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Abstract

Tuberculosis (TB) is an epidemic disease and the growing burden of multidrug-resistant (MDR)
TB world wide underlines the need to discover new drugs to treat the disease. Mycobacterium
tuberculosis (Mtb) is the etiological agent of most cases of TB. Mtb is difficult to treat, in part, due
to the presence of a sturdy hydrophobic barrier that prevents penetration of drugs through the cell
wall. Mtb can also survive in a non-replicative state for long periods of time avoiding the action of
common antibiotics. Trehalose is an essential metabolite in mycobacteria since it plays key roles
in cell wall synthesis, transport of cell wall glycolipids, and energy storage. It is also known for its
stress protective roles such as: protection from desiccation, freezing, starvation and osmatic stress
in bacteria. In this review we discuss the drug discovery efforts against enzymes involved in the
trehalose utilization pathways (TUPs) and their likelihood of becoming drug targets.
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1. Introduction

TB is a dreadful disease caused by the Mycobacterium tuberculosis (Mtb) complex. It has
been estimated that TB has been around for 4000 years by examining prehistoric human
skeletal remains.2 Despite its ancient presence, it was not until the 17t century that the
symptoms of TB were classified and finally in the 18! century Dr. Robert Koch announced
the discovery of Mtb and J. L. Schonlein hamed this infection as tuberculosis (TB). Today,
the burden of TB is approximately 9.0 million active disease cases with about half a million
of these cases being caused by multidrug resistant strains (MDR-TB).1 The yearly death toll
is around 1.5 million and the number of reported MDR-TB has tripled from 2009 to 2013.1
These statistics emphasize the importance of discovering new drug targets to treat Mtb that,
when inhibited, will lead to rapid Mtb killing.1 The current treatment for TB takes at least 6—
8 months. There are five different classes of drugs used to treat TB and the treatment regime
is highly complex. The common first line drugs are isoniazid (H/Inh), rifampicin/rifampin
(R/Rif), pyrazinamide (Z/Pza), ethambutol (E/Emb), and rifapentine (P/Rpt) or rifabutin
(Rfb). The current standard drug treatment involves two months of four drugs (Inh, Rif, Pza
and Emb) in an intensive phase and four months of Inh and Rif in the continuation phase.3

After disease classification, several attempts were made to cure TB. In the 19th century the
f-lactam antibiotics (e.g., penicillin, sulfonamide), grabbed attention due to their broad
spectrum bactericidal activity. However, $-lactam antibiotics turned out to be ineffective
against Mtb.# This is due to presence of penicillin-binding proteins which inactivate f-
lactam antibiotics and the presence of a complex cell wall and hydrophobic layer.>-8 There
are currently several molecular targets being exploited to treat Mtb, the prominent targets
include: i) The cell wall and hydrophobic layer (H/Inh, E/Emb, thioamides, and
cycloserine), ii) RNA synthesis (R/Rif), and iii) DNA synthesis (aminosalicylate sodium,
and fluoroquinolones). Some of the most effective approaches for targeting Mtb, and
bacteria in general, have been to target the bacterial cell wall.®-10 For example, the first line
TB antibiotics H/Inh, E/Emb target enzymes required for biosynthesis of cell wall building
blocks and assembly of the cell wall or hydrophabic layer. We have chosen to focus on the
trehalose utilization pathways (TUPS) since they contain several genetically validated targets
and also play essential roles in cell wall and glycolipid synthesis.

This review briefly describes the structure of the Mtb cell wall and the TUPs. We describe
the key enzymes and their potential as drug targets. Discussion of selected inhibitor-protein
complexes and the strategies used to developed inhibitors are also described.

1.1 Mycobacterium tuberculosis cell wall

The Mtb cell wall remains a central focus of TB research. The structure and pathways of the
cell wall synthesis have been examined for potential targets to treat TB in a short time span.
The cell wall of Mtb is a bastion (Figure 1). It is composed of a plasma membrane, a
peptidoglycan layer, a layer of extractable, non-covalently linked glycans with mycolyl-
arabinogalactan (mAG), glycolipids and an outer capsule.11-13

The plasma membrane, which is covered with a peptidoglycan layer, is a selectively
permeable membrane that separates the contents of the cell from the outer environment. The
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repeating units of N-acetyl-p-D-glucosaminyl (NAG)-(1—4)-N-glycolylmuramic acid
(NAM) forms a polymeric chain, in which NAM components are cross-linked by L-alanyl-
D-isoglutaminyl-meso-diaminopymelyl-D-alanine tetrapeptide to form the peptidoglycan
layer (represented as repeating units of black and yellow hexagons in Figure 1). The mAG is
composed of covalently bonded units of mycolic acids (MAs), arabinan and galactan.
Galactan is a linear polymer of -D-galactofuranose units linked alternatively through C-5 or
C-6. The non-reducing end of the galactan is linked to peptidoglycan via a phosphoryl-N-
acetylglycosaminosyl-rhamnosyl (L-Rhap-(1—3)-D-GIcNAc (1—P)) linker.24 The galactan
is attached to the reducing end of arabinan through the C-5 of a -D-galactofuranose moiety.
The arabinan polymer is made of a-D-arabinofuranosyl (Araf) moieties connected to each
other through a (1—5), a (1—3), and a (1—2) linkages. A branched hexa-arabinofuranosyl
moiety is present at the nonreducing end of the arabinan. Two thirds of the terminal units are
esterified with MAs.15 16

Products formed by esterification of MAs play a key role in Mtb virulence.1” The major
MAs in Mtb are a-, methoxy-, and keto-MAs which are a-alkyl B-hydroxy fatty acids with
carbon lengths varying from Cgg to Cqo.1® Among these, a-MAs make up 70% of MAs.1°
Along with the MAs attached to AG, Mtb has several extractable glycolipids. Trehalose
monomycolate (TMM), trehalose dimycolate (TDM, Cord Factor), phenolic glycolipids
(PGL), phosphatidylinositol mannosides (PIMs), phosphatidylethanolamine (PE),
triacylglycerols (TAGSs), phospholipids, and lipoarabinomannan (LAM) are all non-
covalently associated with the lipid layer.8-10 Among all the lipids TDM (Cord Factor) is
the most abundant lipid released by virulent Mtb.® In host macrophage cells C-type lectin
Mincle receptor recognizes TDM.20 TDM possesses two sets of activities. On the Mtb cell,
it is non-toxic and protects the cell from macrophages. Whereas when TDM is released into
the host cell it becomes antigenic and highly toxic. TDM possesses unique
immunostimulatory activities; for example, it activates macrophages to produce
inflammatory cytokines and nitric oxide. It can also induce granulomagenesis and can act as
an adjuvant for cell-meditated and humoral immune responses.’: 20 The products formed
from mycolic acid and other extractable lipids form the hydrophobic layer (mycomembrane)
as shown in Figure 1.

2. Trehalose utilization pathways (TUPS)

Trehalose (a-D-glucopyranosyl-(1—1)-a-D-glucopyranoside) is an essential sugar-based
metabolite observed in Mtb. It is also a major structural constituent of cell wall glycolipids
and acts as a carrier for MAs during cell wall synthesis (Figure 2).21 22 Trehalose has many
roles in Mtb physiology. It is used as carbon and energy source, protects Mtb against
desiccation, freezing, osmotic stress, and plays a key role in Mtb virulence.23 Trehalose is
found in bacteria, yeast, fungi, plants, and invertebrates; however, it is absent in mammalian
cells.?4 The absence of trehalose from mammalian cells and its pleiotropic role in
mycobacteria make the TUPs attractive antibiotic targets. The TUPs (Scheme 1) include: i)
The OtsA/B or TPS-TPPS pathway (shown in blue), ii) the GIgE pathway (shown in plum),
iii) the TreY/Z pathway (shown in red), and iv) the pathway where trehalose acts as a
mycolyl carrier (shown in black).
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2.1 Biosynthesis of trehalose

Trehalose is produced via three biosynthetic pathways (Scheme 1).2% 26 The major pathway
(OtsA/B pathway or TPS-TPP2) involves two steps. The first step is catalyzed by trehalose
phosphate synthase (TPS, OtsA), which transfers a glycosyl moiety from UDP-glucose onto
glucose-6-phosphate to form trehalose-6-phosphate (T-6-P). The second step is catalyzed by
T-6-P phosphatase (TPP, OtsB) were T-6-P undergoes dephosphorylation to generate free
trehalose. The second pathway, referred to herein as the GIgE pathway, contains the enzyme
trehalose synthase (TreS). TreS can reversibly isomerize maltose to trehalose. The third
pathway, TreY/Z, utilizes maltooligosaccharides (glycogen) as a starting material. The first
enzyme, maltooligosyltrehalose synthase (TreY), isomerizes the maltosyl moiety at the
reducing end of maltooligosaccharide to a trehalose moiety. The second enzyme
maltooligosyltrehalose trehalohydrolase (TreZ), hydrolyze the terminal disaccharide to
afford free trehalose.

2.2 Utilization of trehalose as substrate (GIgE pathway)

The GIgE pathway is a four step pathway that contains the enzymes TreS, Mak, GIgE, and
GlgB (Scheme 1).27: 28 These enzymes act sequentially on trehalose, to produce branched a-
glucan with a-1,4 and a-1,6 glycoside linkages. In this pathway trehalose is isomerized by
TreS to maltose. The maltose is phosphorylated using ATP by Mak to form maltose-1-
phosphate (M1P). The M1P is transferred by the maltosyltransferase GIgE onto the
nonreducing end of a-1,4-glucans. The a-1,4-glucan is further modified to afford a branched
glucan with a-1,4 and a-1,6 glycosidic bonds. This pathway is interesting due to the fact
that a-glucan may be part of capsular a-glucan and methylglucose lipopolysaccharides
which play crucial roles in virulence and immune evasion.29-32

2.3 Trehalose as a mycolyl carrier

The thick outer envelope of Mtb is characterized by an array of exotic lipids that are key
players in the infection process.1” This envelope is, in part, the consequence of the action of
Pks13, mycobacterial membrane protein large 3 (MmpL3), and the Ag85 complex (Ag85s).
The enzyme Pks13 catalyses the condensation of key lipids to produce a-alkyl -ketoacids.
The a-alkyl B-ketoacids, with the help of the thiosesterase (TE) domain of Pks13, are
transferred onto trehalose. This step is followed by reduction of a keto moiety by CmrA to
produce TMM, a MA carrier.33 MmpL3 transports TMM from the cytoplasm to the
periplasm.34 The TMM is utilized by the Ag85 complex for biosynthesis of TDM and mAG
and releases free trehalose in pseudoperiplasmic space. The TDM and mAG are constituents
of Mtb cell wall.3® LpgY-SugA-SugB-SugC (LpqY-SugABC) transports the free trehalose
from periplasm back to the cytosol of Mtb.36

2.1 Enzymes in biosynthesis of trehalose

2.1.1 Targeting OtsA/B—OtsA/B is one of the three trehalose biosynthetic pathways
shown in Scheme 1. Helen et al. showed that the OtsA/B pathway in Mtb is the dominant
pathway.3” The OtsA/B pathway produces trehalose from glucose-6-phosphate. Sassetti et
al. performed a transposon site hybridization mutagenesis study and showed that insertions
into OtsA and OtsB2 lead to serious growth defects in Mth, whereas mutants ATreS, ATreY,
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AOtsA, and AOtsB1 showed no apparent growth impairment. This emphasizes the
importance of OtsB2 and OtsA.38 Helen et al. studied the essentiality of enzymes involved in
three TUPs, by constructing Mtb mutants (ATreS, ATreY, AOtsA, AOtsB1, and AOtsB2).
They showed that OtsB2 is essential for bacterial growth and OtsA deletion will decrease
Mtb virulence in mice using these mutants strains.3” Similar studies on other organisms
which are closely related to Mtb showed surprisingly different results. In Corynebacterium
glutamicum TreY/Z is the predominant trehalose synthesis pathway,3? In Mycobacterium
smegmatis the three pathways are functionally redundant,*° and in Mycobacterium leprae,
TreY and TreS are pseudogenes, leaving OtsA/B as the only pathway for trehalose
biosynthesis.*! The OtsA/B pathway involves condensation of glucose-6-phosphate with
uridine diphosphate-glucose forming T-6-P catalyzed by TPS. The T-6-P is utilized by TPP2
to produce trehalose by releasing inorganic phosphate (P;).14 Two separate open reading
frames (ORFs) in the Mth genome encode for the two homologs of TPP, Rv2006 for TPP1
and Rv3372 for TPP2. Vineetha et al. purified the two enzymes encoded by Rv2006 and
Rv3372 then demonstrated that TPP2 shows trehalose phosphate phosphatase activity;
whereas, TPP1 activity is unknown. TPP2 is relatively specific for T-6-P (K4 = 39.52, ITC
assay) and is active in the presence of Mg?*+-23. 37, 42

Lina et al. modelled the 3D structure of TPP2 and proposed that it has a hydrolase domain,
cap domain and an N-terminal domain. The substrate, T-6-P, and Mg2* binds between the
hydrolase domain and the cap domain.23 The OtsB2 gene encodes for TPP2 which
dephosphorylates T-6-P. Inhibiting TPP2 leads to accumulation of T-6-P. In Saccharomyces
cerevisiae accumulation of T-6-P is detrimental as it acts as a signal for metabolic control of
hexokinase 11 and regulates the first step of glycolysis.3” These factors make OtsA/B a
potential target for drug design.

2.1.2 Targeting trehalose synthase (TreS)—TreS is an a-D-glucosylmutase (EC
5.4.99.16) enzyme belonging to the GH13_3 family (CAZy database).*3-4> TreS
interconverts a-1,4-maltose and trehalose by catalyzing an intramolecular rearrangement,
Scheme 1.46: 47 TreS has also gained significant interest for its promise as a low cost means
to produce trehalose. Pimelobacter sp. R48 and Pseudomonas putida 46 TreS was of interest
for antibiotic development in Mtb until the OtsA/B and TreY/Z pathways were
discovered.#”- 48 Initially, in vitro experiments and genetic experiments revealed that all
three pathways could operate in mycobacteria and other pathogenic organisms26: 40
However, Helen et al. showed that TreS plays a secondary in the role of trehalose
biosynthesis in Mtb.3” The significance of TreS is different for different microorganism: In
Mtb TreS has a role in prolonged infection; in M. leprae, it is a pseudogene; in C.
glutamicum, TreS contributes to trehalose degradation; in E. coli and Salmonella enterica,
TreS appears to have no role; whereas in Pseudomonas syringae, both TreY/Z and TreS are
essential. 49 Miah et al. using a genetic approach showed that TreS is not required for
trehalose biosynthesis and that in Mtb flux through TreS flows from trehalose to a-maltose
the substrate for Mtb maltokinase (Mak). 48

X-ray scattering and analytical ultracentrifugation studies from Roy et al. on Mtb TreS
showed that TreS forms a tetramer in solution and, together with Mak, forms a non-covalent
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hetero-octamer complex which expedites M1P formation.*® TreS has two domains, a
catalytic domain with a (/)8 fold and a C-terminal B-sandwich domain. The active site
contains an Asp nucleophile and a Glu proton donor located at the top (C-terminal) rim of
the B-barrel. In addition, an Asp situated at the p7-B8 loop of the catalytic site aids in the
intramolecular reaction by restraining the hydrolyzed substrate glucose from diffusing out of
the active site.4” However, the reaction is not 100% intramolecular as the hydrolysis of the
disaccharide (trehalose or maltose) to glucose is observed as a side reaction.” The TreS
reaction proceeds through a double displacement mechanism (Scheme 2). This was
confirmed by trapping the glycosyl-enzyme intermediate with 5-fluoroglycosyl fluoride (5)
on the homologous M. smegmatis TreS which shares 83% sequence similarity with Mtb
TreS. The trapped glycosyl-enzyme intermediate was subjected to protease digestion
followed by LC-MS/MS analysis. This showed that Asp230 is the nucleophile participating
in retaining double displacement reaction mechanism.4’ Zhang et al. assayed a-glycoside
inhibitors 6-9 against M. smegmatis TreS.50 The results showed that all inhibitors are
competitive inhibitors. This behaviour of inhibition also supports the notion that TreS has a
mechanism similar to other a-glycosidases. The proposed mechanism for TreS proceeds as
follows: Asp acts as the initial nucleophile acting on a,a’-1,1’-trehalose (1) forming a
sandwich domain-maltosyl-enzyme intermediate (2), Glu participates in this reaction by
protonating the leaving glucosyl moiety, which on intramolecular rotation attains suitable
pose (3) for glycosylation. The ’-maltosyl-enzyme intermediate formed is attacked by the
4-OH of a-glucose to form a’-1’,4-maltose (4) and Glu acts as general base to deprotonating
the 4-OH of incoming glucose. 48 50

TreS catalyzes the interconversion of a’-1’,4-maltose (4) and a,a’-1,1’-trehalose (1). In
trehalose biosynthesis TreS has a minor role in a/-1’,4-maltose (4) to a,a’-1,1’-trehalose
interconversion (1) reaction and the equilibrium is favoured towards maltose.37: 40: 48 /-1,
4-Maltose is a substrate for Mak and the latter produces M1P. Inhibition of TreS leads to
lower levels of a’-1’,4-maltose which is followed by reduced levels of a-glucan. Inhibition
of TreS does not inhibit Mtb growth since the organism has redundant pathways for
producing glucan and glycogen. These alternate pathways include the classical GIgC-GIlgA
pathway and the Rv3032 pathway.29 51 These factors make TreS a less interesting target for
drug development.

2.1.3 Targeting TreY/Z—The TreY/Z pathway is one of the three trehalose biosynthesis
pathways. It synthesizes trehalose from linear a-glycogen (Scheme 1). TreY isomerises the
terminal maltose moiety at the reducing end of a-glycogen to trehalose moiety.>2 TreZ
cleaves the glycosidic bond between the trehalose moiety and rest of the a-glucan producing
free trehalose and glycogen,,_». The genes for TreY (Orf Rv1563c) and TreZ (Orf Rv1562c)
are adjacent to each other. Along with these proteins is TreX (Orf Rv1564c) which is a
debranching enzyme that cleaves glycosidic bonds with 1-6 linkages on a-glucans.
Unbranched a-glucans are used by TreY/Z.25 53.54 Helen et al. produced ATreY and
showed this deletion has no effect in Mtb growth in vitro or in mice.3” However, the gene
coding for TreX is considered essential for Mtb growth. This finding suggests that the
recycling of linear a-D-glycogen is necessary for Mtb growth leaving the door open for
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research in that area.>® The lack of evidence showing the essentiality TreY/Z for Mtb growth
and minor role of TreY/Z in trehalose biosynthesis makes TreY/Z lacklustre as a target.

2.2 Utilization of trehalose as substrate (GIgE pathway)

2.2.1. Targeting maltokinase (Mak)—Mak catalyzes the irreversible, ATP-dependent,
phosphorylation of maltose to M1P.%® In Mtb maltokinase activity in the GIgE pathway was
previously reported to be performed by Pep2.28: 55 Mak shows a K, = 2.52 + 0.40 mM for
maltose and a K, = 0.74 mM for ATP in M. bovis. Mak is dependent on Mg*2 for its
activity.56 In 1967 Narumi et al. used dilute ethanol cell extractions to isolate M1P from
Mycobacterium bovis strain BCG. Mak (EC 2.7.1.175) was first identified in Actinoplanes
missouriensis and was found to be responsible for M1P production in that organism. The
sequence alignment of the mak1 gene with putative maltokinases of other organisms, like
Pep2 from Streptomyces coelicolor or Rv0127 of Mtb etc., showed that the N-terminal
position of the maltokinase of these organisms showed high sequence homologies with
TreS.57. 58 Roy et al. used crystallography and analytical ultracentrifugation studies to
showed that TreS and Mak form a hetero-octamer complex.#> Mak, via ATP-driven M1P
synthesis, is responsible for the metabolite flux through the GIgE pathway?’: 59

X-ray studies of free and non-hydrolyzable ATP-bound forms of Mak in M. vanbaalenii
which shares 59% identity with Mtb, showed that Mak has a bilobal eukaryotic protein
kinase-like fold. It has a novel N-terminal domain which is conserved in bifunctional TreS-
Mak proteins and is unique to maltokinases.® The Mak protein exhibits an extended
concave shaped structure with two lobes, N-terminal lobe and C-terminal lobe with a central
narrow acidic channel (9 A wide and 30 A long).28 55 In turn, the N-terminal lobe is
subdivided into Cap subdomain and an intermediate subdomain. Maltose binds in the
shallow cavity in the C-lobe and is in proximity to the conserved motifs essential for
catalysis.28 The N-terminal and C-terminal domains are also highly cross-linked by a
significant number of salt bridges. The nucleotide binds with two conformations within the
deep pocket between the intermediate subdomain and the C-terminal domain,28: 55

Mak may be a potential drug target since the Mak gene has been reported to be essential.
However, Mak also synthesizes toxic M1P which needs to be converted to glucan quickly by
GIgE since accumulation of M1P leads to cell death.

2.2.2 Targeting GIgE—GIgE is a genetically validated TB drug target.%9 It is a key
enzyme in the a-glucan biosynthesis (GIgE pathway, Scheme 1). GIgE (EC 2.4.99.16) is an
a-maltose 1-phosphate: (1—4)-a-D-glucan 4-a-D-maltosyltransferase belongs to the
GH13_3 subfamily (CAZy database).*3 GIgE (Rv1327c) was identified and the gene was
proven as essential for Mtb growth using transposon site hybridization.38 GIgE transfers
MZ1P (16) units onto the nonreducing end of an a-glucan to produce linear a-1,4-glucan.
Kalscheuer et al. used traditional and chemical reverse genetics to show that inactivation of
GIgE causes rapid Mtb cell death. The cell death is not due to its inability to produce the
important metabolite instead, it is due to the hyper-accumulation of the donor substrate,
M1P.27 The increased level of M1P concentration triggers a stress response. This led to
over-expression of biosynthetic enzymes required for trehalose and M1P production. This
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disturbs respiration and leads to formation of reactive oxygen species (ROS) which cause
DNA damage and Mtb cell death.61 The absence of a GIgE homologue enzyme in humans
and gut flora bacteria and its presence in pathogenic mycobacteria, Pseudomonas, and
Burkholderia species makes GIgE an interesting target to potentially treat TB in a short time
span.

In order to attain better knowledge on the catalytic activity of GIgE, crystallization of GIgE
and its homologous enzymes has been performed. Most notable is the study by Syson et al.
who crystallized Sreptomyces coelicolar (Sco) GIgE isoform | (GIgEI), a closely related
homologue of Mtb GIgE. They also reported that GIgE utilizes M1P and that GIgEI has five
domains.>® The a-retaining double displacement mechanism of GIgEI was proven by
trapping the B-2-deoxy-2-fluoromaltosyl-enzyme intermediate using 2-deoxy-2-fluoro-a-
maltosyl fluroride (20).52 The M1P binding sites of Mtb GIgE and Sco GIgEI differ only at
the site represented by Mtb GIgE S303 and Sco GIgEI V279. Thanna et al. prepared a 2-
deoxy-2,2-difluoro-a-maltosyl fluroride (21) which was crystalized to probe the active site
of an Sco GIgEI-V279S mutant.3 The mutant has the same active site topology of Mtb GIgE
and is readily crystalized making it tractable tool enzyme for structure based drug design.
Recently, the crystal structures of Mtb GIgE was reported with maltose as ternary complex,
maltohexaose as binary complex and also the crystal structures of Sco GIgEI-V279S with
inhibitors a-maltose-C-phosphate (MCP, 17) and aza sugar 18.53 The crystal structure of
maltohexaose showed a dominant site for a-glucan binding. The crystal structures show Mtb
GIgE with five domains A, B, C, N and S. Domain A (insert I and 11) and domain B define
the overall active site where M1P binds. Domains A, N and S form an extended dimer
interface between two GIgE subunits. Domain C and Domain S, the helix bundle, may help
in the maltosyl-acceptor substrate binding.5® Sco GIgEI and Mtb GIgE have a similar
homodimer structure; however, they differ slightly in their monomer orientation. Mtb GIgE
has a 23-fold lower affinity towards its acceptor substrate than Sco GIgEI.%2 64 The a-
retaining double displacement mechanism of GIgE is shown in Scheme 3. Asp418 acts as an
initial nucleophile and attacks M1P to form a f-maltosyl enzyme intermediate 12. Glu423
donates a proton to the scissile oxygen atom. Then, Glu423 acts as a general base and assists
proton abstraction from the 4-OH group on the non-reducing end of a-1,4-glucan. The 4-OH
group attacks the p-maltosyl enzyme intermediate 15, extending the a-1,4-glucan chain by a
maltosy! unit. The reaction proceeds through transition states 11 and 14.59. 62

The first molecules to show inhibition of GIgE have been recently prepared and are mimics
of maltose. Veleti et al. reported the first inhibitor, MCP (17); a non-hydrolyzable and
isosteric substrate analog of M1P. MCP inhibits Mtb GIgE with an 1Csy = 230 + 24 uM.%5 A
second inhibitor from the same group is a poly-hydroxypyrrolidine-based inhibitor (18), a
transition state mimic. The interaction of compound 18 with the GIgE active site is
illustrated as 19. Aza sugar 18 inhibited Mtb GIgE with K; = 237 = 27 uM and Sco GIgE
with a Kj = 102 + 7 pM.54 Latter, Syson et al. used 2-deoxy-2-fluoro-a-maltosyl fluoride
(20) as a covalent inhibitor to trap the Sco E423A mutant enzyme-intermediate complex.52
A similar molecule 2-deoxy-2,2-difluoro-a-maltoslyl fluoride (21), showed hydrogen
bonding between the anomeric fluorine and E432 in GIgEI-V279S providing additional
evidence for the role of E423 as a proton donor (Scheme 2).3 All the inhibitors reported to
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date have > 100 uM, K;j and ICsq value, leaving much room to identify molecules with
improved potency. These foundational studies are expected to lead to new compounds that
will be used to determine the drugability of GIgE.

2.3 Enzymes involved in using trehalose as mycolyl carrier

2.3.1 Targeting Pks13—Portevin et al. showed that Pks13 polyketide synthase is
essential for the viability of mycobacteria using gene deletion studies in M. smegmatis.56: 67
The MAs in Mtb are synthesized by the (FAS)-polyketide synthase (Pks) pathway, discussed
in detail elsewhere.58 In this pathway the key last step, condensation of meromycoloyl-AMP
(23) and 2-carboxyacyl-CoA, is catalyzed by the enzyme Pks13. Pks13 is encoded by the
fadD32-Pks13-accD4 gene cluster and belongs to the type-1 polyketide synthase gene
family.59 Long-chain fatty acyl-AMP ligase (FAAL32) is essential for synthesis and
transferring of meromycolyl-AMP.70 Lea-Smith et al. proved that CmrA is essential and that
it catalyzes the reduction reaction of p-ketoester of MAs. This was verified by performing a
MALDI-TOF mass spectroscopy comparison study on a ACmrA deletion mutant and wild
type of C. glutamicum and identifying that the ACmrA mutant glycolipid contained
unreduced B-ketoester (MA). GC-MS analysis of sodium borodeuteride-reduced MAs
confirmed the result.”! Pks13 catalyzes the condensation reaction between meromycoloyl-
AMP (23) and 2-carboxyacyl-CoA (26) to produce a-alkyl p-ketoacids (29).72 Gavalda et al.
recently reported that Pks13 would not release hydrophobic a-alkyl B-ketoacids (29) into
bacterium instead, it transfers to trehalose via the Pks13 thiosesterase domain to produce the
keto form of TMM (31, TMMAK), which when reduced by CmrA to afford TMM (32).33

Bergeret et al. obtained high resolution crystals of apo, palmitoylated, and
carboxypalmitoylated forms of 52-kDa Pks13 and confirmed that Pks13 has five domains: i)
N-acyl carrier protein (N-ACP), ii) ketosynthase (KS) domain, iii) acyltransferase (AT), iv)
C-acyl carrier protein (N-ACP), and v) thiosesterase (TE).”3 The proposed mechanism for
synthesis of TMM is as follows in Scheme 4.33:67. 72 pks13 has two ACP domains. The
ACP located at the N-terminus and C-terminus are called N-ACP and C-ACP, respectively.
Each ACP has a phosphopantetheinyl (P-pant) arm at Ser-55 of N-ACP and Ser-1266 of C-
ACP, respectively. The meromycoloyl-AMP (23) produced by FAAL32 is transferred to P-
pant arm of the N-ACP domain which is further transferred on to the KS domain to produce
25. Simultaneously, the carboxyacyl-CoA is transferred onto the AT domain to form 27,
which further transfers onto the C-ACP domain to produce 28. The meromycoloyl on the KS
domain (25) and carboxyacyl on the C-ACP domain (28) undergo a condensation reaction to
produce a-alkyl p-ketoacids (29) linked to C-ACP arm through a thioester bond. The TE
domain cleaves the thioester bond of 29 and forms a new bond at Ser-1533; forming 30. The
TE domain with acyltransferase activity transfers compound 30 on to trehalose to produce
the keto form of trehalose monomycolate (31, TMMK).33: 72-74 CmrA reduces keto group on
TMMKk to hydroxyl to produce TMM.

Wilson et al. screened a publicly available a 1113 compound library which was previously

identified to be active against Mtb by whole-cell based assays.”® 76 By performing a growth
inhibition assay on the compound library they identified thiophene-based compounds 33-35,
Figure 4 most active with MICs as low as 0.5 uM for 33. When tested against a Pks13 F79S
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resistant mutant the identified inhibitors showed very low or total loss of potency and
overexpression of wild-type Pks13 showed thiophene-based compound resistance which
confirms Pks13 as the molecular target. By computational docking studies the inhibitor
binding site is anticipated to be in N-ACP domain of Pks13.56 The inhibitors on co-
administering with H/INH showed sterilizing activity in growth inhibition studies.®® Pks13,
with its prominent role in MAs synthesis is essential for Mtb virulence. The discovery of
high potency inhibitors that kill Mtb suggest Pks13 is a drugable target to develop Mtb
therapeutic agents.

2.3.2 Targeting MmpL3—Gene knockout and growth inhibition studies have shown that
MmpL3 is essential for Mtb viability.”” 78 MmpL3 transports MA in the form of TMM
across the Mtb plasma membrane to the periplasm. 7 80 MmpL3 also imports heme
groups.81 MmpL belongs to the resistance-nodulation-cell division (RND) superfamily.””
MmpL proteins are classified into two phylogenetic clusters with three soluble domains (D1,
D2 and D3). Cluster Il contains MmpL3 and MmpL11.82 The crystal structure of Mtb
MmpL11-D2 was solved and has homology with the periplasmic porter subdomain of RND
transporters, and it shares 13% amino acid sequence with MmpL3-D2.82 The compound
BM212 (1-{[1,5-bis(4-chlorophenyl)-2-methyl-1H-pyrrol-3-ylimethyl}-4-methylpiperazine)
a pyrrole derivative (37) was the first inhibitor reported against MmpL3, Figure 5.83 BM212
was identified by whole cell screening. In order to identify the molecular target for BM212
mutant strains of M. Smegmatis, M. bovis BCG and Mtb H37Rv, resistant to BM212 were
developed. Whole-genome sequencing of these mutant strains showed mutation in the
mmpL3 gene (L215S) indicating MmpL3 as the target.83 Similarly, the inhibitor AU1235
(38), an adamantyl-urea based compound, was identified by cell-based screening. Genome
sequencing of AU1235 resistant mutant showed mutation in G253F of mmpL3 gene.”®
Further, overexpression of MmpL3 showed an increase in resistance towards AU1235
supporting MmpL3 as drug traget.”8 Analogs for BM212 and adamantyl-urea were
developed with improved pharmacokinetic properties.84 85 The related compound SQ109 (N
’-(2-adamantyl)-N-[(2E)-3,7-dimethylocta-2,6-dienyl]ethane-1,2-diamine, 39) is an inhibitor
that completed Phase lla trials and was originally prepared as analog of Emb.8 Tahlan et al.
later found the mode of action of SQ109 to be different for Emb.”® In their studies, Mtb cells
treated with SQ109 showed cell shortening, cell widening, a decrease in TDM, and an
increase in TMM concentration. The drop in TDM and increase in TMM concentration is
not due to inhibition of Ag85s, as in vitro assays on purified Ag85s showed no inhibition.”®
The genome sequencing of SQ109 resistant mutants generated using SQ109 analogs showed
mutation in the mmpL3 gene, suggesting MmpL3 as target for SQ109.7%: 80 Other notable
inhibitors identified using similar genetic mutation studies include: N-(2,4-
dichlorobenzyl)-1-propyl-1H-benzo[ d]imidazole-amine (C215, 40),86
tetrahydropyrazolo([1,5-a]pyrimidine-3-carboxamide (THPP, 41),87 N-benzyl-6/-7'-
dihydrospiro[piperidine-4,4’-thienol[3,2-c]pyran] (SPIROS, 42),87 and 2418 (43) an
indolecarboxamide®8: 89. 90. 91 Compounds 37, 38, and 41 show broad spectrum
antibacterial and antifungal activity, even against pathogens devoid of mycolic acids.%0
Recent studies have established that SQ109 and related compounds lead to collapse of the
proton motive force. SQ109 inhibits enzymes involved in menaquinone synthesis resulting
in inhibition of ATP synthesis.®? The inhibitory effect of compounds 37, 38, 39, 41, and 43
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on MmpL3 is due to their ability to dissipate the transmembrane electrochemical proton
gradient, the energy source used by MmpL23 to transport lipids.34

The ability of some the discussed compounds to target multiple enzymes diminishes the
probability of developing resistant mutants towards the respective inhibitors.34 93 MmpL3 is
a high priority target in the fight against TB.8!

2.3.3 Targeting the Antigen 85 complex—The Antigen 85 complex (Ag85s) is
considered to be a possible target to develop anti-tubercular drugs against. Ag85s constitute
a family of three abundantly secreted proteins Ag85A, Ag85B, and Ag85C, which are
encoded by fbpA, fbpB and fopC respectively.%* The three enzymes possess
mycolyltransferase activity and share 68 — 80% identity in the amino acid sequence.3% 95
Individual knockout studies on the genes fbpA, fbpB and fbpC showed that the fbpC deletion
mutant has 40% less mycolate moieties on the cell wall; whereas, deletion of mutants from
fbpA and fbpB resulted in significant decrease in TDM.%> 9 The decrease in mAG and
TDM will decrease Mtb virulence and drug resistance. This makes the Ag85s complex a
novel drug target.%>-97 The three Mtb Ag85 isoforms have preferred substrates.>’ Studies
from Jackson et al. showed that Ag85C participates in transferring a mycoloyl residue onto
arabinogalactan, forming mAG. Individual studies by Nguyen et al. and Backus et al. on M.
smegmatis and Mtb showed that Ag85A more efficiently mycolates TMM to form

TDM.97. 98 TMM is an MA donor for Ag85s and all three Ag85s share highly similar active
topology.?9 Sanki et al. showed that Ag85C can regioselectively transfer acyl groups from
model acyl donors to a variety of substrates resembling the terminus of the
arabinogalactan.190

The x-ray crystal structure of each homolog of Mtb Ag85s has been determined.%9: 101, 102
These structural studies show that Ag85s have an a/p-hydrolase polypeptide fold, and have
catalytic triads formed by Ser124, Glu228, and His260 (Ag85C numbering). The charge on
the tetrahedral intermediate in the reaction is stabilized by an oxyanion hole formed by
residues, Leu40 and Met125.99 The ping-pong mechanism of Ag85s (Scheme 5) goes as
follows: Ser124 from the catalytic triad acts as a nucleophile, which attacks on the carbonyl
of TMM. This forms the covalent intermediate (45) which is further hydrolyzed by the
hydroxyl of TMM, trehalose, AG, or H,O to form TDM, TMM, mAG, or free MAs,
respectively. An activity assay of an Ag85 S124A mutant showed no TDM formation
proving the importance of residue for catalysis.103 X-ray crystallographic studies on
covalently modified Ag85C with ebselen by Favrot et al. showed that Ebselen binds to C209
of active site which disrupts the hydrogen bond network within the active site which is
essential for enzyme activity.103

Trehalose and AG analogs: The search for Ag85s inhibitors began with Belisle et al. in
1997, Figure 6. Belisle using antagonist 6-azido-6-deoxy-a,a’-trehalose (50) inhibited
Ag85C by 60% and showed that Ag85s are essential and possible targets for
antimycobacterial drug discovery.3> Compounds 51-57 are trehalose analogs (Figure 6) and
inhibit Ag 85s. Rose et al. assayed 53-57 against Mtb.194 Wang et al. assayed 51-52 against
M. smegmatis. 10° Sanki et al. synthesized 5-S-alkyl-5-thio-D-arabinofuranoside AG analogs
and assayed them against M. smegmatis (58).106 Sanki et al. also synthesized a library of
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arabinose and trehalose-based inhibitors (60-62) and assayed growth inhibition against M.
smegmatis ATCC 14468, a non-pathogenic surrogate of Mth. Compound 60 showed weak
inhibition against Ag85C with an ICgg = 25 mM; however, no growth inhibition was
observed.107 Warrier et al. identified compound 66 using a growth inhibition assay, the
compound showed a MIC of 100 uM.108 Latter, Ibrahim et al. synthesized thiophenyl-
thioarabinofuranosides and assayed them against Ag85C using a methylumbelliferyl
buryrate fluorescence assay. The most potent thiophenyl-thioarabinofuranoside, compound
67, showed a K; = 18.2 uM and was co-crystalized with Ag85C and the x-ray complex
solved which showed the compound bound in the enzyme active site.109

Transition state analogs: Transition state analogs of the tetrahedral intermediate formed
during Ag85 catalysis are shown in Figure 7i) Gobec et al. synthesized phosphate based
TTSA compounds 68—73 and screened against Mtb Ag85C using an assay developed by
Belisle et al.110 Kovac et al. prepared sulfonate (74) inhibitors similar to Gobec et al. and
obtained an 1Csg = 4.3 uM.111 The assays used for evaluating inhibition of above trehalose
and AG analogs and transition state analogs are discussed below. In summary, there is still a
need to develop more potent and selective inhibitors of Ag85s.

Assay development: Elamin et al. developed a colorimetric assay which uses trehalose as a
substrate and quantifies the glucose by catalytic activity of Antigen 85A.112 Boucau et al.
developed an assay with a Z’ value of 0.81 + 0.06. In that assay, a p-nitrophenyl-3-D-
glucoside with an octanoyl fatty acid was used as the substrate. Ag85s transfer the fatty acid
onto a substrate, leaving p-nitrophenyl-p-D-glucoside which is further cleaved by -
glucosidase to release p-nitrophenyl chromophore. Barry et al. performed a label-free assay
using electrospray ionization mass spectroscopy (ESI-MS). This assay uses compounds 73
and 49 as substrates in presence of Ag85 to produce 74. The assay uses the concentration of
substrate 73 to monitor the reaction progress. A decrease in 73 concentration leads to
decrease in the total ion count. Barry et al. confirmed that three enzymes in Ag85s have
three different preferred substrates using this assay.113

Covalent inhibitors: Barry et al. designed compound 77 as a covalent inhibitor to trap an
enzyme-inhibitor complex. The proposed mechanism is that Ser124 attacks the fluorine on
77 by nucleophilic substitution to obtain a covalent enzyme intermediate.113 Favrot et al.
identified ebselen (78) by high-throughput screening. Ebselen inhibits Ag85C by covalently
binding to Cys209 near the active site and disturbs the hydrogen bond. By subjecting the
enzyme-inhibitor complex (Ag85C-EBS) to tryptic digestion and a MALDI study, the
ebselen was proven to be covalently bound to Cys209 by a selenenylsulfide bond.193 Favrot
et al. also solved an x-ray crystal structures of Ag85C with covalent, allosteric inhibitors: i)
Ebselen (78), ii) p-chloromercuribenzoic acid (79), iii) iodoacetamide (80), and iv) Ag85
cysteine to glycine (G209C) mutant. All four showed that covalent modification of C209
lead to enzyme inactivation. Similarly, modification at catalytic triad results in inactivation
of Ag8sC.114

The Ag85 complex is believed to be a good target for development of drugs due to its key
role in cell wall synthesis. By gene deletion experiments it has been shown that mutants with
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single fbp genes deleted lose viability up to 40%.%: 115 Deleting all the genes produces a
non-viable organism.31: 115 Since Ag85s share a high degree of similarity in their active site
topology, it is expected that a single molecule could inhibit all three homologs. The
essentiality of Ag85s for Mtb survival make them good potential targets.

2.3.4 Targeting LpqY-SugA-SugB-SugC—LpqY-SugABC transports free trehalose
from the periplasmic space to cytosol of Mtb. 3¢ In LpqY-SugABC permease: LpqY acts as
solute binding protein, SugA and SugB are transmembrane proteins, and SugC is an ATP-
hydrolyzing protein. The genes coding for the LpgY-SugABC transporter are organized as
an operon in Mtb genome (Rv1235-Rv1238).116 Sassetti et al. by gene mutation studies in
mice model showed that the four genes Lpgy-SugA-SugB-SugC are important for Mtb
growth and Rengarajan et al. by transposon mutation studies in macrophages showed that
LpqY-SugABC are critical for Mtb growth. 117118 | pq'Y-SugABC is specific for trehalose,
and it plays a key role in Mtb virulence by harvesting the trehalose from extracellular
sources as well as recycles the trehalose released from Ag85 catalyzed MA transfer.

Based on the fact that Lpqy-SugABC transports extracellular trehalose into the cytosol of
Mtb, Swarts et al. developed fluorescent probe to study live Mtb cells, in which azide-
modified trehalose (TreAz) analogs were incorporated into the Mtb mycolyl membrane
through the TUPs, which on treating with fluorescein-conjugated strained alkyne
(biarylazacyclooctynone, BARAC) produces fluorescein labeled Mtb.11° The fluorescein
labeled Mtb can be used for real-time study of glycolipid distribution, trafficking, dynamics
and changes in Mtb physiology on exposing to inhibitors. 119

LpgY-SugABC serve as interesting drug target as inhibition of LpqY-SugABC leads to
accumulation of by-product trehalose produced in Ag85s catalyzed mycolyl transfer reaction
in periplasm, disrupting the trehalose utilization cycle.38 This eventually leads to the carbon
starvation in Mtb followed by cell death.

Conclusions

This review provides an overview of work related to enzymes of the TUPs. A great deal of
progress has been made understanding these enzyme pathways; however, drugs which can
treat TB in a rapid time span are still lacking. By combining medicinal chemistry, structural
biology, structure-based drug design, and novel synthetic methodologies, potent new drugs
with minimal side effects may be realized. The TUPs contain a number of potential drug
targets such as OtsA/B, GIgE, Pks13, MmpL3 and the Ag85 complex. Inhibiting one or
more of these enzymes may lead to novel drugs which can cure active, latent, and MDR-TB.
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arabinogalactan, AG = arabinogalactan, TMM = trehalose monomycolate, TDM = trehalose

dimycolate.8:9.10
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Inhibitors mimicking the tetrahedral transition state of Ag85s
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Scheme 1.
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Mechanism of the Pks13 condensation reaction.33: 72

Medchemcomm. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Thanna and Sucheck

= OH
—— S OH
/ wo'W° Mycolyl= @

0
\ H*N/\W o methoxy
)/ VN 0 OH
H— =(

Seria Q »
44
5 HO .
HOWZO\FP ° OH/
HOHO' keto
Trehalose OH
46 on
' o,
OH 4G on
o o
Gluzg o 1OH
o
H-0
H Q
L ‘N 9, Ag85C 9
p >~Myco\yn Mycolyl
H
Hisze0 mAG
48
Serizq
Ag85S o HO.
45 Ho% 0 N<OH
OHO' OH
AgesB OH
oM X Trehalose
OH
o
Ho o o HO.
& Mycu\yl/\x\o% 0\ OH
OH HOGo
o AgBSA OH
H
OH ol
0 OH ™M
o= 47
Mycolyl
™M
[o) 0. HO.
ONOH
Mycolyl %\"P
OHO' OH
0.0
TOM \f
Mycolyl
46

Mechanism of Ag85s (Ag85A, Ag85B, Ag85C). TMM is the MA donor for the three
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reactions catalyzed by Ag85s; mAG = mycolyl-arabinogalactan, AG = arabinogalactan,
TMM = trehalose monomycolate, TDM = trehalose dimycolate; Compound in blue

represent alpha, methoxy and keto MAs.8.01
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