design of substrate-based inhibitors

Knowledge of the binding position of T6P has applications in the rational design of

inhibitors. To date, two major efforts have been made towards inhibiting TPP with non-

hydrolysable analogues of T6P. Both efforts involved substitution of the 6-phosphate

moiety with various phospho-mimetic groups: 6-sulphate (Farelli et al., 2014; Liu et al.,

2017), 6-phosphonate, 6-flurophosphonate and 6-boronate (Liu et al., 2017). The first

three  analogues  were  found  to  be  competitive  inhibitors  of  the  TPPs  from

M. tuberculosis,  S boydii,  A. suum  and S. typhimurium. Trehalose-6-sulphate  (T6S)

showed the  greatest  potency and  was  thus  tested  against  a  panel  of  TPP enzymes.

However, its maximum Ki is ~50 μM (A. suum TPP), which is significantly higher than

expected for typical drug leads and the compound would require significant refinement

to be feasible as a clinical inhibitor. Thus, while modification of C6 of trehalose shows

potential for inhibitor development, it alone is insufficient for significant inhibition and

other potential binding sites must be sought.
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Intriguingly, the proximity of the second glucose unit of T6P to Cys222 of Bmal-TPP, as

observed in the MD simulation, suggests that a disulphide bond between the ligand and

the side chain of Cys222 might be formed upon replacement of the sugar hydroxyl with

a sulfhydryl group (Figure 21). Therefore, in this context, useful design elements also

include appropriately positioned acrylamide motifs that could react with the side chain

sulfhydryl group of Cys222 in a Michael addition—a concept that has recently gained

renewed interest, given the success of irreversible kinase inhibitors (S. Rajan, personal

communication; Liu et al., 2013; Oueis et al., 2014). The identification of an inhibitor

targeting this residue will be further discussed in Chapter 7.

3.4 Cap closure upon substrate binding

In certain HAD phosphatases, the cap domain encloses the active site upon substrate

binding. This is explained by Seifried et al. (2012) as a mechanism that excludes solvent

from  the  binding  cleft  such  that  aspartate  is  the  nucleophilic  attacker.  Subsequent

opening  of  the  cap  then  serves  to  admit  solvent  to  hydrolyse  the  phospho-aspartyl

intermediate. However, molecular dynamics simulations (Bmal-TPP and Asim-TPP and

co-crystal structures (Cneo-TPP) show that T6P binding involves a number of water-

mediated interactions and thus, cap closure is unlikely to exclude all water from the
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Figure 21. Cys222 as a binding site for TPP inhibitor design

The binding pose (A) of trehalose-6-phosphate to  Bmal-TPP obtained from molecular
dynamics  simulation  (B)  brings  the  ligand  within  5Å  of  the  Cys222  side  chain,
suggesting the possible development of T6P analogues to irreversibly bind Cys222.
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active site. A closed conformation of TPP has been observed in  T. acidophilum TPP

(Rao et al., 2006), a substrate-bound inactive C. albicans TPP (Miao et al., 2016) and in

the Asim-TPP MD simulation discussed earlier (Łopieńska-Biernat et al., 2018). No cap

closure  was  observed  in  Bmal-TPP.  Closer  examination  of  the  Bmal-TPP:T6P

simulation data shows residues of the MIT-like domain are engaged in polar (Asp66–

Thr318, Thr123–Asp320 and Thr124–Asp320) as well as hydrophobic (Val65–Phe324)

interactions with residues of the cap domain (Figure 22). To assess whether the MIT-like

domain of nematodes locks the cap domain into place, such that its position relative to

the HAD core domain remains fixed, an additional simulation of the protein without the

MIT-like  domain,  Bmal-TPP(Δ1-159),  was  run  in  the  absence  of  substrate.  No

substantial movement of the cap with respect to the core domain was observed (Figure

22), indicating that the MIT-like domain does not prevent cap movement and hence, the

functional role of this domain in the nematode proteins remains unclear, particularly

given  the  cap  movement  observed  in  the  other  nematode  enzyme,  Asim-TPP

(Łopieńska-Biernat  et  al.,  2018).  One possible  explanation for  this  difference is  the

duration of the two simulations. The Bmal-TPP:T6P MD was stopped after 20 ns, as a

stable binding pose had been reached at 10 ns (Figure 16, panels D and G). In contrast,

the  Asim-TPP simulation  ran  for  100  ns  and  analysis  was  only  performed  on  the

structure at the 70 ns time point. The time at which the observed cap-core movements

first occurred is not clear from the data presented in the publication and hence, may

have  been  observed  in  the  Bmal-TPP:T6P simulation,  had  it  been  run  longer.  The

simulation was not repeated for a longer run as by the time the  Asim-TPP:T6P model

was published,  additional  work that  informed cap-core  movement  had already been

performed in Bmal-TPP (See Chapter 5) and thus, further MD was deemed unnecessary.
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3.5 Conclusions

Molecular  dynamics  simulations  were  used  to  investigate  the  basis  of  Bmal-TPP

substrate specificity. This was found to be a result of the specific geometry of trehalose,

which orients both glucose moieties to form a network of H-bonds with residues from

both the cap and core domains, including a stacking interaction with Tyr221. Additional

binding  energy  is  contributed  by  Mg2+-coordination  of  the  phosphate  group.

Interestingly, it  was found that the phosphate group alone is insufficient for binding,

which further emphasises the importance of the contributions of both rings in T6P.

Comparison  of  the  Bmal-TPP:T6P  complex  to  existing  models  identified  both

similarities and differences in the key binding residues of TPP in different species. What

is central throughout is that binding involves both the cap and core domains and that

Mg2+-coordination of the phosphate is important (though not the sole contributor) for

binding. Given their positions in the binding site, the catalytic aspartate residues are

inevitably involved in all  cases,  but stacking interactions with tyrosine appear to be

56

Figure 22. MIT-like domain interactions do not prevent cap domain closure in 
Bmal-TPP

(A)  It  was  hypothesised  that  contacts  between  the  cap  (cyan)  and  MIT-like  (pink)
domains of Bmal-TPP might prevent cap domain movement. However, removal of the
MIT-like domain does not result in a significant difference in the (B) distance between
the cap and core domains in a 20 ns molecular dynamics simulation, indicating that the
MIT-like domain does not prevent cap movement relative to the core domain.
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specific to the nematode enzymes. What remains unclear is whether movement of the

cap relative to the core occurs in Bmal-TPP or whether it is indeed necessary. 

Aspects identified for further investigation include the use of Cys222 as a target site for

rational  design  of  covalent  TPP inhibitors  (see  Chapter  7)  and  the  identity  of  the

catalytic nucleophile in Bmal-TPP. Given that the MD simulation positions the scissile

bond in T6P proximal to Asp215 (and on the other side of the Mg2+-coordination sphere

from Asp213), it directly contradicts Farelli et al.’s (2014) claim that Asp213 is the key

attacking residue. This matter required further experimental investigation and will be

addressed the following chapter.
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4.1 Foreword

At the start of this project, a structure-based sequence alignment of TPP enzymes was

undertaken to support MD interpretation and improve understanding of the similarities

and differences between TPPs from different species. When the conflict in the proposed

identity of the Bmal-TPP catalytic nucleophile—Asp213 (Farelli et al., 2014) or Asp215

(Chapter 3)—became apparent, the alignment gained value, given Farelli et al.’s initial

use of homology-based inference (2014). Their proposed nucleophile—Asp213—had

been experimentally validated through the creation of a series of active site alanine

mutants  to  remove  activity.  However,  replacement  of  aspartate  with  alanine  could

prevent Mg2+-coordination and leave the enzyme inactive in the absence of its cofactor,

regardless of whether the actual nucleophilic attack residue was mutated or not. As the

paper did not confirm the presence of magnesium in the variant proteins before their

activity  was  tested,  the  results  were  not  conclusive  and  further  investigation  was

necessary.

The publication that follows uses structure-based sequence alignment to propose three

distinct topological groups of TPP enzymes. Based on these groupings, it also tests the

validity  of  homology-based  inference  for  predicting  the  catalytic  nucleophile  of

Bmal-TPP  by  mutating  active  site  aspartate  residues  to  asparagine  to  maintain

Mg2+-coordination, but remove catalytic activity.
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4.3 Cross et al., 2017a: The FASEB Journal
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4.3.1 Cross et al., 2017a: Supplementary material
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4.4 Additional discussion

Following the proposal of Asp215 as the primary nucleophile and Asp428 as a likely

activator of water in the second catalytic step in  Bmal-TPP, corresponding mutations

were made in the TPP from Ancylostoma ceylanicum (Acey-TPP) to investigate whether

homology-based  inference  is  valid  within  the  nematode  group,  as  proposed.  The

resulting variants—Acey-TPP:D158N and Acey-TPP:D370N (equivalent to D215N and

D428N in Bmal-TPP, respectively)—were purified, subjected to phosphatase assays and

compared to the wild-type enzyme. Both variants showed corresponding decreases in

phosphatase  activity  (Figure  23),  which  suggested  that  both  are  involved  in

dephosphorylation of T6P by Acey-TPP.

Structure-based sequence analysis of monoenzyme TPPs from a range of pathogenic

species revealed that these enzymes can be broadly sorted into three topological groups

according to structural variations at the N-terminus. While the characteristic core–cap

structure and motifs (I–IV) of HAD family proteins are conserved across all groups,

there is significant variation between them in terms of the residues connecting the key

motifs and forming the global fold (see Figure 24). Overall, this suggests that caution is

necessary when applying homology-based inferences, particularly concerning residues

outside the major HAD motifs, such as those involved in binding. 
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Figure 23. Phosphatase activity of Acey-TPP active site variants

Dephosphorylation of T6P was measured in an end-point assay (Cross et al., 2016) and
data was scaled relative to wild-type. EDTA at 10 mM was used as an inhibitor of the
proteins,  which  show  increased  sensitivity  upon  mutation  of  magnesium-binding
residues.
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The  previous  chapter  identified  differences  in  the  key T6P-binding  residues  of  the

enzymes  from  B. malayi,  M. tuberculosis  and  C. neoformans—conveniently

representing two of the three topological groups. Were higher-order pathogens such as

fungi included in the study, it  is probable that  C. neoformans and associated fungal

species would form a fourth group, given their TPS-like N-termini (Miao et al., 2016).

Beyond differences in the substrate binding residues, this paper has demonstrated the

need for caution when using homology to infer functionality across TPP groups. The

involvement of motifs I (DxD) and IV (DXXXD) in cofactor binding and catalysis is

well-established. However, the identity of the residue that forms the covalent phospho-

aspartyl  intermediate  through  nucleophilic  attack  of  the  phosphate  varies  between

species (Figure 25). 
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Figure 24. Sequence conservation across TPPs from various species and within 
parasitic nematodes

(A) Multiple sequence alignments with (B) amino acid conservation mapped onto the
TPP structures of T. acidophilum (bacteria; left) and B. malayi (nematoda; right). Strict
conservation  of  the  four  characteristic  HAD motifs  involved  in  catalysis  and  Mg2+-
binding is evident in both alignments. In contrast, TPPs from different domains show
sequence variability (blue) in distal regions, while those within the same phylum are
more  conserved (red).  The differences  in  sequence  conservation  can  be exploited  to
tailor  inhibitors  in  a  phylum-specific  manner.  Figure  reproduced  from  Cross  et  al.
(2017c) with permission (see Appendix 4).
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This variation may be attributable to differences between species; however, the catalytic

nucleophiles have been assigned through a number of techniques, both experimental and

theoretical. The experimental use of alanine mutants for both Bmal-TPP (Farelli et al.,

2014) and Mtub-TPP (Shan et al., 2016) without verification of Mg2+-binding could not

produce conclusive results. Similarly, the use of MD alone for prediction in Asim-TPP

(Łopieńska-Biernat  et  al.,  2018)  critically  lacks  experimental  confirmation,  which

would be highly valuable given that the predicted residue conflicts with those identified

in other nematode TPPs. Thus, of the seven proposed catalytic residues, only four have

been experimentally verified (Figure 25); even though the position of the nucleophile of

each  species  group  (Figure  25)  appears  to  correlate  with  the  proposed  topological

grouping (suggesting that nematode TPPs may utilise the second aspartate in motif I,

while fungi and bacteria use the first), no solid conclusions can be drawn due to a lack

of consistent experimental rigor.

Differences in the catalytic nucleophiles of different TPPs may have implications for the

design  of  covalent  inhibitors,  particularly  those  based  upon  noncleavable  substrate

mimetics  (Liu  et  al.,  2017).  Further,  while  the  positions  of  the  four  motifs  are

structurally conserved, additional variations in the T6P binding residues may also affect

inhibitor design. For example, stacking interactions between tyrosine and trehalose in

the  nematode TPPs could  potentially be exploited to  confer  specificity for  parasitic

worms, while leaving other species (with TPPs lacking active site tyrosines) unharmed. 
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Figure 25. Proposed catalytic nucleophiles of TPPs from various species

Alignment of motif I residues from seven TPP enzymes with their proposed catalytic
nucleophiles highlighted. Those in green were identified experimentally; those in yellow
were proposed through modelling, simulations or homology-based inference and lack
rigorous experimental confirmation (Rao et al., 2006; Farelli et al., 2014; Miao et al.,
2016; Shan et al., 2016; Łopieńska-Biernat et al., 2018).
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Finally,  differences between the topological groups are  clearest  at  the domain level,

where nematodes  and mycobacteria  have significant  additional  structures,  neither  of

which are similar to the TPS-like N-terminal domain in fungal TPPs. While the roles of

these  domains  have  not  yet  been  experimentally  validated,  sequence  analysis  has

suggested that the MIT-like domain of nematode TPPs may be involved in interactions

(Farelli et al., 2014), potentially with its TPS partner to ensure strict control of T6P via

funnelling  during  trehalose  biosynthesis.  Similarly,  the  N-domain  of  Mtub-TPP

resembles  the  mycobacterial  response  regulator  domain  of  MtrA,  a  DNA binding

protein  moderated  by  autophosphorylation  (Shan  et  al.,  2016).  This  suggests  that

additional  N-terminal  domains  may  provide  additional  species-specific

funcationalisation  of  the  core  TPP scaffold.  Conveniently,  they  are  also  a  potential

source of additional binding sites for inhibitors.

4.5 Concluding remarks

Given the topological variation between TPPs from different species, the drug discovery

potential of these enzymes may differ; some compounds may more effectively inhibit

TPPs from one specific species group than those of another, either through differential

binding at the active site or allosteric modulation via their various N-terminal domains.

To account  for  this,  additional  proteins  were selected to  represent  the bacterial  and

mycobacterial groups in a panel of TPPs to test potential inhibitors later identified by

compound screening (see Chapter 7). These additional proteins will be introduced in the

following chapter, where a fundamental enzymatic characterisation of TPP enzymes is

reported.
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5.1 Foreword

Knowledge  of  the  enzymatic  properties  of  proteins  is  highly  valuable,  both  for

understanding their functioning and for the design and characterisation of inhibitors.

Changes  to  the  key  kinetic  parameters  of  an  enzyme  upon  inhibitor  binding  offer

potential insight into the inhibitor’s mechanism of action (Kato & Shimotohno, 1984;

Palmer, 1995; Cross & Hofmann, 2018). Thus, the TPP enzymes in this study were

subjected  to  enzymatic  characterisation  to  build  a  core  understanding  of  their

functioning as phosphatases and to enable downstream inhibition studies.

To account for interspecies differences between TPP enzymes, representative proteins

from each topological  group described in  Cross et  al.  (2017a;  see  Chapter  3)  were

selected;  the  original  TPP  enzymes  chosen  included  those  from  A.  ceylanicum,

B. malayi and  T.  canis (nematode  group)  as  well  as  those  from  Pseudomonas

aeruginosa (gb: WP_043516570.1) and Mycobacterium tuberculosis from the bacterial

and mycobacterial groups, respectively. The mosaic genome structure of P. aeruginosa

required deeper analysis (conducted by Dr Pasi Korhonen, University of Melbourne,

Australia),  which revealed that the original  sequencing culture of  P. aeruginosa was

contaminated  by  Stenotrophomonas  maltophilia,  another  opportunistic  hospital

pathogen that is often co-cultured with  P. aeruginosa. After confirming the  Smal-TPP

amino  acid  sequence  (cf.  identity  of  sequences  gb: WP_043516570.1  and

gb: CCH13862), this enzyme was included in the panel (replacing the originally chosen

enzyme from P. aeruginasa) as S. maltophilia is a further socio-economically important

pathogen and thus highly relevant from a drug discovery perspective. The TPP enzymes

of P. aeruginosa were investigated separately and will be discussed in Chapter 6.

The paper in this chapter describes the enzymatic characterisation of a panel of one

mycobacterial,  one  bacterial  and  three  nematode  TPPs  and  discusses  the  potential

implications of their burst-like kinetic behaviour for the TPP catalytic mechanism.
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5.4 Additional Discussion

5.4.1 A ‘moderately efficient’ enzyme

A generally held view is that the ‘perfect enzyme’ is one with a low Km, high  kcat and

high  kcat/Km,  which  indicate  tight  binding  of  the  substrate,  fast  processing  and  a

diffusion-limited  mechanism,  respectively  (Benner,  1989;  Palmer  1995;  Cross  &

Hofmann, 2018). A popular example in this context is acetylcholine esterase, which has

a  Km of 0.046 mM,  kcat of 25,000 s-1 and  kcat/Km of 1.6 × 108 M-1s-1 (Boyd et al., 2000,

Bar-Even et al., 2011). Given the essentiality of TPP in both nematodes (Kormish &

McGhee, 2005) and mycobacteria (Korte et al., 2016), the enzymes characterised in this

paper show unexpectedly low turnover and moderate affinity for their T6P substrate.

While initially considered anomalous, comparison of the parameters determined here to

global average values from a survey by Bar-Even and colleagues (2011) suggests that

T6P hydrolysis by these enzymes is appropriate for their biological function.

In  their  aptly  titled  review,  ‘The  Moderately  Efficient  Enzyme’,  Bar-Even  and

colleagues  (2011)  examined  approximately  5,000  reactions  by  2,500  enzymes  and

reported average  Km, kcat  and  kcat/Km values of  0.13 mM, 1.37 s-1 and 1.25 × 105 M-1s-1,

respectively.  With  corresponding  values  of  0.12 mM,  4.7 s-1 and  3.5 × 104 M-1s-1,

respectively,  Acey-TPP (for example) is enzymatically ‘average’, but, naturally, just as

required for it to function effectively. As briefly discussed in Cross et al. (2017c), the

physiological role of TPPs in osmoprotection and energy storage suggests that these

enzymes are required to process high concentrations of T6P—hence, they have high Km

values and function optimally at high substrate concentrations. Bar-Even (2011) further

observed correlations between Km and the physicochemical properties of the substrate:

Km decreases with increasing molecular mass (though only up to 350 Da) and greater

hydrophobicity. With a molecular mass of 422.3 Da and a number of hydroxyl groups,

the  T6P substrate  has  the  potential  to  form multiple  hydrogen  bonds,  but  may  be

restricted in its conformational flexibility (and therefore, binding ability) by its size. 

Given that not all collisions between substrate and enzyme lead to a productive enzyme-

substrate  complex,  the  dynamics  of  these  encounters  have  direct  implications  for

102



Chapter 5. Enzymatic properties of TPPs

catalysis (Brocklehurst et al., 1968; Rozengart & Basova, 2003). An enzyme population

in  solution  generally  occupies  a  range  of  conformational  states  depending  on  the

inherent flexibility of its 3D structure; thus, the substrate may encounter an enzyme

molecule in a non-complementary state that prevents binding and the formation of a

productive complex (reviewed in Bar-Even et al., 2015). While it is unclear whether the

closure of the cap domain over the active site in fungal TPPs (Miao et al., 2016) is

substrate-dependent,  it  indicates  flexibility  in  the  TPP structure.  As  conformational

shifts  are  associated  with  changes  in  catalytic  activity  (Johnson,  2011),  the  super-

stoichiometric  burst  kinetics  observed here  suggest  that  conformational  flexibility is

present in the nematode and bacterial TPPs. This, in turn, offers a further explanation

for their moderate catalytic performance: substantial conformational flexibility in the

3D structure of the enzyme leads to a higher probability of unproductive encounters

between substrate and enzyme (compared to fairly ‘rigid’ enzymes) since the overall

concentration  of  ‘catalytically  competent’  enzyme  is  substantially  lower  than  the

nominal concentration.

5.4.2 Efforts to crystallise TPP

Crystal  structures of non-liganded and T6P-bound TPP are necessary to confirm the

possibility of cap-core closure in the nematode and bacterial TPPs. In this context, co-

crystal  structures  require  either  an  inactive  enzyme  or  binding  of  a  noncleavable

substrate or inhibitor to trap the substrate-bound state. Screening for TPP inhibitors was

a major component of this work and is detailed in Chapter 7. As described in Chapter 2,

crystallisation  trials  were  performed  with  apo  wild-type  Acey-TPP,  Tcan-TPP,

Mtub-TPP,  Bmal-TPP  and  Smal-TPP  and  the  inactive  Bmal-TPP-D215N  and

Acey-TPP-D370N  variants.  These  efforts  proved  unsuccessful  in  that  none  of  the

crystals  obtained diffracted to sufficiently high resolution,  with the exception of the

chromosomal TPP from P. aeruginosa. Through a collaboration with Dr Suk-Youl Park

at the Pohang Light Source (Repulic of Korea), the structure of this enzyme was solved

and is discussed in the following chapter.
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6.1 Foreword

As  noted  in  Chapter  4,  the  sequence  originally  annotated  as  P.  aeruginosa TPP

(gb: WP_043516570.1) was found to belong to the colonising bacterium S. maltophilia.

Further  attempts  to  identify  the  correct  sequence  for  Paer-TPP in  public  databases

resulted  in  two  potential  sequences.  Both  proteins  were  purified  and  characterised,

though only one crystallised. 

These crystals diffracted poorly on the in-house diffractometer at Griffith University

and attempts were made to improve diffraction by dehydration of the crystals, as was

previously successful in this laboratory (Leow et al., 2014). The maximum resolution

obtained  from  these  efforts  was  3.4 Å  and  it  was  suggested  that  the  failure  of

dehydration was potentially linked to environmental humidity. To test this hypothesis,

both the crystals and purified protein were shipped to Dr Suk-Youl Park at the Pohang

Light Source (due to the availability of a Free Mounting System for humidity control),

who  was  able  to  replicate  the  crystallisation  conditions  and  collect  high-resolution

diffraction data. 

This chapter includes a paper reporting the enzymatic and structural characterisation of

the  TPP enzymes  from  P. aeruginosa.  It  discusses  the  results  in  the  context  of  the

Pseudomonas mosaic genome structure and the likely origins of the Paer-TPP enzymes.
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6.4 Concluding remarks

The paper in this chapter highlights the potential for subtle variations in the TPPs from

different species and reaffirms the conservation of the core HAD fold and exquisite

substrate specificity that is characteristic of the TPPs. These similarities and differences

can arguably be leveraged in the design of both broad-spectrum and specific inhibitors

through the targeting of different structural regions. For example, given the conservation

of the active site structure, compounds designed to bind to the active site residues would

likely bind to a wider range of TPP enzymes. In contrast, compounds targeting distal

regions or domains specific to particular classes of TPPs (e.g., the MIT-like domain of

nematode TPPs or the flap-like β-hairpin of Paer-chTPP) could potentially be optimised

to target species-specific enzymes only. 

Arguably the most notable difference between the TPPs from P. aeruginosa and other

TPPs  with  experimentally  determined  structural  information  is  the  dimerisation

behaviour  of  the  former.  As  discussed  in  the  paper,  the  reason  for  this  is  unclear.

Intriguingly, the two  Pseudomonas enzymes possess different oligomeric distributions

(Paer-chTPP as a dimer and  Paer-ecTPP as a 1:1 mix of monomer and dimer). With

only  18  amino  acid  substitutions  in  the  sequences  of  both  chTPP and  ecTPP,  the

differences in quaternary structure between the two proteins could be linked to changes

in the dimerisation interface (two amino acid substitutions; Ile47→Val, Gly229→Asp)

but might also be due to different degrees of flexibility of the entire fold regulated by

the remaining 16 amino acid substitutions. While neither of the variable residues in the

dimerisation interface is involved in significant stabilising interactions, the disruption of

the interface may be a caused by the introduction of a less compatible side chain, rather

than the loss of a stabilising one. As discussed, the four-helix bundle at  the domain

interface  comprises  α6,  α7,  α6’ and  α7’.  The  substitution  of  Gly229  (chTPP)  with

Asp229 (ecTPP) on α6 introduces both a larger side chain and a negative charge to the

region between α6 and α7’.  This  additional  charge  could  potentially  destabilise  the

largely  hydrophobic  interface,  leading  to  oligomeric  heterogeneity.  A  definitive

structural explanation for the observed difference in quaternary structure between the

two Pseudomonas TPPs would require further experimental work and possibly employ

site-directed mutagenesis.
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If different strains of  Pseudomonas  acquired  otsB through horizontal gene transfer, as

the  different  genomic  locations  of  the  gene  in  different  species  suggest,  then  the

difference between the sequences of the chromosomal and extra-chromosomal TPPs of

P. aeruginosa  may be  due  to  their  acquisition  from different  donor  species/genetic

sources.  Indeed,  given  the  sequence  similarity  of  Paer-chTPP  and  B. ubonensis

‘trehalose phosphatase’, the fact that Burkholderia species have a full suite of trehalose

metabolism genes (while those of  Pseudomonas species are limited) and the fact that

both  bacteria  are  opportunistic  pathogens  utilising  genomic  islands  and  have  been

reported to exchange genes, one may speculate that certain Pseudomonas species may

have acquired TPP from Burkholderia. Future studies could investigate this idea further,

for  example,  by  employing  phylogenetic  analyses.  A  functional  and  structural

characterisation of the B. ubonensis enzyme for comparison to Paer-chTPP would also

be informative in this regard, particularly given the prominence of trehalose metabolism

in  Burkholderia.  As the  TPP of  S. maltophilia,  another  opportunistic  bacterium, has

been characterised in this work (Cross et al., 2017b; Chapter 5), the potential of TPPs as

therapeutic targets in other nosocomial species could represent a worthwhile avenue for

future investigation.

As in nematodes and mycobacteria, the potential of TPP as a drug target in opportunistic

bacteria is linked to the susceptibility of these species to T6P accumulation. While this

has not yet been investigated  in vivo, the detrimental physiological effects of T6P are

likely due to its interaction with hexokinase (Kormish & McGee, 2005; Blázquez et al.,

1993; Puttikamonkul et al., 2010; Yadav et al., 2014). The equivalent enzyme in bacteria

is  glucokinase  (Campbell  et  al.,  1962),  which  possesses  the  same  glucose-binding

residues  as  the  yeast  hexokinase  (see  UniProt  for  the  glucokinase  sequences  of

P. aeruginosa:  Q9HZ46;  B.  ubonensis:  A0A1R1J517  and  S. maltophilia:  B2FL80).

Thus, the presence of an orthologous enzyme in nosocomial/opportunistic bacteria that

possesses the same activity and active site residues as an enzyme that is susceptible to

T6P suggests that these species are likely to also be vulnerable to T6P accumulation. If

so, they could be targeted in the development of novel antibacterials.
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7.1 Introduction

7.1.1 Strategies to identify TPP inhibitors

The  major  aim  of  this  project  was  the  identification  of  novel  TPP inhibitors.  As

discussed  in  Section  1.2  and  Cross  et  al.  (2017c),  two  popular  approaches  for

identifying  inhibitors  are  the structure-guided design of  substrate  analogues  and the

screening of libraries (of either compounds or fragments). In early efforts to identify

TPP  inhibitors,  compound  databases  were  searched  for  molecules  with  structural

similarity to T6P. While potential matches were inevitably identified, those compounds

that were available for purchase tended to be costly and thus, inaccessible for large-

scale  in  vitro testing.  A more  economical  approach  was  sought.  Given  the  lack  of

substrate-bound TPP crystal structures, the results of the MD simulations of Bmal-TPP

with T6P (discussed in Chapter  3) were used to design a series of substrate analogues

for a more targeted approach. However,  as this pathway required collaboration with

synthetic chemists and external expertise, it was considered outside the scope of this

project and is ongoing within the Hofmann Laboratory. Thus far, one of the analogues

designed has been synthesised (by Dr Siji Rajan): trehalose-6-sulphate, which only has

activity against the TPP enzymes of P. aeruginosa (as discussed in Cross et al., 2018;

Chapter  6). In contrast,  the screening of compound libraries using a high-throughput

ligand binding assay was  found to  be economical  in  terms  of  both  the  amounts  of

compound  and  protein  required  and  the  number  of  molecules  that  could  be  tested

simultaneously.

7.1.2 Screening for novel TPP ligands

Given its amenability to differential scanning fluorimetry,  Acey-TPP was selected for

compound screening, and 5,452 compounds were tested, as described in Section 2.2.8.

To account for differences between the TPP topological groups, compounds that were

found to bind Acey-TPP were tested for inhibition against a full panel of both nematode

and bacterial TPPs. During the experimental period in which this work was performed,
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two additional  TPP enzymes  were  added to the  panel:  the  TPP from  Streptococcus

pneumoniae (Spne-TPP) was received from the Kim Laboratory (Chonnam National

University, Republic of Korea) and that of the nematode Haemonchus contortus (Hcon-

TPP) was purified in-house by Jan Straub as part of his internship.

7.2 Foreword

This chapter includes a paper that presents the results of compound library screening

against Acey-TPP. The paper focuses on the strongest inhibitor and describes work done

to investigate its mechanism of action and antihelminthic properties. 

This work is presented in the form in which it was submitted to  PLoS Pathogens and

thus, the referencing style and figure/table numbering adhere to the style of the journal.

The reference list and supplementary material are presented at the end of the main paper

text.
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7.4 Cross et al., 2019, PLoS Pathogens (submitted)

Abstract

Protein-based  drug  discovery  strategies  have  the  distinct  advantage  of  providing

insights into the molecular mechanisms of chemical effectors. In the present study, we

subjected  recombinant  trehalose-6-phosphate  phosphatases  (TPPs)  to  a  two-tiered

screening approach to evaluate several  diverse compound groups with respect to their

potential as TPP inhibitors.

From a total of 5452 compounds tested, N-(phenylthio)phthalimide was identified as an

inhibitor of nematode TPPs with apparent Ki values of 1.0 μM and 0.56 μM against the

enzymes from the zoonotic roundworms Ancylostoma ceylanicum and Toxocara canis,

respectively. Using site-directed mutagenesis, we demonstrate that this compound acts

as a suicide inhibitor that conjugates a strictly conserved cysteine residue in the vicinity

of the active site of nematode TPPs.

The  anthelmintic  properties  of  N-(phenylthio)phthalimide  were  assessed  in  whole

nematode  assays  using  larvae  of  the  ascaroids  T.  canis and  T.  cati, as  well  as  the

barber’s pole worm  Haemonchus contortus. The compound was particularly effective

against each of the ascaroids with an IC50 value of 9.3  μM in the survival assay of

T. cati larvae, whereas no bioactivity was observed against H. contortus.

Albeit the chemical reactivity of N-(phenylthio)phthalimide may render this compound

less  suitable  for  development  into  a  commercial  anthelmintic,  its  discovery  as  an

effective inhibitor of nematode TPPs presents a major advancement; at present, there are

no  known TPP inhibitors  that  possess  reasonable  inhibition  constants  and  chemical

scaffolds  amenable  to  convenient  modification.  The present  results  suggest  TPPs as

worthwhile targets for novel anthelmintics.
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Author summary

Parasitic worms (helminths) cause destructive diseases, accompanied by major socio-

economic effects due to their impact in agriculture and the environment. Infections by

roundworms  (nematodes)  in  particular  pose  a  substantial  risk  with  long-term

consequences for sufferers. In addition to nematodes that use humans as their primary

host,  zoonotic  parasites  of  companion  animals,  such  as  Toxocara  canis and

Ancylostoma  ceylanicum,  are  an  increasing  concern.  The  increasing  occurrence  of

resistance against current treatments and associated dwindling sustainability of periodic

deworming thus call for the urgent development of novel therapeutics.

Trehalose-6-phosphate phosphatases (TPPs) as structurally and functionally conserved

enzymes of the trehalose biosynthesis pathway have attracted attention as novel drug

targets since these enzymes are critical for pathogen survival. Current TPP inhibitors

with reasonable inhibition constants are carbohydrate analogues and thus suffer from

challenging chemical synthesis. Here, we screened several compound libraries with the

goal of identifying novel chemotypes suitable as TPP inhibitors. These efforts yielded

N-(phenylthio)phthalimide as a highly effective suicide inhibitor of nematode TPPs that

also shows promising efficacy in whole organism nematode assays in vitro.

Introduction

Although the public perception of risks from infectious diseases caused by parasitic

worms (helminths) of humans, animals and plants are often ranked moderate or low [1],

many of these diseases have a substantial impact in agriculture, the environment and

human health. In particular, with currently >1 billion people infected by roundworms

(nematodes) [2], the resultant morbidity surpasses diabetes and lung cancer in disability-

adjusted life years [3]. Worm infections of live stock currently cause annual economic

losses of 500 million dollars in Australia alone [4]. In the absence of vaccines for the

majority  of  these  parasites,  their  control  relies  predominantly  on  the  use  of

anthelmintics, whose wide-spread use has led to drug resistance problems [5,6]. The

present  anthropogenic  trends  as  well  as  the  globally  changing  climate  has  further

resulted in the establishment of parasitic organisms in new habitats [7]. Additionally, an

increasing  importance  of  zoonosis  [8]  is  expected,  exemplified  by  the  emerging

prevalence  of  roundworms  including  Ancylostoma  ceylanicum  [9,10]  and  Toxocara

131



Chapter 7. Identification of TPP inhibitors

canis [11,12] and their effects in humans [12–14]. Toxocariasis, caused by T. canis (dog

roundworm) and T. cati (cat roundworm), is classified as a neglected parasitic infection

that is targeted by the US Centers for Disease Control and Prevention (CDC) for urgent

public  health  action,  owing  to  the  threat  posed  by  zoonosis  [15].  Other  nematode

infections,  such  as  haemonchiasis,  cause  substantial  economic  losses.  The  livestock

nematode  Haemonchus  contortus  (barber’s  pole  worm)  colonises  the  abomasum in

cattle, goats and other wild ruminants and can induce anemia and edema as well as other

intestinal disturbances [16]. Often, the host will die with major infections. Therefore,

the  discovery  and  development  of  novel  therapeutics  is  an  urgent  aim  to  ensure

appropriate control measures for helminths in the future.

The  increasing  availability  of  genomic,  transcriptomic  and  proteomic  datasets  of

pathogenic organisms opens up avenues for advanced molecular approaches for drug

discovery that  utilise  data  mining to  identify novel  targets  [17,18].  One such target

identified by combining genome data set mining and literature research is the enzyme

trehalose-6-phosphate  phosphatase  [19],  which  is  a  conserved  metabolic  enzyme  of

many pathogens, absent from their mammalian hosts, that catalyses the formation of

trehalose. This non-reducing disaccharide constitutes an essential metabolite in many

micro-organisms but  is  neither  required  nor  synthesised  by vertebrates.  Of  the  five

known  trehalose  biosynthesis  pathways,  the  so-called  OtsAB  pathway  is  the  most

common and employs trehalose-6-phosphate phosphatase (TPP; E.C. number 3.1.3.12)

for the dephosphorylation of trehalose-6-phosphate (T6P), which is synthesised from

uridine  diphosphate-glucose  and  glucose  6-phosphate  by  trehalose-6-phosphate

synthase [20]. The observation that TPP knockdown results in lethal phenotypes in the

free-living  nematode  Caenorhabditis  elegans  [21]  and  the  mycobacterium

M. tuberculosis [22], combined with the high conservation of this biosynthetic enzyme

in pathogenic species [19] has recently focused efforts of target-based drug discovery on

pathogen TPPs (reviewed in [23]).

Previous research efforts have targeted the synthesis of carbohydrate-based substrate

mimics  with  first  attempts  exploring  the  usability  of  the  sulphate  analogue  of  T6P,

trehalose-6-sulphate.  While  this  analogue  showed  inhibition  of  TPPs  from different

nematode and bacterial organisms, the observed inhibition constants were in the range
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of 0.05–0.3 mM [24,25]. Recent attempts aimed at phosphonic acid analogues of T6P

yielded three compounds with IC50 values in the high micromolar range (288–1959 μM)

[26]. The trehalase inhibitor validamycin A, an antibiotic compound from Streptomyces

hygroscopicus  with  topological  similarity  to  trehalose  [27],  was  reported  to  inhibit

mycobacterial  TPPs in the millimolar range (IC50 values 12.6–15.0 mM) [26]. Since

carbohydrate chemistry is notoriously challenging and requires delicate protection and

de-protection steps during the syntheses of the desired target molecules, an alternative

synthetic strategy is to replace one of the two carbohydrate units of trehalose with aryl

moieties.  The  best  performing  inhibitor  from  a  recently  published  set  of  aryl-D-

glucopyranoside-6-sulphate  derivatives  inhibited  nematode  and  bacterial  TPPs  with

inhibition constants in the range of 5–100 μM [28].

In 2007,  the Queensland Compound Library,  now called Compounds Australia,  was

established  as  a  national  resource  and  dedicated  compound  management  facility  to

support biomedical research efforts through the consolidation of small molecules into a

repository that facilitates subsequent screening [29]. The compound repository includes

collections from academic researchers as well as commercially sourced compounds and

augments  a  large  variety  of  drug  discovery  efforts,  including  target-based  drug

discovery programs [30].

Here, we used compound collections from local academic research groups, the public-

private partnership Medicines for Malaria Venture as well as Compounds Australia to

evaluate selected diverse compound groups for interactions with pathogen TPPs.

Materials and Methods

Protein expression and purification

The  TPPs  investigated  in  this  study  included  the  enzymes  from  the  nematodes

A. ceylanicum and T. canis and H. contortus; the bacteria Mycobacterium tuberculosis,

Stenotrophomonas  maltophilia  and  Streptococcus  pneumoniae;  and  the

extrachromosomal  TPP  from  Pseudomonas  aeruginosa [33,44].  All  proteins  were

expressed  and  purified  as  over-expressed  recombinant  proteins  according  to  our

previously published protocol [44]. For H. contortus, an expression construct in vector

p11  (The  Biodesign  Institute,  Arizona  State  University,  Tempe,  AZ,  USA)  was
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generated  using  the  codon-optimised  synthetic  cDNA  (GenScript,  Piscataway

Township, NJ, USA) of Hcon-TPP transcript 1 [19]. In brief, the N-terminally hexa-His

fusion constructs of all proteins in vector p11 were transformed into  Escherichia coli

BL21-AI cells and 8 litre production cultures in LB+ medium [45] were seeded from 1

litre of overnight liquid culture. The production culture was grown at 37 °C for 4 h and

induced with 1 mM IPTG and 0.2% arabinose after lowering the temperature to 20 °C.

Incubation continued for 40 h, after which cells were harvested, subjected to multiple

freeze-thaw cycles,  a  5 min sonication and clarification of  the cytosolic  fraction by

high-speed centrifugation. The recombinant proteins were purified by ion exchange and

immobilised  metal  ion  affinity chromatography,  followed by the  removal  of  the  N-

terminal hexa-His-fusion peptide by proteolysis with in-house produced TEV protease.

All stages of protein purification were monitored by SDS-PAGE analysis to verify the

expected molecular masses for the target proteins.

Screening of compounds by ligand binding assay

Compound  libraries  were  obtained  from local  chemistry  groups  or  purchased  from

Compounds Australia.  The libraries were screened in a ligand binding assay against

Acey-TPP that evaluated the thermal protein denaturation monitored by fluorescence

emission of  an amphiphilic  dye in  reaction mixes  with and without  small  molecule

compounds (differential scanning fluorimetry; DSF). The optimal ratio of protein and

fluorescence dye for a two-state unfolding curve was optimised by testing a 7 × 4 matrix

of conditions varying the protein concentration from 0.5 to 32 μM, and SYPRO Orange

(Invitrogen;  Life  Technologies,  Mulgrave,  VIC,  Australia)  concentration between 5×

and 20× in a sample volume of 20 μL with a buffer composed of 100 mM NaCl and

20 mM HEPES (pH 7.5) [45]. For  Acey-TPP, the best conditions were determined to

contain 0.5 μM protein and 5× SYPRO Orange. 

DSF experiments were carried out in 96-well plates using a Roche LightCycler 480

(Roche,  Basel,  Switzerland).  Three  technical  replicates  were  tested  for  each ligand,

along with three replicates of a protein-buffer and a protein-DMSO mixture per 96-well

plate. Each reaction mixture comprised the optimised protein:dye ratio in a total volume

of  20 μL.  Ligands  were  added  from  their  stock  solutions  in  DMSO  at  a  final

concentration of 2.5–5 μM, with a final DMSO concentration of 5%. Experiments were
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analysed using DMAN [46], and ΔTm values were calculated as the difference between

ligand and DMSO control experiments.

Phthalimide analogue series

Compounds 1 and 2 were obtained from Combi-Blocks (San Diego, USA) and used as

received. Compound 3 was obtained from Sigma-Aldrich (Castle Hill, NSW, Australia).

Compounds 4–7 were obtained from the CSIRO compound collection.

Enzyme end-point assays

Trehalose-6-phosphate was synthesised in-house as published previously [19] and also

purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Phosphatase end-point

assays were carried out following a previously established protocol [33]. Briefly, the

phosphatase activity of Acey-TPP and Tcan-TPP was assessed using 500 μM trehalose-

6-phosphate and 10 μM enzyme to be tested. Reactions were carried out in a volume of

50 μl in assay buffer (100 mM NaCl, 20 mM TRIS, pH 7.5). Individual compounds

were added to the reaction mixtures at  a final concentration of 25 μM, followed by

incubation for 5 min before reactions were initiated by the addition of substrate (final

DMSO concentration of 4%).

Reactions  were  allowed  to  proceed  for  5  min  before  quenching  with  100  μl  of

BIOMOL® Green reagent (Enzo Life Sciences, New York, NY, USA). Absorbance at

620 nm was determined using a Biotek® Synerg2 plate reader (BioTek, Winooski, VT,

USA) after an incubation period of 15 min for colour development. All reactions were

set up in triplicate in 96-well plates (Corning, Sigma-Aldrich, NSW, Australia) at 25 °C

and control experiments in the absence of enzyme were used to correct for background

absorbance.

Raw  data  were  exported  as  spreadsheets  from  the  plate  reader  and  assembled  for

statistical  analysis  with  R [47]  using  the  software  jBar  v0.6 [48]  for  calculation  of

means  and  standard  errors,  background  correction,  normalisation  and  significance

evaluation by a two-sided t-test.
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To determine IC50 values, end-point assays were performed in the presence of increasing

concentrations of compound (2.5 nM to 250 μM). Compounds were prepared in stocks

of  increasing  concentration  such  that  only  2  μL was  added  to  reaction  wells,  thus

keeping  the  DMSO  concentration  consistent  at  4%.  Enzyme  in  the  absence  of

compound (with DMSO only) was run as a control and after correction for background

absorbance, all test wells were scaled relative to the enzyme-only control. IC50 values

were determined through fitting in SDAR [49].

Mass spectrometry

To  determine  possible  modification  of  Tcan-TPP by  N-(phenylthio)phthalimide,  the

protein was diluted to a final concentration of 1 mg mL-1 into a buffer containing 25 μM

compound  1,  100  mM  NaCl,  0.2  mM  MgCl2 and  20  mM  TRIS  (pH  7.5).  Mass

spectrometric  analyses  were conducted  at  the  Australian  Proteome Analysis  Facility

(APAF). For in-solution digestion, 20 μL of the protein solution were mixed with 5 μL

of 100 mM triethylammonium bicarbonate (TEAB) and 1 μg trypsin was added. After

incubation at 37 C for 5.5 h, 2.5 μL of the digested sample were diluted into 7.5 μL of

TEAB buffer.

The final sample was subjected to 1D-nano-LC ESI MS/MS analysis  using a model

6600 Sciex mass spectrometer and an Eksigent nanoLC-Ultra HPLC system with Halo-

C18 analytical (160 Å, 2.7 μM, 200 μM × 20 cm) and trap (160 Å, 2.7 μM, 150 μM ×

3.5 cm) columns. The loading buffer contained 2% acetonitrile, 97.9% water and 0.1%

formic acid; mobile phases A and B consisted of 99.9% water and 0.1% formic acid, and

99.9% acetonitrile and 0.1% formic acid, respectively. The sample (10 μL) was injected

onto a reverse-phase trap for pre-concentration and desalted with loading buffer, at 4 μL

min-1 for  10  min.  The  peptide  trap  was  then  switched  into  line  with  the  analytical

column. Peptides were eluted from the column using a linear  solvent  gradient  from

mobile phase A: mobile phase B (98:2) to mobile phase A: mobile phase B (76:24) over

55  min.  The  reverse  phase  nanoLC eluent  was  subjected  to  positive  ion  nanoflow

electrospray analysis in an information dependant acquisition mode. A TOF-MS survey

scan was acquired (m/z 350–1500, 0.25 s) with the 20 most intense multiply charged

ions  (2+–5+ ; exceeding  200  counts  per  second)  in  the  survey  scan  sequentially
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subjected to MS/MS analysis. MS/MS spectra were accumulated for 100 ms in the mass

range m/z 100–1800 with rolling collision energy. Dynamic exclusion was set to 30 s.

The  sequence  of  Tcan-TPP  was  added  to  a  database  of  E. coli proteins  (23,043

sequences)  and  the  LC-MS/MS  data  were  searched  against  this  database  using

ProteinPilot  v5.0  (Sciex)  in  Thorough  mode.  A custom modification  of  thiophenyl

(C6H5S,  monoisotopic  mass:  109.011196 Da)  on  cysteine  was  added  to  the  list  of

modifications.

Animal ethics

For work with  T. canis and  T. cati  (Warsaw University of Life Sciences, Poland), no

ethics  approval  was  required  as  no  animals  were  involved  in  clinical-diagnostic

procedures other than requested for their health and with owner permission.

H.  contortus (Haecon-5  strain)  was  maintained  in  experimental  sheep  as  described

previously [39,50]. The use of sheep was approved by the Institutional Animal Care and

Use  Committee  of  the  University  of  Melbourne  (permit  no.  1413429).  All  animal

experiments were performed in accordance with the Australian National Health Medical

Research  council  (Australian  code  of  practice  for  the  care  and  use  of  animals  for

scientific purposes, 7th Edition, 2004, ISBN: 1864962658). 

Toxocara larvae assays

Adult  T. canis and  T. cati  worms were collected from the faeces of infected dogs and

cats, respectively. Eggs were obtained from dissected female worms and incubated in

0.1 N H2SO4. Fully embryonated and infective eggs were hatched as described by Oaks

and Kayes [51] with some modifications. Briefly, the eggs were rinsed three times in

saline  (0.85% NaCl  solution)  and  incubated  in  10% commercial  bleach  solution  in

saline for 30 min. The eggs were then washed twice with saline and Minimal Essential

Medium (MEM, Sigma-Aldrich, Poland), and transferred to a Potter-Elvehjem tissue

grinder and egg shells broken using a Teflon pestle. The resultant suspension was then

transferred into a Baermann apparatus and incubated for 24 h at 37 °C, 5% CO2,  to

allow larvae to concentrate. Subsequently, larvae were separated from egg shells and

debris by migration through five layers of gauze. 
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For the survival assay, an average number of 150 L3 larvae were incubated in 24-well

culture  plates  with  serial  dilutions  of  1  (100  µM–6.25  µM)  in  Minimal  Essential

Medium for 24 h at 37 °C, 5% CO2. Control larvae were maintained in 0.4% DMSO in

Minimal Essential Medium. The survival of L3s exposed to the compound was assessed

at several time points after the start of the incubation using a light microscope (at 40×

maginification).  Larvae  were  considered  alive  if  they  had  a  characteristic  coiled

appearance and were motile; they were considered dead if they appeared straight and

immobile even after extended observation [37].

To  assess  migration,  150  L3  larvae  were  incubated  in  different  concentrations  of

compound  1 (6.25 µM–100  µM).  After  24  h  of  incubation  (37  °C,  5%  CO2),  an

equivalent volume of 1.5% agar was added to each well [38]. The agar was allowed to

set prior to the addition of 0.3 ml of phosphate-buffered saline to each well and the

plates were again incubated for 24 h at  37 °C, 5% CO2.  The number of larvae that

migrated  to  the  top  of  the  well  was  counted  using  a  light  microscope  (at  40×

magnification). 

H. contortus larvae assays

The  procurement  of  parasites  was  as  published  previously  [39].  The  effects  of

compound  1 were  assessed  in  a  motility  assay  using  exsheathed  third-stage  larvae

(xL3s) of H. contortus in 96-well microculture plates (cat. no. 3635; Corning 3650, Life

Sciences, USA) and the control compounds moxidectin and monepantel, following the

published protocol [52]. In brief,  1 was diluted to the final concentration of 100 µM

using  Luria  Bertani  medium  (LB)  supplemented  with  100 IU mL-1 of  penicillin,

100 μg mL-1 of  streptomycin  and  2.5 μg mL-1 of  amphotericin  (LB*),  and  then

dispensed in triplicate into wells of a 96-well microculture plate using a multichannel

pipette. Additionally, the negative controls (LB*, LB* + 0.5% solvent; six wells each),

and positive controls (20 µM monepantel; Zolvix, Novartis Animal Health, Switzerland

and 20 µM moxidectin; Cydectin, Virbac, France; triplicate wells) and xL3s (~300 per

well) were dispensed into wells of the plate using an automated multichannel pipette.

Following incubation at 38 °C and 10% CO2 for 72 h, a video recording of 5 s duration

was taken of each well using a grayscale camera (Rolera bolt,  Q imaging Scientific

Coms, Canada) and a motorized X-Y axis stage (BioPoint 2, Ludl Electronics Products,
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USA). Videos were processed to calculate a motility index (MI) using an algorithm

described previously [39].

Modelling of substrate-bound B. malayi TPP

As the  deposited  crystal  structures  of  Bmal-TPP (PDB accession  code  4ofz,  5e0o)

lacked several residues due to absence of electron density, we generated a model that

included residues 63–491 based on the structure deposited as 4ofz. The resultant model

was solvated and subjected to a molecular dynamics (MD) simulation of 20 ns to reduce

possible bias. 

Using  the  completed  model  of  Bmal-TPP,  trehalose-6-phosphate  was  placed  in  the

vicinity of the presumed binding pocket, but without direct interactions of ligand groups

with protein amino acid residues. The binding of the substrate was then investigated by

an MD simulation of the solvated system for a period of 20 ns. The results showed that

the system attained an apparent equilibrium state after ~3 ns (Supplementary Figure

S3). After ~7.5 ns, the ligand had manoeuvred itself into a binding pose that remained

stable for the remainder of the simulation period. Both MD simulations (Bmal-TPP in

water,  Bmal-TPP:T6P in water)  were carried out with Gromacs 4.6.5 [53] using the

G43a1 force field and the spc water model; the topology for T6P was calculated using

the PRODRG2 server [54]. The ligand was manually placed in the binding site with the

phospho group projecting away from the magnesium cofactor. Sodium and chloride ions

were added by replacing solvent  molecules at  sites of high electrostatic potential  to

ensure a charge-neutral cell and at a concentration of 100 mM. Following an energy

minimisation step, a position-restrained dynamics simulation of 20 ps with a time step

of  2  fs  was  performed  to  equilibrate  the  solvated  protein  complex  and  gradually

equilibrate the system at 300 K and 1 bar. Periodic boundary conditions were applied in

all three dimensions. Long-range interactions were modelled using the particle mesh

Ewald method [55] and a grid spacing of 1.2 Å; the cutoffs for computation of short-

range electrostatic and van der Waals interactions were 10 Å and 14 Å, respectively.

The temperature was controlled with the V-rescale thermostat [56] and the pressure with

the  Parrinello-Rahman  barostat  [57].  All  bonds  were  constrained  using  the  LINCS

algorithm [58]. The final MD simulation was performed for 20 ns with a time step of
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1 fs. Simulations were performed on a custom-built server with an Intel Xeon E5-1650

Six Core (3.5 GHz) and 32 GB RAM. Analyses were performed with Gromacs tools

and automated plots generated with Grace (http://plasma-gate.weizmann.ac.il/Grace/).

Results

Screening of compound libraries against A. ceylanicum TPP

Given the exquisite substrate specificity of TPPs [31–33], there is a strict requirement

for the original and rather expensive substrate trehalose-6-phosphate in enzyme assays

testing  the  activity  and  inhibition  of  these  proteins.  Therefore,  we  employed  an

economical two-tiered screening approach that consisted of a first-stage screening of

compound libraries with a ligand binding assay based on thermal protein denaturation

and a second-stage validation of hits in enzyme activity assays [30,34].

For the ligand binding assay, A. ceylancium TPP was used as a target against which four

different compound libraries were screened for potential effectors. The chosen libraries

comprised purified or re-synthesised natural products from local chemistry groups, the

Pathogen Box from Medicines for Malaria Venture (MMV), as well as representative

subsets  of  the  CSIRO synthetic  library [35]  and the  Open Scaffold  Collection  [36]

available  from  Compounds  Australia  at  Griffith  University  (see  Table  1).  Using  a

minimum temperature difference of 1.5 K between experiments in the presence and

absence of compound as cut-off criterion, 263 hits were identified of a total of 5,452

compounds tested, which corresponds to a hit rate of 4.8%. All compounds were tested

in triplicate, requiring 182 multi-well differential scanning fluorimetry experiments; the

mean temperature at the inflection point of the Acey-TPP (negative control) unfolding

curves was 46.2 °C ± 0.2 °C using a confidence interval of 95%.
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Table 1: Compound libraries screened in the ligand binding assay

Library Origin Number of
compounds

Number of hits
(|ΔTm| > 1.5 K)

Natural products Local chemistry research 
groups

531 28

Pathogen Box Medicines for Malaria 
Venture, Geneva, 
Switzerland

400 80

CSIRO synthetic library 
(representative subset)

CSIRO, Melbourne, 
Australia

2070 133

Open Scaffolds Library 
(representative subset)

Compounds Australia, 
Griffith University

2451 22

Total 5452 263

Of the  hits  obtained from the  ligand binding assay,  222 compounds were tested  as

competitive inhibitors at a concentration of 25 μM in an endpoint assay of phosphatase

activity by  A.  ceylanicum TPP using T6P as  the  substrate;  41 compounds were not

available  at  the  time  for  further  experiments.  In  this  validation  step,

N-(phenylthio)phthalimide  (1)  of  the  CSIRO  library  displayed  greater  than  50%

inhibition of Acey-TPP enzyme activity compared with the control experiment without

inhibitors.

Evaluation of a phthalimide analogue series against pathogen TPPs

To obtain preliminary information about structure-activity relationships, a small series

of  seven  analogues  (2–8;  Figure  1A)  was  evaluated  in  addition  to

N-(phenylthio)phthalimide  (1),  for  their  inhibitory  properties  at  a  concentration  of

25 μM in the phosphatase endpoint assays for TPPs from each A. ceylanicum, T. canis

and  H. contortus (Figure 1B). Compared with the uninhibited enzymes,  1 resulted in

82% inhibition of  Hcon-TPP1 and complete annihilation of  Acey-TPP and  Tcan-TPP

enzyme activity, respectively. However, neither phthalimide (3) nor any of the other six

phthalimide  analogues  elicited  any  substantial  inhibition  of  nematode  TPP enzyme

activity beyond 20%.
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Figure 1: Evaluation of the enzyme inhibition properties of the hit compound and
an analogue series.

(A) Structures of the original hit  N-(phenylthio)phthalimide (1) and a series of readily
available  analogues  (2–8)  investigated  in  this  study.  (B)  Results  of  inhibition
experiments in the phosphatase enzyme assay of the TPPs from  A. ceylanicum (light
grey),  T. canis (dark grey) and  H. contortus (blue) using T6P as substrate and no or
25 μM of compound. Only the original hit compound 1 displayed substantial reduction
of the phosphatase activity. Bars indicate the mean relative activity of three independent
experiments;  error  bars  indicate  the  standard  error.  Statistical  significance  of  the
difference between 1-8 and the control experiment is indicated using asterisks. 

In addition to nematode TPPs, we evaluated the effects of  1  on TPPs from bacteria

(Mycobacterium tuberculosis, Stenotrophomonas maltophilia, Pseudomonas aeruginosa

and  Streptococcus  pneumoniae)  available  in  our  laboratories.  Of  the  four  distinct

enzymes tested, only the extra-chromosomal TPP from P. aeruginosa was susceptible to

inhibition by 1 (Figure 2). The inhibitory effects of 1 on nematode TPPs (Figure 3A) as

well  as  Paer-ecTPP  were  quantified  in  dose-response  experiments,  with  apparent

inhibition  constants  in  the  range  of  0.6–2.1  μM (Table  2),  assuming  a  competitive

inhibition model.
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Figure 2: Evaluation of N-(phenylthio)phthalimide as inhibitor of bacterial TPPs.

N-(phenylthio)phthalimide (1) was tested at a concentration of 25  μM as competitive
inhibitor  of  the phosphatase activity of  the bacterial  TPPs from  M. tuberculosis,  S.
maltophilia,  P. aeruginosa (extra-chromosomal TPP) and  S. pneumoniae. Comparison
of  phosphatase  activity  in  the  absence  (black)  and  presence  of  1  (grey)  revealed  a
significant  reduction of enzymatic  activity only for the enzyme from  P. aeruginosa.
Bars indicate the mean relative activity of three independent experiments; error bars
indicate the standard error. Statistical significance of the difference between inhibition
and control experiment is indicated using asterisks.
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Figure 3:  Comparison of dose-response data of  N-(phenylthio)phthalimide in the
phosphatase and nematode assays.

(A) Dose-response data obtained for  N-(phenylthio)phthalimide (1) in the phosphatase
endpoint assay using the TPPs from A. ceylanicum (light grey), T. canis (dark grey) and
H. contortus (blue).  The enzymatic activity of either enzyme can be almost entirely
suppressed by 1 at a concentration > 250 μM (A. ceylanicum), > 25 μM (H. contortus)
and > 5 μM (T. canis), respectively. IC50 values are summarised in Table 2. (B) Dose-
response data obtained for 1 (after 24 h exposure) in L3 larvae survival assays indicate
half maximum lethal concentrations of 9.3 (±1.4) μM for T. cati and 61 μM for T. canis.
The  two  data  points  for  H.  contortus represent  motility  inhibition  at  compound
concentrations of 25 μM and 100 μM, respectively.

Table 2: Half maximal inhibitory concentrations and derived apparent inhibition 
constants of N-(phenylthio)phthalimide against selected TPPs

Enzyme IC50

 (μM)
app. Ki

(μM)

Acey-TPP 2.8 ± 0.29 1.0

Tcan-TPP 0.89 ± 0.037 0.56

Hcon-TPP1 6.6 ± 0.36 5.8

Paer-ecTPP 2.1 ± 0.19 2.1

Evaluation of redox sensitivity

Since the thioether linkage in  1 might allow involvement of this compound in redox

reactions, the effect of different environmental redox states was evaluated. Therefore,

phosphatase endpoint assays of Acey-TPP and Tcan-TPP were repeated in the presence
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and absence of 1 mM DTT in the reaction buffer as well as in the presence and absence

of 25 μM of 1. 

The results demonstrated that the presence of 1 mM DTT did not substantially affect the

enzymatic  activity  of  the  two  nematode  enzymes  which  only  showed  a  marginal

increase  of  activity  (Acey-TPP: +7%;  Tcan-TPP: +1%; see  Figure  4).  However,  the

inhibitory  effect  of  1 on  the  phosphatase  activity  of  either  enzyme  was  entirely

suppressed under reducing conditions.

Figure 4:  The inhibitory effect of  N-(phenylthio)phthalimide on the phosphatase
activity of nematode TPPs is redox-dependent.

N-(phenylthio)phthalimide (1) was tested at a concentration of 25 μM as competitive
inhibitor of the phosphatase activity of the TPPs from A. ceylanicum (light grey) and T.
canis (dark grey) in the absence and presence of 1 mM DTT. The inhibitory effect of 1
was  entirely  suppressed  under  reducing  conditions.  Bars  indicate  the  mean  relative
activity  of  three  independent  experiments;  error  bars  indicate  the  standard  error.
Statistical significance of the difference between inhibition and control experiments is
indicated using asterisks.

Evaluation of the inhibition mechanism

Based on the observed redox sensitivity of TPP inhibition by  1,  we reasoned that a

probable  inhibition  mechanism  might  involve  conjugation  of  the  protein,  and  we
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hypothesised  that  cysteine  side  chains  constitute  the  most  likely  conjugation  sites.

Previously, we derived a topological classification of mono-enzyme TPPs based on a

survey of genomes and structure-based amino acid sequence alignments and classified

the enzymes into three groups: nematodes, mycobacteria and bacteria [19]. Notably, all

members of the nematode TPP group share a strictly conserved cysteine residue situated

at the ‘back end’ of the substrate binding pocket at the interface between the cap and the

core domain (see Supplementary Figure S1;  Acey-TPP: Cys209,  Tcan-TPP: Cys215,

Bmal-TPP: Cys222).

Using a molecular dynamics (MD) simulation of a solvated model of  B. malayi TPP,

currently  the  only  nematode  TPP  with  a  known  experimental  three-dimensional

structure,  we  investigated  the  binding  of  the  substrate  trehalose-6-phosphate  in  the

active site. The binding pose obtained from the MD simulation was characterised by a

parallel stacking interaction of the phosphorylated glucose unit with Tyr221 (distance

~4  Å;  Supplementary  Figure  S2)  and  the  phospho  group  projecting  towards  the

magnesium cofactor. The glucose moiety distal to the phospho group in trehalose-6-

phosphate extends into a  pocket  ‘behind’ Tyr221,  and is  held in  place by hydrogen

bonds between the primary alcohol in the 4'-position on the substrate and backbone

carbonyl groups of Gly328 (cap domain) and Cys222. Intriguingly,  this arrangement

suggests that a suitably reactive group of an active site ligand might be able to form a

covalent bond with the side chain of Cys222 since the 4’-hydroxyl-O is stably located at

a distance of ~3.5 Å from the thiol-S of Cys222 (Supplementary Figure S3).

In order to test whether this conserved cysteine residue was involved in the mechanism

of inhibition of 1, we generated a mutant  T. canis TPP in which Cys215 was replaced

with a serine. As evident in Figure 5, the presence of compound  1 did not affect the

enzymatic activity of the mutant protein Tcan-TPP-C215S, indicating that the binding of

1  to  the side chain of cysteine 215 was a requirement  for the inhibition of enzyme

activity.  The  analysis  of  wild-type  Tcan-TPP incubated  with  compound  1 by  mass

spectrometry  confirmed  that  Cys215  and  Cys415  were  indeed  conjugated  with  a

thiophenyl moiety (Supplementary Figure S4).
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Figure 5:  The inhibitory effect of  N-(phenylthio)phthalimide on the phosphatase
activity of T. canis TPP requires cysteine 215.

N-(phenylthio)phthalimide (1) was tested at a concentration of 25  μM as competitive
inhibitor of the phosphatase activity of wild-type (black) and the C215S mutant (grey)
TPP from T. canis in the absence and presence of 1 mM DTT. The enzymatic activity of
the  mutant  was not  affected  by  1.  Bars  indicate  the  mean relative  activity of  three
independent experiments; error bars indicate the standard error. Statistical significance
of the difference between inhibition and control experiments is indicated using asterisks.

Effects of N-(phenylthio)phthalimide on nematodes

To evaluate whether N-(phenylthio)phthalimide also possessed antihelmintic effects, the

compound was subjected to nematode survival [37], migration (T. canis, T. cati) [38]

and motility assays (Haemonchus contortus) [39]. Whereas the motility of exsheathed

H. contortus larvae (xL3) was only weakly impaired at a compound concentrations of

25  μM  and  100  μM  (Figure  3B),  the  exposure  of  Toxocara larvae  to  100  μM  of

compound  1 resulted  in  >  80%  lethality  after  24  h  (T.  canis)  and  3  h  (T. cati),

respectively  (see  Supplementary  Figure  S5).  The  analysis  of  dose-response  data

acquired after 24 h exposure to varying concentrations of 1 resulted in half maximum

lethal  concentrations  of  9.3 μM  for  T. cati and  61 μM  for  T. canis,  respectively

(Figure 3B).
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Discussion

Identification of N-(phenylthio)phthalimide as a novel inhibitor of nematode TPP 
enzyme activity

Owing to the exquisite substrate selectivity of trehalose-6-phosphate phosphatases and

the rather costly resourcing of its substrate trehalose-6-phosphate, we designed a two-

tiered  approach  for  the  high-throughput  screening  of  compounds  targeting  these

enzymes. The screening approach consisted of a ligand binding assay and a subsequent

enzyme assay as the validation step for prioritised compounds from the ligand binding

assay.  Using this  approach,  a natural  products library,  the MMV Pathogen Box and

representative  subsets  of  two  compound  libraries  available  through  Compounds

Australia were mined for potential inhibitors of Acey-TPP. 

These efforts resulted in the identification of 1 as a potent inhibitor of the phosphatase

activity of TPP from A. ceylanicum. Subsequent evaluation of inhibition activity with

respect to  T. canis and  H. contortus TPPs as well  as a panel of four bacterial  TPPs

revealed that 1 preferentially inhibits the nematode enzymes with apparent inhibition

constants of 0.6 μM, 1 μM and 6 μM against  Tcan-TPP,  Acey-TPP and  Hcon-TPP1,

respectively. Being one order of magnitude lower than previously reported compounds,

these values make 1 the most potent nematode TPP inhibitor at present.

Mechanism of enzyme inhibition

N-(phenylthio)phthalimide  (1)  is  a  close  analogue  of  the  fungicide  folpet

(N-(trichloromethylthio)phthalimide)  and  its  partially  saturated  derivatives  captan

(N-(trichloromethylthio)  tetrahydrophthalimide)  and  captafol  (difolatan;

N-(tetrachloroethylthio)tetrahydrophthalimide). Previously, it has been shown that these

chloroalkyl sulfenamides can be conjugated to free thiols, thereby oxidising the thiol to

its disulfide and liberating the phthalimide moiety [40]. 

Thus, it is plausible that the thiophenyl group of 1 may be conjugated to a cysteine side

chain of the nematode TPPs studied to afford a phenylcysteine disulfide modification of

the proteins, presumably via an SN2 attack of the thiolate on the sulfenamide [41]. Mass

spectrometric  investigation  of  Tcan-TPP that  had  been  incubated  with  1 confirmed

thiophenyl conjugation of the cysteine residues at positions 215 and 415. 
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Reducing  conditions,  established  by  the  presence  of  1  mM  DTT,  suppressed  the

inhibitory effect of  1 on the activity of  Acey-TPP and  Tcan-TPP, in agreement with

earlier  observations  made  with  folpet;  modification  of  glyceraldehyde-3-phosphate

dehydrogenase by the fungicide was almost entirely prevented in the presence of either

1 mM DTT or reduced glutathione [42]. The suppressed modification of cysteine side

chains  in  a  reducing  environment  might  be  due  to  rapid  cleavage  of  the  disulfide

reaction product of the conjugation reaction or, indeed, cleavage of the sulfenamide and

thus loss of the reactant. 

The  amino  acid  sequences  of  nematode  TPPs  contain  several  cysteine  residues

(A. ceylanicum: seven, T. canis: eight) of which four are strictly conserved throughout

the species examined. Importantly, in our previous studies [19], we noticed that one of

these conserved cysteine residues is located in the interface between the cap and core

domains  of  the  HAD fold,  backing  on to  the  substrate  binding  site.  Computational

modelling of the substrate-bound TPP from B. malayi indicated that the side chain of

this  conserved  cysteine  residue  maintained  a  distance  of  ~3.5  Å  to  the  non-

phosphorylated glucose moiety of T6P and was thus in close proximity to the substrate

in the active site (Supplementary Figures S2 and S3). Therefore, we reasoned that, given

the  similarity  between  T6P and  N-(phenylthio)phthalimide  in  terms  of  their  spatial

extents and topologies, the latter might be able to populate the substrate binding site and

then react with the conserved cysteine residue under non-reducing redox conditions.

The absence of any inhibitory activity by 1 when testing the C215S mutant of T. canis

TPP, fully supports this hypothesis.

Furthermore, the absence of inhibitory effects of 1 on the activity of most bacterial TPPs

is in accordance with the proposed mechanism, as bacterial TPPs lack the conserved

residue in the core/cap interface. The only exception within the panel of bacterial TPPs

tested here is the enzyme from P. aeruginosa, which was susceptible to inhibition by 1

(Figure 2) with an apparent Ki of 2.1 μM (Table 2). The reason for this susceptibility is

not entirely clear, but we speculate that the conjugation of one or both cysteine residues

specific to P. aeruginosa (Cys85, Cys231) might lead to conformational alterations that

restrict  access  to  the  substrate  binding  site.  In  particular,  it  seems  likely  that
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modification of the side chain of Cys85 causes a rearrangement of the residues lining

the rather narrow access to the active site [33].

Anthelmintic properties of N-(phenylthio)phthalimide

In order to assess whether findings from the target-based approach can be translated into

therapeutic applications, whole organism assays were conducted using two  Toxocara

species (Ascarididae) and H. contortus (Trichostrongylidae). Whereas  Toxocara larvae

were susceptible to N-(phenylthio)phthalimide with half maximum lethal concentrations

in the micro-molar range,  no significant effects  were observed in motility assays  of

H. contortus larvae  despite  the  inhibitory activity  of  this  compound  on the  enzyme

activity of Hcon-TPP1. At present, the reason for this difference in bioactivity remains

unclear. It is possible that genus-specific features might have to be considered and/or a

different life cycle stage of  Haemonchus would need to be evaluated (e.g., egg hatch

assay).

Conclusion

TPPs hold major promise as novel targets of infectious diseases since these enzymes are

essential for nematode and mycobacterial pathogens, but are absent from mammalian

hosts. Drug discovery strategies for TPPs used thus far have concentrated on the design

of substrate mimics, which is challenging due to the fragile behaviour of carbohydrates

in chemical syntheses. There is only one report of numerical inhibition data for non-

carbohydrate  based  inhibitors  of  TPPs  [43];  here,  two  antibiotic  complexes  from

Streptomyces  spp., moenzyme (flavomycin) and diumycin (macarbomycin) displayed

moderate inhibition of M. tuberculosis and M. smegmatis TPPs (IC50 values ~70 μM and

25 μM, respectively).

In  the  present  study,  we  describe  the  first  successful  application  of  a  compound

screening  approach  to  discovering  drugs  against  TPPs  of  pathogens.  The  protocol

established has been designed considering the cost of the required substrate for TPP

enzyme  assays.  Using  a  representative  subset  of  a  compound  library developed  by

CSIRO, we have been able to identify N-(phenylthio)phthalimide as a highly effective

and  specific  inhibitor  for  nematode  TPPs.  This  compound  conjugates  a  strictly

conserved cysteine residue in the active site of nematode TPPs and therefore acts as a
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suicide  inhibitor.  Whole  organism  assays  with  nematode  larvae  show  that

N-(phenylthio)phthalimide also possesses promising anthelmintic properties against two

tested ascaroid species. These results suggest that TPPs can be worthwhile targets for

novel  anthelmintics,  albeit  we  can  not  exclude  the  possibility  that

N-(phenylthio)phthalimide might also affect other targets in nematodes. Although the

redox  activity  of  this  compound  and  close  analogues  may  be  a  hindrance  for

commercial development, they present much needed probes and research tools that will

be useful for future studies on TPPs.
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7.4.1 Cross et al., 2019: Supporting information

Conserved HAD Motif                          |I |        

B. malayi domain            linker  |              HAD-core    206-292                
                                           213 215 221,222   
                                             | |     ||
>B. malayi                S-----SEAITGKKPIFITDWDGTMKDYCSQYATNL-------------QPVYSA-----   235     
>T. canis                 E-----SN-TNGRKPIFITDWDGTMKDYCSQYATNL-------------QPVYSA-----   228     
>A. ceylanicum            D-----S-AYSGVKPLLVTDWDGTMKDYCSQYATNLQTKLDLVILSESLQPVYSA-----   235     
>A. suum                  E-----SN-TNGRKPIFITDWDGTMKDYCSQYATNL-------------QPVYSA-----   248     
>W. bancrofti             S-----SEAITGKKPIFITDWDGTMKDYCSQYATNL-------------QPVYSA-----   210     
>A. simplex               E-----SN-SNGRKPIFITDWDGTMKDYCSQYATNL-------------QPIYSA-----   211     
>N. americanus            D-----S-AYSGVKPLLVTDWDGTMKDYCSQYATNL-------------QPVYSA-----   210     
>S. ratti                 K-----ES-SDGKKPIFVTDWDGTMKDYCSQYATNL-------------QPIYSA-----   195     
>D. viviparus             N-----S-AYTGIKPLLVTDWDGTMKDYCSH-----------------------A-----   186     
>T. spiralis              ----------TDGLDVFITDWDGTYKTYCCNYRTSV-------------QPAYSA-----   214    
>H. contortus_t2          D-----S-ADTGIKPLLVTDWDGTMKDYCSQYATN-------------LQPVYSA-----   191     
>H. contortus_t1          D-----S-ADTGIKPLLVTDWDGTMKDYCSQYATN-------------LQPVYSA-----   176     
>C. elegans               D-----TSTTGGIKPLFITDWDGTMKDYCSQYATNL-------------QPAYSA-----   214     
>C. remanei               D-----TQVT-GKKPLFITDWDGTMKDYCSQYATNL-------------QPAYSA-----   189     
>C. brenneri              E-----PHCS-GKKPLFITDWDGTMKDYCSQYATNL-------------QPAYSA-----   175     
>C. briggsae              T-----IES-DGIKPLFITDWDGTMKDYCSQYATNL-------------QPAYSA-----   178     
>O. dentatum              D-----S-AYSGIKPLLVTDWDGTMKDYCSQYATNL-------------QPVYSA-----   158     

Supplementary Figure S1: Structure-based amino acid sequence alignment of 
nematode TPPs

The  structure-based amino  acid  sequence  alignment  of  nematode  TPPs  highlights  a
conserved  cysteine  residue  in  the  nematode  group  of  mono-enzyme  TPPs.  The
alignment was generated with SBAL [59] using secondary structure prediction obtained
with PSIPRED [60]. Helical structure is indicated in green, β-strands are shown in red
and cysteine residues are highlighted yellow. The domain topology is indicated in the
second row. Important amino acid residues mentioned in the main text are annotated
with  residue  numbers  based  on B.  malayi  TPP.  Sequence  accession  numbers  (gb:
GenBank,  ps:  WormBase  ParaSite  (PRJEB506),  up:  UniProtKB):  B.  malayi
gb:XP_001893209.1;  T.  canis gb:KHN76157.1;  A.  ceylanicum see  [44];  A.  suum
up:F1L1P1;  W. bancrofti gb:EJW87102.1;  A. simplex gb:AHY24646.1;  N. americanus
gb:XP_013303829.1;  S.  ratti gb:XP_024500530.1;  D.  viviparus gb:KJH41349.1;  T.
spiralis gb:XP_003379441.1; H. contortus (t2) ps:HCOI01636400.t2; H. contortus (t1)
ps:HCOI01636400.t1;  C.  elegans gb:CAB17072;  C.  remanei  gb:XP_003106242;  C.
brenneri gb:EGT40486; C. briggsae gb:XP_002645945; O. dentatum gb:KHJ98483.
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Supplementary Figure S2: The binding pose of trehalose-6-phosphate bound to B. 
malayi TPP suggests spatial closeness of substrate and cysteine 222. 

The figure shows a cartoon drawing of  B. malayi TPP and the conformation of the
bound substrate T6P obtained by molecular dynamics simulation after 20 ns. Colour
mapping indicates the TPP core (magenta) and cap domains (olive). The side chain of
cysteine 222 is shown as a stick model. 
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Supplementary Figure S3:  Analysis of selected parameters from the molecular 
dynamics trajectory of Bmal-TPP:T6P.

The  plots  of  parameters  versus  simulation  time  indicate  that  the  system was  stable
throughout  the  entire  simulation  and  protein  backbone  conformation  reached  an
equilibrium state. Stable binding of the substrate in the binding site is evident from the
distance between the active site metal and the phosphorus atom of T6P.
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   1  MTVMAAESNR APKTKEDSRC ADEEHAHKED CVPQNAEKRP SEVSAAESGT 
  51  GSVNTIQTVD EFKALMYSMQ SVRRQIVAAI LSNNELENEW IETLNRTYAK 
 101  LTDSNTKAFQ REMSTISAKL SINIKDETTG LMKDLLYLDR LKAARSENRS 
 151  DSWPETLAKV DLISILAPYH PTSEQKFLEE FEGCLRFLRS FAESNTNGRK 
 201  PIFITDWDGT MKDYCSQYAT NLQPVYSAVG MTRFASRFTR LSAVLTAGPL 
 251  RGPGILDLTA MPIDGPVLFS GSWGREWWLG GRRVVHEDGI SDEGFDALQR 
 301  LNDEMSNLLH TGDYSQFALV GSGVQRKVDR LTLGVQTVYG HVLPELSHRY 
 351  QDAVKERMHR VDPQNHILVF DPSTELEVEV VAHNSGVVWN KADGVDRVVS 
 401  TVGDSLETPG KVLVCGDTHS DLPMVRQAVA RNPEGVMALF VGLNEKLRES 
 451  VRHLVGDQSR CCFVSCPDVI HAAMAELLNQ KRSTE

Supplementary Figure S4: Mass spectrometric analysis of Tcan-TPP incubated 
with N- (phenylthio)phthalimide confirms thiophenyl conjugation of the cysteine 
residues at positions 215 and 415. 

Peptides detected in the MS experiemnt are coloured in blue, unmatched peptides are
shown  in  grey;  cysteine  residues  are  highlighted  in  yellow.  Bold  ‘C’  indicates
thiophenyl conjugation and underlined ‘M’ indicates methionine oxidation.
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Supplementary Figure S5: Exposure to N-(phenylthio)phthalimide affects 
Toxocara L3 larvae survival and migration. 

Left panel: The survival of T. canis and T. cati larvae was assessed at different exposure
times and varying concentrations of 1. Circles represent the mean of six (T. canis) and
four (T. cati) independent measurements; error bars indicate the standard error. Right
panel:  The  amount  of  migrating  T.  cati  larvae  after  24 h  exposure  to  varying
concentrations  of  1 was  assessed  in  three  (T.  canis)  and four  (T.  cati) independent
experiments,  respectively.  Circles  represent  the  mean  and  error  bars  indicate  the
standard error.
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7.5 Additional TPP inhibitors

In addition to  N-(phenylthio)phthalimide (1),  two other inhibitors were identified by

DSF-based  screening  and  validated  in  enzyme  assays.  Both  compounds,  and  an

analogue series  of each,  were evaluated according to  the protocols  described in  the

paper. The data were not included in the paper itself to avoid diverting the focus and

because the compounds are currently the intellectual property of CSIRO (Melbourne,

Australia)  and have  not  yet  been  cleared  for  dissemination  in  the  public  space.  To

comply with intellectual property restrictions, their performance as TPP inhibitors will

be discussed in this section through the use of simplified structural schematics showing

certain functional groups but not the full scaffolds themselves (Figure 26).
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Figure 26. Structure schematics of TPP inhibitors

Compounds 1 (N-(phenylthio)phthalimide), 9 and 20 were identified in high-throughput
screening for TPP ligands. While 1 has an phthalimide core, 9 and 20 have thioester and
sulfoxide  scaffolds,  respectively.  The  inhibition  of  TPP  by  these  compounds  and
analogues of each was confirmed in phosphatase assays. Two analogues of  9 (10,  11)
showed significantly greater inhibition of nematode TPPs than the parent compound,
suggesting  that  the  R3 and  R4 groups  are  major  contributors  to  binding  activity.
Similarly,  R-group analysis  of  analogues  of  20 (21–26)  identified  R5  as  potentially
important for the inhibitory activity of this compound series. 
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Compound 92 of the initial screen (9) was selected because it decreased the activity of

the  nematode  TPPs  to  below  80% (Figure  27A).  Testing  of  ten  analogues  of  this

molecule (10–19) identified a further two (11 and  12) that have significant inhibitory

activity  against  the  nematode  enzymes  and  completely   suppress  activity  at  25 μM

(Figure  27A). In  bacteria  (Figure 27B),  these  molecules  are  effective  against

Paer-ecTPP and Spne-TPP, though to a lesser degree (relative activity decreases of 85%

and 45−55%, respectively). Intriguingly,  12 showed moderate inhibition of  Smal-TPP

(43% decrease),  but  11 was  completely ineffective  (Figure  27B).  Enzyme assays  to

validate hits at 25 μM revealed that compound 20 of the initial set is a more effective

inhibitor than 9, because it decreased activity to below 60% in the nematode enzymes

(Figure  27A).  Testing of  a further  eight  analogues of  this  compound identified five

others with varying efficacy against the nematode TPPs. Tcan-TPP showed the greatest

susceptibility to the  20 compound series  overall,  with five compounds reducing the

activity  to  below 50% (Figure  27A).  The  most  effective  of  these,  23,  reduced  the

activity  by  95%  but  was  less  effective  against  Acey-TPP and  Hcon-TPP,  where  it

induced activity decreases  of  45% and 25%, respectively.  Instead,  22 was the most

effective  inhibitor  of  Acey-TPP and  Hcon-TPP,  where  relative  activity decreased by

70% and 90%, respectively. While only the third most-effective inhibitor of Tcan-TPP,

23 knocked  the  enzyme's  activity  down  by  77%  (Figure  27A).  Unlike

N-(phenylthio)pthalimide  (1)  and  the  analogue  series  9–19,  analogues  of  20 were

generally  more  effective  against  both  Paer-ecTPP and  Smal-TPP (Figure  27B).  In

particular, 21 and 24 were most effective and showed similar effects; both reduced the

activities of Paer-ecTPP and Smal-TPP by ~73% and 43%, respectively.
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Figure 27. Evaluation of the TPP inhibition properties of two hit compounds and 
an analogue series of each

Results of inhibition assays comparing the activity of the nematode (A) and bacterial
(B)  TPP enzymes  in  the  absence  (control;  enzyme  only)  and  presence  of  two  hit
compounds, 9 and 20, and analogue libraries of each at 25 μM. Of the analogues of 9,
only 11 and 12 reduced the phosphatase activity; both showed moderate selectivity for
nematode  TPPs.  Similarly,  20 and  its  analogues  were  more  effective  against  the
nematode  enzymes.  None  of  compounds  tested  showed  any  inhibition  of
M. tuberculosis TPP.



Chapter 7. Identification of TPP inhibitors

7.5.1 Structure–activity relationships in TPP inhibitors

The testing of analogues of 9 and 20 enabled an examination of preliminary structure-

activity relationships (SAR) within each compound series. However, the full structures

of these compounds cannot be presented in this thesis, as intellectual property dictates

that  they  may not  yet  be  published.  Thus,  schematic  structures  showing  their  core

scaffold fragments have been generated for rudimentary SAR analysis. Although the

specific R-groups shown here cannot  be shown, it  is  still  possible to discern which

groups appear most effective,  particularly in the  20 series.  In each case,  only those

compounds that decrease phosphatase activity by at least 40% have been examined in

this manner.

Appraisal of the analogue series of compound 9

Compound 9 and its analogues have a thioester core bordered on each side by one of

four potential R-groups (Figure 26). Of these, R1 is common to all and provided by the

carboxylic acid component; R2, R3 and R4 are provided by the thiolate component in

compounds 9,  11 and 12, respectively. As 11 and 12 completely inhibit the activity of

the nematode enzymes at 25 μM, whereas 9 only reduces activity by an average of 25%

(Figure 27), it is likely that the major structural element involved lies within R3 and/or

R4. This is supported by the fact that R1 is present in 10 and 14, both of which do not

inhibit TPP. While less effective than in the nematode enzymes, both 11 and 12 suppress

the  activity  of  the  bacterial  TPPs  Paer-ecTPP and  Spne-TPP;  indeed,  12 also  has

activity against  Smal-TPP, potentially suggesting that the R3 group of  11 may play a

greater  role  in  species  selectivity.  However,  unlike  the  selectivity  observed  for  N-

(phenylthio)phthalimide (1), which is clearly linked to the nematode-specific cysteine

residue proximal to the active site, the reason for species-specificity arising from the

presence of R3 is likely different. None of the tested analogues of 9 possess both R3 and

R4 simultaneously;  given  their  apparent  efficacy,  future  synthesis  and  testing  of  a

compound possessing both groups could produce an effective TPP inhibitor.

Appraisal of the analogue series of compound 20

As multiple  analogues  of  20 suppressed  TPP activity,  particularly  in  the  nematode

enzymes,  a  more detailed SAR analysis  is  possible.  As these analogues had similar

efficacies against  Spne-TPP and were ineffective against  Mtub-TPP, only  Paer-ecTPP
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and  Smal-TPP of  the  bacterial  enzymes  were  analysed.  This  series  of  compounds

possesses  a  sulfoxide core coupled on each side to  one of seven possible  R-groups

(Figure  26). To examine the potential inhibitory contributions of each group, the five

best inhibitors of each enzyme were identified and ranked (Table 1).

According to Table 1, 22 and 23 are most frequently ranked in the top five inhibitors of

the nematode enzymes. Similarly, the best inhibitors of bacterial TPPs are  21 and  24.

The most  frequently occurring R-group in all  effective analogues  is  R5.  Indeed,  the

majority  of  compounds  with  inhibitory  activity  possess  R5.  In  both  nematodes  and

bacteria, R7, R9 and R10 follow R5 in overall frequency. However, as both  21 and  24

possess R7, and both are less effective against Acey-TPP and Hcon-TPP, this group may

contribute to inhibition in the bacterial enzymes. Future synthetic efforts against  the

bacterial TPPs could potentially investigate a compound comprising the sulfoxide core

and the partner R-groups from 21 and 24: R5 and R10. 

The  contributions  of  the  R-groups  present  in  compounds  most  effective  against  the

nematode TPPs are less clear. Analysis of the best inhibitors (22 and 23) shows that both

possess R5 with either R8 (22) or R9 (23). While this supports the efficacy of R5 in TPP

inhibitors, the effects of R8 and R9 are unclear. R9 is also present with R10 in 25, which

only has activity against Tcan-TPP and thus, the effect of 23 is more likely to be due to

R5 than R9. Unfortunately, R8 was only present 22 and thus, it is not possible to assess its
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Table 1. Most common R-groups in the five analogues of 20 that demonstrate the 
greatest TPP inhibition

Analogues of  20 were ranked as inhibitors of both nematode and bacterial TPPs from
best  (1)  to  worst  (5)  and analysed for  R-group content  (Rx,  where  x is  the R-group
number).  The  most  common  R-group  in  compounds  inhibiting  both  nematode  and
bacterial TPP was R5. 

Nematodes Bacteria

Cpd Cpd Cpd Cpd Cpd
1 23 5 9 22 5 8 22 5 8 24 7 10 24 7 10
2 21 5 7 20 5 6 20 5 6 21 5 7 21 5 7
3 24 7 10 21 5 7 24 7 10 23 5 9 22 5 8
4 22 5 8 23 5 9 23 5 9 25 9 10 20 5 6
5 25 9 10 24 7 10 21 5 7 20 5 6 25 9 10

Inhibitor 
rank

Tcan-TPP Acey-TPP Hcon-TPP Paer-ecTPP Smal-TPP

Rx Rx Rx Rx Rx
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potential efficacy in the absence of R5. Nevertheless, of the better inhibitors studied, 22

was  least  effective  against  bacterial  TPPs  and,  thus,  R8 may  contribute  towards

specificity for the nematode enzymes.

The R-groups that appear to make little or no contribution to inhibition are R6 and R11.

While the second most-effective inhibitor of both Acey-TPP and Hcon-TPP is 20, which

possesses R5 and R6, R6 is also present with R11 in 26, which has no activity. Thus, it is

again likely that the efficacy of compound 20 is a result of R5. As R11 is not present in

any  compound  inducing  significant  inhibition,  it  does  not  likely  play  a  role  in

binding/inhibition (Figure 27 and Table 1). 

Overall,  the  data  in  both  Table 1 and  Figure 27 suggest  that  the  R-group  with  the

greatest activity against TPPs is R5. Pairing of R5 with R8 (or potentially R9) around the

sulfone core may confer greater activity against the nematode enzymes, though further

investigation  and  testing  of  additional  analogues  is  necessary  for  confirmation.  In

contrast, a combination of R5 with either R7 or R10 inhibits both bacterial and nematode

TPPs, but is more specific to the bacterial enzymes overall (particularly when R5 and

R10 are combined, as in 24). Nevertheless, it must be noted that the compounds in this

series had little (Spne-TPP) or no (Mtub-TPP) activity against other bacterial TPPs in

the panel. While this could be due to the presence of additional structural elements in

Mtub-TPP (e.g.,  the  N-terminal  domain;  see  Cross  et  al.,  2017a),  the  underlying

structural cause in Spne-TPP is unclear. It is unsurprising that the compounds identified

are more effective against the nematode TPPs overall, given that they were discovered

by screening against  Acey-TPP.  It  is  likely that  the opposite  would be true  had the

screening been performed with a bacterial enzyme and thus, this represents an avenue

for  future  investigation  that  could  yield  compounds  with  greater  activity  against

bacterial TPPs.

Physicochemical assessment of TPP inhibitors

Lipinski’s ‘rule of five’ is a set of criteria to guide medicinal chemistry approaches to

the development of soluble, orally available and cell-permeable drug leads (Lipinski et

al., 1997). The rule states that compounds with poor absorption are likely larger than

500 Da and have more than 5 hydrogen bond donors,  more than 10 hydrogen bond
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acceptors and a logP above 5. P is the partition coefficient (the ratio of concentrations

of a solute in two immiscible solvents) and in a pharmacological context, its logarithm,

logP, is a measure of hydrophobicity. While Lipinski’s rule is often used to select for

drug-like  molecules,  recent  work  has  demonstrated  that  a  number  of  anti-parasitic

molecules fail to meet Lipinski’s criteria but are nevertheless promising leads for novel

therapeutics (McKerrow & Lipinski, 2017). Further, with a logP cut-off of 5, the rule

favours hydrophilic compounds, often for oral delivery. A recent review of 111 drugs

delivered via non-oral routes found that the rule should not be applied to molecules

delivered  transdermally  or  via  inhalation  (Choy  &  Prausnitz,  2011).  Since  many

veterinary parasite treatments are topical, successful delivery could require absorption

across  the  skin  and  thus,  the  presence  of  hydrophobic  moieties.  These  desirable

properties  could  result  in  a  compound  being  excluded  in  the  early  stages  of  drug

discovery  if  Lipinski’s  rule  is  stringently  applied.  Indeed,  this  would  be  true  for

compounds 9, 11 and 12, which have a logP value of 5.6. Thus, while the remainder of

the  compounds  largely fall  within  Lipinski’s  rule  (Table  2),  it  has  not  been strictly

applied to the analysis of the compounds identified here.

168



Chapter 7. Identification of TPP inhibitors

The inhibitor  series  identified in  this  study are based around two linkers:  thioesters

(compound 9 analogues) and sulfones (compound 20 analogues). Thioester moeities are

present in a number of proteins (Law & Dodds, 1997; Walden 2015) and fundamental

metabolites,  including  acyl-coenzyme  A (Pietrocola  et  al.,  2015),  where  they  are

involved  in  binding.  In  drug  development,  thioesters  have  been  incorporated  into

inhibitors of histone deacetylases (Baud et al., 2013), phenol sulfotransferase (Tulik et

al.,  2002)  and  metallo-β-lactamases  (Greenlee  et  al.,  1999;  Liu  et  al.,  2016).  As

thioesters are more easily hydrolysed than esters and amides (Uetrecht & Trager, 2007,

p.  120),  they  constitute  a  popular  tool  for  linking  functional  elements  in  drugs  or

biologically  active  molecules.  For  example,  thioesters  have  been  applied  to  link

bioactive R-groups to lipophilic moieties to produce prodrug compounds capable of

crossing  the  membrane  and  undergoing  subsequent  cleavage  to  release  the  active
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Table 2. Physicochemical properties of TPP inhibitors

Compound MW (Da)

1 221.0 3.4 0 3
9 265.3 5.6 0 1

10 280.4 4.0 0 2
11 280.4 5.6 0 1
12 280.4 5.6 0 1
13 217.3 3.4 1 2
14 258.3 4.2 0 2
15 217.3 4.2 0 2
16 175.2 2.9 0 1
17 190.3 4.5 0 0
18 218.3 2.9 1 2
19 144.1 3.8 0 0
20 389.9 3.5 0 6
21 389.9 3.5 0 6
22 424.3 4.2 0 6
23 369.4 3.3 0 6
24 341.8 2.3 0 6
25 321.4 2.1 0 6
26 325.0 2.0 1 6

logP H-bond 
donors

H-bond 
acceptors

Compounds were assessed according to Lipinski’s ‘rule of five’ (Lipinski et al., 1997)
for drug-likeness. Those properties that do not meet Lipinski’s criteria (MW < 500 Da,
logP < 5 and < 5 H-bond donors and < 10 H-bond) acceptors are underlined.
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component (Sharpe et al., 1995). If topical application is required, this property could be

exploited in TPP-based drug development.

Sulfones are present in sulfonamides, a popular class of antimicrobials that have been

examined  to  target  malaria  (Krungkria  & Supura,  2008),  glaucoma (Supuran  et  al.,

1998), epilepsy and obesity (Supuran et al., 2008) through the inhibition of carbonic

anhydrases. These moieties are also present in inhibitors of HIV reverse transcriptase

(Zhao et al., 2008) and have been applied to target bacterial β-lactamases (Drawz et al.,

2010).  Closely related to sulfones  are  the sulfoxides,  which have been used for the

inhibition of penicillin G acylases (Alvaro et al., 1991) and 5-enolpyruvylshikimate-3-

phosphate  synthase.  In  the  latter  case,  replacement  of  the  carbocation  centre  of  the

natural  substrate  with  a  sulfoxide  moiety  results  in  an  inhibitor  that  mimics  the

enzyme’s high-energy intermediate and thus, functions as a competitive inhibitor (Mao

et  al.,  1992).  The  most  notable  recent  application  of  sulfoxide  linkages  is  in  the

development  of  cleavable  cross-linkers  for  the  study  of  protein-protein  interactions

(Gutierrez  et  al.,  2016,  2018).  Thus,  the  replacement  of  the  sulfone  linker  with  a

sulfoxide may warrant investigation. 

While  sulfones  and  thioesters  may be  weak hydrogen  bond acceptors,  it  is  unclear

whether the inhibition of TPPs is affected by the chemistry of the linker group. This

could  be  tested  through  the  synthesis  and  comparison  of  the  activity  of  different

combinations of linkers and R-groups. That is, R5 and R7 from the sulfone analogue

series could be connected by a thioester, and vice-versa for R1–R4 and a sulfone linkage.

Further,  additional  linkages  could  also  be  tested.  For  example,  amides  are  less

susceptible to hydrolysis than thioesters and would be particularly useful to investigate

whether thioester cleavage is likely to occur in TPP inhibition. Similarly, a sulfoxide

linker  could  be  tested,  particularly  since  the  recent  replacement  of  a  sulfone  by  a

sulfoxide in a phosphatidylinositol 4-kinase inhibitor conferred greater efficacy im an

antimalarial pro-drug (Gibhard et al., 2018).

7.5.2 Dose-response experiments

Those compounds showing significant inhibition of nematode TPPs in end-point assays

were further investigated in dose-response experiments (Figure 28). The resulting data
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were used to calculate the concentration of inhibitor required to inhibit the enzyme to

half its maximal activity (IC50), as shown in Table  3. As IC50 values depend upon the

specific substrate concentrations used during measurements, they are best converted to

apparent Ki values for comparisons to be possible. This conversion requires knowledge

of  the  mechanism  of  inhibition  (competitive,  non-competitive,  uncompetitive).  A

competitive  inhibition  mechanism  was  assumed  and  Ki values  were  calculated

considering the T6P concentration and the  Km of  Tcan-TPP (Cross & Hofmann, 2018,

p. 843; Cross et al., 2017b; Chapter 5):

To  validate  this  assumption  in  the  absence  of  co-crystal  structures  to  identify  the

binding  site,  changes  to  the  kinetic  behaviour  of  the  enzyme  in  the  presence  of

compound were measured and interpreted to predict the likely inhibition mechanism.
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Figure 28. Dose-response curves for inhibition of nematode TPPs

Dose-response data were measured for Tcan-TPP and Acey-TPP (0.25 μM) inhibition by
compounds  9 and  20 and selected analogues in end-point assays. Data were corrected
for background absorbance and scaled relative to an uninhibited control experiment.
Compound 12 proved to be the most effective inhibitor overall and suppressed enzyme
activity entirely at concentrations above 2.5 μM (Tcan-TPP) and 10 μM (Acey-TPP).
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Table 3. Half-maximal inhibitory concentrations and derived apparent inhibition 
constants of nematode TPP inhibitors

and: could not be determined.  Ki values were determined from IC50 values assuming a
competitive inhibition model.

7.6 Mechanisms of inhibition

Investigation of the mechanism of enzyme inhibition through changes in the kinetic

performance of the enzyme in the presence of the inhibitor requires the measurement

and  calculation  of  multiple  Michaelis-Menten  curves  across  a  range  of  inhibitor

concentrations.  The  experimental  process  is  resource-heavy and  thus,  the  nematode

proteins were prioritised. Specifically, being the most susceptible enzyme in the panel,

Tcan-TPP was  selected  under  the  assumption  that,  given  the  topological  similarity

between the  nematode enzymes  (Chapter  3;  see  Cross  et  al.,  2017a),  the  inhibition

mechanism  of  each  compound  would  likely  be  similar  across  the  group.  This

assumption was also applied to the compounds themselves in that only the best inhibitor

from each analogue series was tested. Tcan-TPP kinetics experiments were performed in

the presence of compounds 11 and 23. Comparison of the resulting Michaelis-Menten

plots and calculated kinetic parameters shows that both inhibitors induced increases in

the  apparent  Km and  decreases  in  the  calculated  vmax of  Tcan-TPP (Figure  27 and

Table 4). Generally, increases of  Km in the presence of inhibitor suggest a competitive

mechanism. Under competitive inhibition, the slope of a double reciprocal (Lineweaver-

Burk)  plot  tends  to  increase at  higher  inhibitor  concentrations,  while  the  y-intercept

remains constant because vmax does not change. However, the Lineweaver-Burk plots for

Tcan-TPP in the presence of  11  and  23 (Figure  29) reflect  a different  situation:  the

y- intercept shifts upwards in the presence of inhibitor, indicating that vmax decreases as
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Compound

9 7.4 1.4
11 1.7 0.3
12 1.7 0.7
20 17.2 ± 1.2  6.4 3.1
21 12.3 0.8
22 10.2 0.5
23 20.8 0.5
24 13.7 0.2
25 55.1 1.1

Acey-TPP Tcan-TPP

IC
50

 (μM) app. K
i
 (μM) IC

50
 (μM) app. K

i
 (μM)

19.7 ± 1.8  2.27 ± 0.11
4.7 ± 0.2 0.41 ± 0.06
4.4 ± 0.1 1.16 ± 0.03

4.83 ± 0.29
32.9 ± 3.9  1.19 ± 0.02
27.1 ± 2.4  0.80 ± 0.02
55.4 ± 8.9  0.79 ± 0.01
36.6 ± 1.2  0.33 ± 0.04
151 ± nda  1.80 ± 0.10
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the inhibitor concentration rises. This suggests that these compounds may not follow an

exclusively competitive mechanism; that is, they are able to bind both the enzyme alone

(E)  and  the  enzyme-substrate  (ES)  complex  (as  discussed  in  Section  2.2.13).  This

‘mixed inhibition’ bears  the  characteristics  of  both competitive  and non-competitive

mechanisms, which results in the operation of two inhibition constants (Ki and Ki’, for

binding to E and ES, respectively). The data in the Lineweaver-Burk plots intersect at a

point to the left of the y-axis and above the x-axis, suggesting that Ki’ is greater than Ki,

and that the compounds operate by what has been termed ‘competitive-non-competitive’

inhibition (Palmer 1995, p. 142–145).
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Figure 29. Michaelis-Menten and Lineweaver-Burk plots of Tcan-TPP in the 
presence of inhibitors 11 and 23

The kinetic behaviour of  Tcan-TPP in the presence of increasing concentrations of  11
and 23 was measured using an EnzCheck Phosphate Assay kit. As the concentration of
inhibitor increases, the apparent Km increases and the vmax decreases, suggesting mixed-
type inhibition.
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The observation of mixed-type inhibition requires an alternative approach to determine

the inhibition constant and thus, the Ki governing compound binding at the active site

was calculated using secondary plots based on the Lineweaver-Burk analysis (Palmer

1995, p. 145). As a double reciprocal plot, the Lineweaver-Burk equation is a variation

of the Michaelis-Menten equation:

1
v0

=
Km

vmax

⋅
1

[S]
+

1
vmax

 where 
Km

vmax

is the slope.

In the presence of an inhibitor (K’m and v’max) , the slope changes:

K ’m

v’max

=( Km

vmax
)(1+

[I]
K i

)
Under the conditions of mixed inhibition:

slope of the inhibited reaction=slope of the uninhibited reaction×(1+
[I]
K i

)  and

given that K ’m=Km⋅
(1+

[I]
K i

)
(1+

[I]
K ’i

)
1

v ' max

=
1

vmax
(1+

[I]
K ’i

)  where v’max and K’i describe the inhibited enzyme. 
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Table 4. Effect of inhibitors on the Km and vmax of Tcan-TPP

Tcan-TPP kinetics were measured in the presence of increasing concentrations of  11
and 23 and used to produce Michaelis-Menten and Lineweaver-Burk plots to determine
Km and vmax. Both compounds appear to increase Km and decrease vmax, which suggests a
mixed-type inhibition mechanism.

11 uninhibited 386.9 – 0.28 –
0.15 451.5 64.6 0.22
0.6 464.7 77.8 0.20
1.2 818.2 431.3 0.19

23 uninhibited 386.9 – 0.28 –
0.25 357.7 –29.25 0.19

1 504.1 146.40 0.17
4 567.5 180.60 0.14

c(compound) 
(μM)

K
m
 (μM) ΔK

m
v

max
 (μM s -1) Δv

max

–0.06
–0.08
–0.09

–0.09
–0.11
–0.14
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Thus, in a plot of 1/vmax against [I], the x-intercept is –K’i. Similarly, plotting the slope of

the inhibited reaction (i.e., the slope of the Lineweaver-Burk plot) against [I] yields an

x-intercept of  –Ki (Palmer 1995, p. 145–148). When generating such plots, it proved

difficult to impose linear fits on the resulting data (particularly for  23; Figure  30) in

order to determine Ki and K’i. Given the limited range of inhibitor concentrations tested,

this is likely due to the low number of data points available for analysis and variation

between replicates, as reflected in the error bars (Figure  29); additional data at both

higher and lower inhibitor concentrations would be required to support a more thorough

analysis. While the collection of additional data was not possible due to the amount of

substrate required, the existing data still have value in that the calculated Ki values are in

the  same  range  as  those  estimated  under  the  assumption  of  competitive  inhibition

(Table 4). This is particularly true for 11, where the Ki from the competitive inhibition-

based calculation is 0.3 μM and that derived from the mixed-type analysis is 0.36 μM.

The Ki values of 23 show greater variation (0.5 μM v. 1.0 μM), which is likely a result

of the data quality. Thus, while this analysis requires further efforts to be definitive, it

suggests that the true Ki values for 11 and 23 lie within the calculated range. 

Mixed-type  inhibition  has  been  reported  in  a  number  of  other  systems,  including

phosphatases (Ha, 2018; Jung, 2016; Dobson 2004; Ishihara 1989; Biolojan 1988) and

glucosidases  (Peng  2016)  and is  linked  to  conformational  change in  the  latter.  The

observation of mixed-type inhibition and thus, binding of compounds  11 and  23 not

only to  the  active  site  of  the apo-enzyme,  but  also to  the  TPP-T6P complex is  not

wholly unexpected, given the potential of the enzyme for conformational change upon

substrate/inhibitor  binding.  This  would  most  likely  be  in  the  form  of  cap-core

movement,  which  is  suggested  to  occur  in  Tcan-TPP  based  on  earlier  kinetic

characterisation (Cross et  al.,  2017b; see Chapter 5).  Identification of the secondary

binding site ideally requires a co-crystal structure; however, given the low success rate

of nematode TPP crystallisation, mutagenesis or simulation-based studies focused on

the cap/core region may be more suitable for initial investigations.
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7.7 Conclusions

The paper and subsequent analysis in this chapter present three novel TPP inhibitors

identified in a high-throughput ligand-binding assay and validated in enzyme inhibition

experiments.  While  compound  1 (N-(phenylthio)phthalimide)  is  an  irreversible  and

highly specific competitive inhibitor of the nematode TPPs, compounds 11 and 23 are

also active against some bacterial TPPs, though with significantly lower efficacy than

against  the  nematode enzymes.  Kinetic  characterisation  of  their  effect  on  Tcan-TPP

suggests that both compounds have inhibition constants in the low micromolar range

(11: 0.3–0.7 μM; 23: 0.5–2.9 μM) and operate via a mixed inhibition mechanism, thus

binding to both the active site of the apo-enzyme and the TPP-T6P complex. However,

given that  limited  data  collection  was possible,  further  investigation  is  necessary to

confirm this mechanism.
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Figure 30. Secondary plots and inhibition constants for mixed inhibition of Tcan-
TPP

Secondary plots of the kinetic data of Tcan-TPP in the presence of two inhibitors, 11 and
23 allow the calculation of inhibition constants for the binding of each compound to the
enzyme (Ki) and enzyme-substrate complex (K’i). Ki and K’i are the x-intercepts of plots
A and B, respectively.  While the  K’i values are higher than  Ki,  which suggests that
binding  of  the  compounds  to  the  enzyme-substrate  complex  makes  a  greater
contribution to the overall activity decrease, the linear fits used to derive these values
are poor and thus, they should be regarded with caution.

compound

11 0.36 0.76

23 1.0 2.9

K
i 
(μM) K’

i 
(μM)
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While the efficacy of 1 against Toxocara species is reported, assays testing the whole-

organism effects of  11 and  23 are ongoing in the laboratories of collaborators at the

University  of  Melbourne  (Australia)  and  the  Warsaw  University  of  Life  Sciences

(Poland).  These  results  will  determine  whether  11 and  23 have  the  potential  to  be

developed as antihelminthics or, like 1, they may become useful probes or controls in

experimental settings.
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8.1 TPP structure and function

Trehalose  6-phosphate  phosphatase  is  a  validated  drug  target  against  parasitic

nematodes  and  mycobacteria  (Kormish  et  al.,  2005;  Kushwaha  et  al.,  2011,  2012).

While  the  primary  aim  of  this  work  was  to  identify  new lead  molecules  for  drug

discovery, the secondary aim was to establish and characterise a panel of TPP enzymes

for study in the Hofmann Laboratory. As knowledge of the fundamental structure and

function  of  an  enzyme  is  key  to  fully  understanding  how  it  may  be  inhibited  or

leveraged in disease prevention, new insights into the TPP enzyme family that were

gained during the course of this work will be discussed first.

TPPs are part  of the HAD superfamily; they are omnipresent across multiple phyla,

including  plants,  invertebrates,  fungi  and  micro-organisms,  but  are  absent  from

vertebrates. TPPs have a highly conserved architecture that consists of a Rossmann-fold

core  domain  with  a  C2-type  α/β cap  domain  (reviewed in  Burroughs et  al.,  2006);

however,  parts  of  this  work  have  demonstrated  that  while  the  core  topology  is

conserved, there is also significant variation in both sequence and structure between the

TPPs of different species.

8.1.1 Inter-species conservation of TPPs

Comparisons of the available TPP crystal structures and an analysis of structure-based

amino acid sequence data (Cross et al., 2017a; Chapter 4) have shown that in addition to

the highly conserved HAD fold, the TPPs of certain species possess additional structural

elements. Examples of these include the TPS-like N-terminal domain of fungal TPPs

(Miao et al., 2016), the α/β N-domain of mycobacterial TPPs and the MIT-like domain

in the nematode enzymes. Based on these differences, the TPPs of pathogenic bacteria,

mycobacteria and nematodes were classified into three distinct topological groups. It is

proposed that further analysis including the enzymes of higher-order pathogens would

likely produce additional groups to account for further structural ‘accessorisation’ (e.g.,

the TPS-like N-domains of fungal TPPs (Miao et al.,  2016) would likely result in a
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fourth  topological  group).  Additional  structural  variation  was  also  observed  in  the

oligomerisation  of  TPPs.  While  the  enzymes  in  nematodes  and  most  bacteria  are

monomeric, those  of P. aeruginosa have been found to be functional as dimers (Cross

et  al.,  2018,  Chapter 6),  a  trait  of  C1-type  HAD  enzymes  (Walldén  et  al.,  2007).

Similarly,  while  the  nematode  and  bacterial  TPPs  are  monoenzymes,  fungal  TPPs

function as part of a multi-enzyme complex with TPS and two additional regulatory

proteins, TPS3 and TSL1 (Bell et al., 1992; De Virgilio et al., 1993; Reinders et al.,

1997).

Variations in sequence and structure hold implications for the use of homology-based

inference,  particularly when made between topological groups. It  is widely accepted

that TPP catalysis  involves four aspartate  residues:  two participating in magnesium-

binding, one that performs a nucleophilic attack on the phospho group of T6P and one

that activates a water molecule to hydrolyse the resulting phospho-aspartyl intermediate.

The identity of the catalytic nucleophile in  Bmal-TPP (Asp213) was initially inferred

through  homology  (Farelli  et  al.,  2014);  however,  experimental  validation  through

mutagenesis that removed catalytic activity but retained magnesium binding suggested

that the role is more likely filled by Asp215 in Bmal-TPP (Cross et al., 2017a; Chapter

4). This was found to also be true in another nematode enzyme, Acey-TPP (Chapter 4;

Figure  23),  suggesting  consistency  within  this  topological  group.  In  contrast,  a

functional role has been assigned to Asp331 in  Mtub-TPP (Shan et al., 2016). As this

residue is not included in the functional tetrad inferred by homology (Asp147, Asp149,

Asp330  and  Asp332)  and  is  replaced  by  a  threonine  in  the  nematode  enzymes,

equivalent  sequence  positions  may not  necessarily  correspond to  the  same catalytic

roles in TPPs from different groups. Thus, caution should be applied to homology-based

inference in TPPs to account for differences arising from variations in sequence and

topology. Indeed, another aspect that appears to differ between TPPs is the structural

dynamics of the enzyme during catalysis.

8.1.2 Cap-core movement during catalysis

Enzymatic characterisation of TPPs revealed that the activity of these enzymes is suited

to their physiological roles; they are ‘moderately efficient’ enzymes and function best in

high  concentrations  of  substrate  (Cross  et  al.,  2017b,  Chapter  5).  The discovery of
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super-stoichiometric  burst  during  catalysis  in  the  TPPs  of  T. canis,  A. ceylanicum,

B. malayi,  M. tuberculosis and  S. maltophilia  was  unexpected.  It  indicates  the

involvement of global conformational changes and thus, suggests that movement of the

cap relative to the core may occur. Closure of the cap over the core has been observed in

the  crystal  structures  of  T6P-bound  fungal  TPPs  (Miao  et  al.,  2016);  however,  its

occurrence  in  the  enzymes  of  other  organisms  remains  unclear.  ‘Closed’  TPP

conformations have been observed in the enzymes from T. acidophilum (bacteria; Rao

et  al.,  2006),  C.  albicans (fungi;  Miao  et  al.,  2016)  and  A.  simplex (nematode;

Łopieńska-Biernat et al., 2018), but were not seen in MD simulations of T6P-bound

Bmal-TPP, nor  in  the  unliganded  Paer-chTPP crystal  structure  (Cross  et  al.,  2018,

Chapter  6).  This  is  not  unexpected  in  Paer-chTPP,  as  neither  of  the  P. aeruginosa

enzymes demonstrated enzymatic burst, which would otherwise suggest cap movement.

Rather, the dynamic ‘flap-like’ β-hairpin of  Paer-chTPP was found to close over the

active site cleft in MD simulations of the enzyme with T6P docked at the active site,

potentially filling the role that might otherwise be played by a mobile cap domain (see

Seifried et al., 2012). However, the observation of super-stoichiometric burst kinetics in

other  TPPs  this  study suggests  that  cap/core  movement  should  occur  in  Bmal-TPP.

Thus,  the  absence  of  any  domain  movement  in  Bmal-TPP  MD  simulations  was

surprising, especially since T6P was present in the simulation box and is a common

element in observations of the closed conformation.

It may be possible that the closed conformation has not been observed in some TPPs

because  phosphate—or  a  suitable  analogue—is  absent  from the  active  site.  This  is

potentially the case for the crystal structures of the TPPs from B. malayi (Farelli et al.,

2014) and  A. fumigatus (Miao et al., 2016): both were determined in the absence of

substrate  and  substrate  analogues,  and  both  have  open  conformations.  However,  a

source of potential  consternation is  the unexpected open conformation of  Mtub-TPP

observed in the crystal structure of the substrate-bound enzyme (Shan et al., 2016). It is

unclear how the authors were able to achieve a co-crystal structure of the active enzyme

with the natural substrate; details about this achievement were not reported and atomic

interactions between substrate and protein cannot be evaluated as the authors have not

made the coordinates available in the PDB. Thus, comparisons with other TPPs and
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further  conclusions are  difficult.  Nevertheless,  an explanation for the observation of

different conformations may lie in the sequence of events during catalysis.

The structure of a related HAD phosphatase, phosphoserine phosphatase (PSP), with the

phosphate analogue BeF3 at  the active site  aspartate  assumes a closed conformation

(Toyoshima  et  al.,  2000;  Cho  et  al.,  2001).  The  authors  of  this  structure  drew

comparisons to calcium ATPase, where formation of the phosphoaspartate intermediate

is  coupled  to  conformational  change  (Cho  et  al.,  2001),  and  proposed  a  similar

mechanism for PSP. If this is the case in TPP, then both binding of the T6P and the first

catalytic step are required to induce movement of the cap. This would not be observed

in  molecular  dynamics  simulations  or  co-crystal  structures  where  the  attacking

nucleophile has been mutated and it could explain the mixed observations of open and

closed caps to date. However, this contradicts the proposal that closure of the cap is

necessary for substrate specificity,  solvent  exclusion and nucleophilic  attack on T6P

(Seifried et al., 2012). Further, the T6P-bound crystal structure of inactive Cneo-TPP is

closed,  despite  no  phosphoaspartyl  intermediate  being  formed.  Thus,  given existing

crystal structures and the observation of super-stoichiometric burst kinetics, it is likely

that  cap  movement  is  involved  in  the  TPPs  of  T. canis,  A. ceylanicum,  B. malayi,

M. tuberculosis and  S. maltophilia. However, the extent of cap movement required in

the different enzymes may vary and there is little evidence that HAD phosphatases with

C2-type caps, as in TPP, require extensive cap movement for the closed conformation to

be achieved (Burroughs et al., 2006). In nematode TPPs, for example, where the cap has

interactions with the MIT-like domain (Chapter 3), closure may require a minor rotation

of the cap domain, as opposed to the major conformational shift (a cap rotation of 53°)

that is observed in fungi (Miao et  al.,  2016).  Indeed, cap closure through backbone

rotation  (rather  than  broader  whole-domain  movement)  has  also  been  proposed  for

BT4131, a non-specific sugar phosphatase (Lu et al., 2005). Thus, at present, one can

speculate that the degree of conformational change upon substrate processing varies,

potentially in accordance with the suggested grouping. 

The solution of TPP co-crystal  structures  from a greater  range of  species would be

instructive in resolving this question. As successful co-crystallisation of inactive TPP

variants with T6P has thus far been limited, the use of non-cleavable substrate analogues
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or  TPP inhibitors  in  place  of  T6P in  co-crystallisation  experiments  may provide  an

alternative strategy.

8.2 TPP-based therapeutics

Due to its relative omnipresence in pathogens but absence from vertebrates, TPP has

been examined and found to hold great potential as a therapeutic target. Two strategies

currently exist for the use of TPP to prevent disease: vaccination and inhibition by small

molecules.

8.2.1 Tcan-TPP-based vaccines

Despite the potential long-term benefits of an anti-parasitic vaccine, none has yet been

developed (Sacks et al., 2016), though the need for recombinant vaccines against soil-

transmitted helminthiases has been highlighted (Noon & Aroian,  2017).  The lack of

progress has been attributed to the challenges inherent in antigen validation, varying

host immune responses and delivery format selection (discussed in Mutapi et al., 2013).

In  addition,  vaccines  against  parasitic  diseases  face  additional  hurdles  due  to  the

complexity of eukaryotic parasites (Sacks et al., 2016; Abath et al., 1998), which have

multiple, distinct life stages and the ability to modulate host immune responses (Abath

et al., 1998; Siracusano et al., 2008; Babayan et al., 2018; Maizels et al., 2004).

Nevertheless,  antibody-based  protective  immunity  has  been  demonstrated  using

B. malayi  antigens  (Rahumatullah et  al.,  2017) and initial  testing of  Bmal-TPP as  a

vaccine antigen in mice induced protective effects against multiple life stages of the

parasite, a favourable host immune response and the production of antibodies capable of

inhibiting the TPP enzyme (Kushwaha et  al.,  2012;  2013; discussed in Cross et  al.,

2017c). To examine whether the TPP from T. canis is similarly effective, the protein was

purified and shipped to Dr  Ewa Długosz at the Warsaw University of Life Sciences,

Poland, for use in murine immunisation trials against T. canis.

As this work remains in the early stages and the vaccination experiments are conducted

entirely  within  the  collaborator’s  laboratory,  it  has  not  been  presented  as  a  formal

chapter  in  this  thesis.  Nevertheless,  the  preliminary  data  are  promising  and  worm

burden following vaccination was found to be significantly reduced in the muscles, but
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not  in  the  brains  or  the  livers  of  Tcan-TPP-treated  mice.  This  could  be  due  to  the

delivery route (intramuscular injection), which contrasts to the oral mode of infection

and is inherently limited by the integrity of the blood/brain barrier. This is significant

because the paratenic nature of the host  leads the worms to migrate to  the brain in

anticipation of transfer to the natural host (Cox & Holland, 1998). Further, preliminary

serum  analysis  of  mice  by  an  enzyme-linked  immunosorbent  assay  for

immunoglobulins indicated that levels of IgG1 were 3.5–10× higher in immunised than

in non-immunised animals but IgE levels did not change. These data are encouraging, as

IgG  is  the  most  prevalent  immunoglobulin  linked  to  long-term immunity  and  IgE

increases are associated with allergic responses and parasitic infections (reviewed in

Schroeder & Cavacini, 2010).  Thus, a follow-up study testing intraperitoneal injection

is presently under way to investigate how the mode of delivery affects efficacy and the

stimulated immune response.

8.2.2 Novel TPP inhibitors

Thus far, the development of small molecule TPP inhibitors has focused on the rational

design of substrate analogues (Liu et al.,  2017). As observed in molecular dynamics

simulations of Bmal-TPP with T6P (Chapter 3), successful binding of ligands in the TPP

active site likely requires a chelating group and the specific geometry of trehalose. This

observation  is  supported  by Liu  et  al.  (2017),  who tested  multiple  combinations  of

phospho-mimetics with both trehalose and a D-glucopyranoside scaffold and identified

trehalose 6-sulfate (T6S) as the most effective inhibitor. However, with a Ki of ~50 μM,

T6S requires significant development to be eligible for the drug discovery pipeline. As

yet, none of the substrate analogues reported have been tested for specificity or off-

target cross-reactivity; their similarity to T6P could thus have additional consequences

for  energy  metabolism,  which  T6P is  known  to  regulate  through  its  inhibition  of

hexokinase (Blázquez et al., 1993; Eastmond et al., 2002; Eastmond & Graham, 2003).

If TPP inhibitors also bind hexokinases, there is the potential for severe consequences in

the host organism. Therefore, given the synthetic challenges inherent in carbohydrate

chemistry  and  potential  off-target  cross-reactivity  of  substrate  analogues,  the

identification of alternative scaffolds for TPP inhibition is favourable.
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In  this  work,  high-throughput  screening  of  5,425  compounds  identified  three  new

scaffolds for TPP inhibition with  Ki values in the low-micromolar range (Chapter 7).

The criteria for a ‘good hit’ vary with the nature of the system of interest; however, a

general target for early hits is activity in the micromolar range.  Of arguably greater

importance than the starting potency is the potential of a molecule for development and

optimisation; hit compounds should have favourable physicochemical properties and be

amenable to structural refinement (Hughes et al., 2011; Katsuno et al., 2015). Of the

three  scaffolds  identified  here,  two  are  amenable  to  further  development.

N-(phenylthio)phthalimide (compound  1) was found to be an irreversible inhibitor of

nematode TPPs, specifically targeting the active site cysteine residue that is unique to

this topological group (Chapters 4 and 7, Cross et al., 2017a). Although this mechanism

precludes further development along a drug discovery pipeline, 1 has a low apparent Ki

(~0.56 μM against  Tcan-TPP), demonstrates  species-specific inhibition and dissociates

from the enzyme under reducing conditions. It may, therefore, have applications as a

control or probe molecule in TPP studies. 

Although compounds  9 and  20 (and analogues  thereof)  were most  effective against

nematode TPPs, they were less species-specific and both compounds were found to also

inhibit  Paer-ecTPP from the bacterial panel.  The core thioester (9) and sulfone (20)

scaffolds of these compounds are present in a number of existing enzyme inhibitors (as

discussed in Chapter 7), which suggests that they may be amenable to optimisation by

medicinal  chemistry  methods.  Although  Lipinski’s  ‘rule  of  five’ for  drug-likeness

(Lipinski et al., 1997; Choy & Prausnitz, 2011; McKerrow & Lipinski, 2017) was not

strictly applied to compounds in this study, 16 of the 19 compounds carried forward to

dose-response studies comply with the rule’s requirements. As such, these compounds

are  considered  small  enough  to  be  amenable  to  structural  modifications  and  have

sufficiently few H-bond donors and acceptors to warrant further development.

To examine their likely inhibition mechanisms, the most effective inhibitor from each

series  was  selected  for  testing  at  increasing  concentrations  in  kinetic  assays  of

Tcan-TPP. Both compounds  11  (from the thioester scaffold series) and  23  (from the

sulfone series) induced increases in  Km and decreases in  vmax, which indicate a mixed-

type inhibition mechanism (Section 7.6). This is intriguing, as mixed inhibition has both
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a  competitive  and a  non-competitive  binding  component.  As competitive  inhibitors,

these  compounds  bind  the  active  site;  given  the  exquisite  substrate  specificity  and

conservation of the catalytic residues of TPPs, this property may be why the compounds

had activity against  both nematode and bacterial  enzymes.  The different  degrees  of

inhibition  observed  between  the  enzymes  of  different  species  may  be  a  result  of

variations in the sequence proximal to the key catalytic residues that alter the overall

affinity  of  the  enzyme for  the  compound.  Additionally,  one  may consider  the  non-

competitive  aspect  of  inhibition,  which  involves  binding  to  the  enzyme-substrate

complex.  Identification  of  the  secondary  binding  site  requires  significant  further

experimental investigation and is not discussed here. However, given the burst kinetics

observed in the nematode enzymes (Cross et al., 2017b) but absent from Paer-chTPP

(Cross  et  al.,  2018),  creation  of  this  binding  site  could  potentially  involve

conformational  changes  induced  during  T6P  hydrolysis.  This  aspect  should  be

investigated  in  future  studies  that  focus  on  evaluation  of  Paer-TPP kinetics  in  the

presence of suitable inhibitors.

Compared  to  the  other  bacterial  TPPs,  the  susceptibility  of  Paer-ecTPP  to  these

compounds  is  notable.  While  the  reasons  for  this  are  unclear,  the  structure  of

Paer-chTPP is different from other TPPs due to the presence of the flap-like β-harpin

motif and rigid helix that connects the cap and core domains (Cross et al., 2018; Chapter

6). These elements are proposed to limit access to the active site and, thus, reduce the

overall turnover of product;  however, the restriction of binding site access may also

make  the  enzyme  more  susceptible  to  inhibitors.  That  is,  as  the  available  solvent-

accessible surface area is reduced, binding of an inhibitor could further reduce active

site access for T6P, leading to a decrease in activity or total exclusion of the substrate

from the binding site. If an inhibitor were sufficiently large to block the ‘tunnel’ through

with T6P accesses the active site, then it could prevent all TPP activity. Similarly, as the

β-hairpin  closes  over  the  binding  cleft  following  docking  of  T6P,  another  potential

strategy for inhibitor design could involve targeting the narrowed cleft  to  ‘lock’ the

enzyme in its closed form and, thus, prevent the release of product and further substrate

processing.
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8.2.3 The future of TPP inhibitor design

Based on the findings in this work and other studies, a number of strategies exist for the

development of new TPP inhibitors. As the trehalose moiety forms few interactions with

residues in the active site (Chapter 3; Liu et al, 2017), successful design of substrate

analogues requires the inclusion of a chelating group to target the active site magnesium

ion. Molecular dynamics simulations of Bmal-TPP and Paer-chTPP also emphasised the

requirement  for shape compatibility between the ligand and TPP active site.  As the

second glucose moiety of T6P was found to contribute to binding (Chapter 3), rationally

designed molecules will likely require an extended structure capable of spanning the

binding site to form interactions at both the cofactor and in the second ‘binding pocket’,

as observed in Bmal-TPP.

The  structural  differences  between  TPPs  from separate  topological  groups  may  be

leveraged in inhibitor design. While conservation of the core domain and active site

residues could allow the development of broad-spectrum inhibitors, targeting regions

distal  to  the  active  site,  particularly  species-specific  additions,  could  facilitate  fine-

tuning of inhibitor specificity. Similarly, variations in the residues of the binding pocket

may also be considered for inhibitor design. For example,  N-(phenylthio)phthalimide

(1) was found to target an active site cysteine residue that is unique to the nematode

TPPs  (Cys222  in  Bmal-TPP)  and  demonstrates  how a  single  residue  in  a  strategic

position may contribute to inhibitor specificity (Cross et al., submitted; Chapter 7). The

considerable chemical reactivity of this molecule and its potential to also modify off-

target proteins disqualifies it as a drug lead; however, it may be used as a starting point

to guide the design of additional inhibitors. Importantly, prior to screening and based on

initial  MD simulations,  Cys222 was  identified  as  a  potential  target  residue  and  the

addition of a Michael acceptor group to the second glucose moiety of T6P was proposed

(Section 3.3). This idea may now be useful to enhance the competitive binding activity

of compounds  9, 11, 12 and  20–25. Future work to develop these compounds should

involve the synthesis of molecules with different combinations of the core thioester and

sulfone scaffolds, the most effective R-groups (particularly R5 coupled with R8 and R9

for nematode TPPs or with R7 and R10 for the bacterial enzymes), and also the potential

addition of Michael acceptors (for nematode TPPs) and chelating groups to target the

active site. In addition, alternative linker groups (e.g., sulfoxides and amides) may also
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be considered. Applied systematically, this approach would elucidate the roles (if any)

of the linker groups themselves and also demonstrate the contributions of different R-

groups such that an optimised inhibitor can be synthesised. Further, as the compounds

here  were  identified  by  screening  a  nematode  TPP,  future  screening  efforts  with  a

bacterial enzyme could potentially identify compounds with improved activity against

the bacterial TPPs. 

8.3 Conclusions

This work began with the aim of identifying a novel inhibitor of the TPP enzymes of

two  pathogenic  nematodes.  Simulation  of  the  T6P-bound  structure  of  Bmal-TPP

(Chapter 3) elucidated the basis of these enzymes’ exquisite substrate specificity as a

combination of geometric/shape complementarity between T6P and the binding site and

the presence of a chelating group on T6P to bind the magnesium cofactor. 

Based on structure-guided sequence analysis, three different topological groups of TPPs

in nematodes, mycobacteria and bacteria were proposed. It was found that although the

core HAD architecture is conserved, TPPs from different groups vary in sequence and

some have additional structural elements, particularly at the N-terminus. In combination

with  a  mutagenesis-based  investigation  of  the  catalytic  nucleophile  in  Bmal-TPP

(Chapter  4),  it  became  clear  that  homology-based  inference  in  TPPs  should  be

performed  with  caution  and,  at  best,  be  contained  to  within  topological  groups,  as

intergroup variations may undermine the reliability of such approaches.

An expanded panel of TPPs that included the nematode enzymes and representatives

from the bacterial and mycobacterial groups was purified and subjected to enzymatic

characterisation (Chapter 5). The enzymes were found to have moderate activity that is

suited to their physiological function and to exhibit super-stoichiometric burst kinetics.

As this is indicative of conformational change during catalysis, the observed kinetic

behaviour is proposed to be a result of movement of the cap relative to the core—as

observed in fungal TPPs (Miao et al., 2016). Burst kinetics were not observed in the

P. aeruginosa enzymes, most likely due to the presence of a ‘flap-like’ β-hairpin that

appears to assume the role of a cap domain by closing over the core domain upon T6P

binding (Chapter 6). Thus,  while movement of the cap relative to the core is  likely
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involved in TPP function, further investigation (through co-crystallisation with suitable

substrate analogues) is necessary to confirm this.

Screening of compound libraries identified three novel TPP inhibitors with activity in

the low-micromolar range (Chapter 7) and structures that are amenable to rational drug

discovery methods.  N-(phenylthio)phthalimide (compound  1) is a suicide-inhibitor of

nematode TPPs with potential applications as a probe in in vitro TPP studies. Structure-

activity analysis of compounds 9 and 20 (and analogues thereof) identified a first set of

R-groups bound to the thioester (9 and analogues) and sulfone (20 and analogues) linker

groups  with  direct  implications  for  activity;  these  findings  can  now  be  applied  in

medicinal chemistry approaches for further development of TPP inhibitors. Assessment

of the antihelminthic properties of these compounds against in vitro parasite cultures is

currently  under  way in  collaborating  laboratories.  It  is  proposed  that  an  ideal  TPP

inhibitor  may comprise  a  thioester,  sulfone  or  D-glucopyranoside  (Liu  et  al.,  2017)

scaffold with a chelating or phospho-mimetic group and/or a combination of the R-

groups identified here. 

8.4 Avenues for future development

This  work  has  demonstrated  that  despite  the  strong  conservation  of  the  core  HAD

architecture  of  TPPs,  there  are  both  subtle  sequence  and  domain-scale  variations

between the enzymes of different species; a number of TPPs have additional domains

with as-yet unknown functions. As these structures represent potential avenues for the

development of species-specific inhibitors, future work to understand their roles could

be instructive for downstream drug discovery efforts.

Although testing of compounds 11 and 23 against in vitro parasite cultures is under way

in  the  laboratories  of  collaborators  at  the  University  of  Melbourne,  the  Warsaw

University  of  Life  Sciences  and  Freie  Universität  Berlin,  none  of  the  compounds

identified  here  have  yet  been  tested  in  mammalian  cell  lines.  Selectivity  for  the

pathogen is fundamental (Katsuno et al., 2015) and even though the scaffold structures

reported are present in existing therapeutics, the potential cytotoxcity of these molecules

is unknown. Further, ‘sulfa drugs’ containing a sulfonamide moiety may have pre-dated

penicillin  and  been  employed  as  popular  antimicrobials,  but  they  are,  nevertheless,
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associated with allergies and may be unsuitable for certain individuals (Dibbern and

Montanaro,  2008).  Thus,  an  important  step  in  the  further  development  of  these

compounds  is  a  thorough analysis  of  their  effects  in  mammalian  cultures  (e.g.,  see

Baranczewski et al., 2006).

This work has shown that the nematode enzymes can be inhibited by molecules that

bind to the conserved active site cysteine (Cys222 in Bmal-TPP) but a precise strategy

to target the bacterial TPPs is not yet clear. To identify compounds specific for these

enzymes, future screening efforts with a bacterial TPP should be considered.

The challenges encountered in the crystallisation of TPPs during this work were a major

limiting factor. The successful co-crystallisation of TPP with T6P and inhibitors would

offer  insight  into  cap–core  movement  and  mechanisms  of  inhibition  and  thus,  is  a

necessary goal  for  future  studies.  Successful  crystallisation  may be  achieved in  the

presence  of  the  novel  compounds  identified  here,  but  will  more  likely  require  a

systematic mutagenesis approach to stabilise the enzyme such that ordered precipitation

into a crystalline state is possible.

8.5 Final remarks

TPP holds great potential as a therapeutic target for both drug and vaccine development.

It  is  also  an  arguably  fascinating  system  for  biochemists  and  structural  biologists

interested in the fundamental mechanics of trehalose metabolism (and its links to energy

regulation  and  abiotic  stress  tolerance).  The  differences  between  TPPs  of  different

species not only provide potential avenues for species-specific drug discovery, but also

offer  both  a  highly conserved  core  structure  and  additional  domains  with  unknown

functions awaiting study. The compounds identified in this work may serve as probes in

a fundamental TPP biochemistry setting,  but also have potential  for development as

leads  in  antihelminthic  drug  discovery.  Thus,  this  work  has  both  contributed  to  a

fundamental understanding of TPP as an enzyme and identified novel compounds to

enable  further  study and support  TPP-related  drug discovery.  It  is  hoped that  these

efforts  will  bring  the  scientific  community closer  to  developing new treatments  for

parasitic disease.
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