Glycoconjugate-Based Inhibitors
of Mycobacterium Tuberculosis GIgE

Sri Kumar Veleti and Steven J. Sucheck

Abstract Tuberculosis (TB) is the leading cause of death globally as a result of a
single infectious disease. A staggering 6 million new cases were reported in the
2014. In order to eradicate the ongoing threat of TB and combat rising rates of TB
drug resistance new therapeutics must be developed. In this chapter, we briefly
review the history of TB, Mycobacterium tuberculosis (Mtb) cell wall structure, the
enzymes involved in synthesizing cell wall, and the trehalose utilization pathways
(TUP). We focus on the recent discovery of enzyme Mrb GIgE, a glycosyl
hydrolase-like phosphorylase, which has been found to be essential for Mtb via-
bility and the ongoing efforts to design inhibitors against this target.

1 Mycobacterium Tuberculosis

1.1 Introduction

Dr. Koch discovered the functioning agent of tuberculosis (TB), Mycobacterium
tuberculosis (Mtb) in 1882 [1]. Over 100 years later, TB is the leading cause of
death in the world due to an infectious disease. In 2014, 1.5 million people were
killed by TB. Mortality, due to TB has decreased by 47% since 1990, and effective
diagnosis and treatment of TB saved an estimation of 43 million lives between 2000
and 2014 [2]. Globally, the incident rates of TB have fallen by an average of 1.5%
per year since 2000. Most of the deaths are caused by drug-resistant strains [2],
which have evolved due to selective pressure, co-infection with HIV, and incon-
sistent adherence to treatment regimens [3]. In 2014, it was estimated that 480,000
new multidrug-resistant TB (MDR-TB) cases occurred worldwide and approxi-
mately 190,000 deaths resulted from MDR-TB. Thus, 3.3% of new TB cases were
MDR-TB in 2014 and it is estimated that 9.7% of people with MDR-TB have
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extensively drug-resistant-TB (XDR-TB). Clearly, new drugs are desperately nee-
ded to eradicate TB and combat the rising numbers of drug-resistant infections
including MDR-TB and XDR-TB [4-7].

1.2 Present Drugs for Tuberculosis

TB drug therapy began after Koch’s discovery became widely accepted [1]. The
major era of anti-TB drug discovery occurred in the mid 1960s [8]. Streptomycin

Table 1 First-line and second-line drugs used to treat TB
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Mechanism of Action

[
7)) e,
wo, L on
= jseu
= L i
_ o ol
L o .
= £ Q
o "
'4| Suepmomycin { 1944) soniazid (1952} Rifumpin (1966)
~— Inhibitica of proten syatheats Inkidbition of mycolic atid fynthesia Inkbition of KNA yysthesis
4
o OH -]
= o u
Nmu E WHy
A :
Exiuembuel (1561} Pymazinamide {1952)
Trivikition of arsbinegalactan symebetic Trkibition of faty acid systhesis

Drug (year discovered)

Mechanism of Action

i HNJNCNWH""‘FO H E: W
f&l «O\ 'g“' > mFu c( m @"

wn)
%D R=H:K in (1957
~ H: Kanasmycn 1}
T . . A Capreomyein (1960} Bedaquiling (2004) Clofarimine (1954)
S R0l :n::ﬁ:frjﬂ::;;ﬁ:;mmm Inhibitic of protein synthesis Intibition of AT symthase  Inbibition of bacterial proliferation
o™y
q:') Byt o N o LVND\ o
o Mf}"bﬂh aH F IIJ%
q N o L& ]
o W=
nel, Litkionamide (1956) Cyclosering (1954) 5 . : v
= n=2, Prochionanside labibaion of cell-wall | M.!*""o";"fkj’l’"“!‘d"‘n:"‘““m’w ot ‘-‘:;’f“"‘“:mmh.
8 Inhabition of mycolic acid synthesis hiosynihesis nibitsan of folis acid and froa metabalsm SO o proccin Emals
<%}
m a Ry © o o
mmﬂ F coom ¥ COOM F. COOM  F COOH
s | —
u M N Ry ' I W )
LoomJ & L Lo D\/J\
Fhuaroquinalones pharmacare {1978) r— Olaacia

Nedllowacin TR Inhikiticn of DNA replication




Glycoconjugate-Based Inhibitors of Mycobacterium ... 93

was the first antibiotic used for treating Mtb, beginning in 1944 [9]. Unfortunately,
the pattern of Mtb developing resistance to antibiotics was discovered shortly after
[10]. First- and second-line drugs that are commonly utilized to fight Mtb. infec-
tions are shown in Table 1 [11, 12].

The main reason for identifying new drugs for tuberculosis is the increased
prevalence of resistance strains. Further, the current treatment is very complex
which results in patient non-compliance. The treatment consists of two phases, the
intensive phase and the continuous phase. During the intensive phase patients are
administered four first-line drugs for approximately two months. The continuous
phase spans four months on isoniazid and rifampin with a three times a week dosing
regimen. Situations such as improper medical attention, lack of supplies, and a poor
understanding of the strict dosing regimen all contribute to the development of
resistant strains.

Drug-resistant strains are categorized as single-drug resistant, MDR and XDR
strains. Single-drug resistant should be treatable by a combination of first-line
drugs. However, MDR strains are resistant to both isoniazid and rifampin, whereas
XDR strains are resistant to isoniazid and rifampin along with any fluoroquinolone
and at least one of three injectable second-line drugs (i.e., amikacin, kanamycin, or
capreomycin) [13]. Active Mtb infections are also more prominent with the patients
affected with HIV, and TB treatments can tremendously interfere with the
anti-retroviral drugs used to treat HIV [14]. Presently, researchers are focusing on
inhibiting critical cellular process that occurs in either actively dividing or dormant
Mztb [15]. Recently GIgE, a maltosyl transferase, in Mtb was identified as a potential
new drug target [16].

1.3 Cell Wall of Mycobacterium Tuberculosis (Mtb)

The cell wall of Mtb has two layers. One is the inner layer which consists of mem-
brane proteins in the plasma membrane (Fig. 1), whereas, the outer layer consists of
four important main components: the mycolylarabinogalactan (mAG), the peptido-
glycan, free glycolipids, and the capsule. The cell wall of Mrb is a sturdy structure
which makes it difficult for drugs to pass through [17]. The arabinogalactan and the
associated free glycolipid layer together form the mycobacterial outer membrane
(MOM). The mAG is made up of D-arabinan, mycolic acids, and D-galactan which
are covalently connected [18, 19]. The galactan fragment contains repeating units of
galactofuranose in alternating f-(1 — 5) and f-(1 — 6) linkages. Arabinan is
attached to the galactan at the fifth position of galactofuranose residue and itself with
o-(1 — 3), o-(1 — 5), and p-(1 — 2) linkages. The arabinogalactan is esterified
with mycolic acids and further covalently linked to peptigoglycan (PG) by a phos-
phoryl-N-acetylglucosaminosyl-rhamonse linker [20] which together form the
mycolyl arabinogalactan peptidoglycan (mAGP) complex [21-23]. The peptidogy-
can is comprised of alternating units of N-acetylglucosamine and muramic acid
residues, which are often acetylated or glycolated [20].
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Fig. 1 Schematic representation of Mrb cell wall

Mycolic acids are made of long chain a-branched-f-hydroxyl fatty acids. The a-
branches generally consist of more than 20 carbons, but 60 carbons can also be
accomodated by longer meromycolate moities. These are usually functionalized by
cis and trans double bonds, cyclopropane rings, methoxy, and keto esters [23-25].
These mycolic acids are attached to trehalose monomycolate (TMM), which can also
be converted to trehalose dimycolate (TDM). Mycolic acids also form complexes
with various sulfolipids, phosphotidylinositol mannoside (PIM), and lipoarabino-
mannan (LAM) [26]. All these connections and functionalities contribute to the
hydrophobicity and impermeability of the mycobacterial cell wall [27].

The LAM complex consists of a PIM anchor, D-mannan, and D-arabinan
polysaccheride backbones [28]. These structures are formed by various mannosyl
tranferases (ManTs) by the addition of mannose residues to phosphotidylinositol
(PD to form PIM [29, 30]. PIMs can be extended by ManTs to form linear and
mature branched lipomannans (LM). LM is subsequently arabinosylated to form
mature LAM. The terminal end of LAM can be further glycosylated with mannose
to form an mannose cap refered to as manLAM. Together the structures are called
the LAM complex. The PI anchor present in the membrane helps to connect the
LAM complex with the membrane. This LAM complex also plays a crucial role in
maintaining the integrity of the cell wall [31-33].

The outer part of the mycobacterial cell wall consists of the capsular layer which
is made of polysaccherides and proteins, such as superoxidase dismutase, glutamine
synthase, and thioredoxin. The characteristics of the capsular enzymes play crucial
roles in bacterium’s response to oxidative stress from the environment.
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1.4 Trehalose Utilization Pathways (TUP)

Trehalose (1-O-a-D-glucopyranosyl-a-D-glucopyranoside) is a non-reducing dis-
accharide which is present in microbial cells, plants, bacterial, insects, and fungi. It
protects the organism from stress, typically temperature, dehydration, and oxidative
stress [34]. Its mechanism of protecting the cells is not well understood but depends
on concentration [35]. Trehalose utilization pathways in Mtb contain several pos-
sible drug targets, for example TPP2 [36], Pks13 [37], GIgE [16], MmpL3 [38], and
Ag85s [39, 40].

Mtb uses trehalose for protection, energy, and as a precursor for building
components of the cell wall [35]. Trehalose can be synthesized in three different
pathways (Fig. 2) [41]. The first pathway is the OtsA/TPS pathway, it transforms
glucose-6-phosphate to trehalose. OtsA encodes a trehalose phosphate synthase
(TPS) which transfers glucose units from UDP-glucose to glucose-6-phosphate
yielding trehalose-6-phosphate [42, 43]. In the next step, OtsB2 encodes TPP which
dephosphorylates trehalose-6-phosphate forming trehalose. According to muta-
tional studies, OtsA and OtsB genes are essential for the viability [44, 45].

The second pathway is the TreYZ pathway which involves three enzymes TreX,
TreY, and TreZ and transforms glycogen to trehalose [46]. Trehalose is also
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involved in production of TMM via Pks13 [47]. The newly synthesized TMM is
passed from the cytoplasm to the periplasm which is taken up by the Ag85 complex
and converted into trehalose, mycolylarabinogalactan (mAG), and TDM. TDM is a
cell wall envelope glycolipid required for Mtb virulence [40].

The third pathway contains the genetically validated drug target GIgE. This
pathway involves the conversion of trehalose into «-1,6-glucans. Briefly, trehalose
is converted to maltose by TreS. The resulting maltose is phosphorylated by Mak
yielding phosphorylated sugar, maltose-1-phosphate (M1P) [48]. M1P is the sub-
strate for GIgE which forms a linear o-1,4-glucan [16, 49]. The linear o-1,4-glucans
are modified with a-1,6 branches by GlgB which is transformed to capsular glucan.

1.5 Importance of GIgE as Drug Target

Kalscheuer et al. showed evidence that GIgE is an essential enzyme present in the
a-glucan biosynthesis and showed by four ways that the enzyme meets the char-
acteristic features of a promising new anti-TB target. First, by blocking GIgE
activity with a chemical genetic strategy they inhibited the growth of Mtb and
established that cell death was caused by a self-poisoning feedback loop. Second,
GIgE inhibition lead to Mtb cell death by in vivo studies in lungs and spleens of
infected mice. Third, GIgE is not present in humans or in normal gut flora. This
implies the drugs made to inhibit GIgE will specifically inhibit Mtb with limited off
target effects. Fourth, up to now no one has targeted the o-glucan pathway by
chemotherapeutics in the treatment of Mtb. The self-poisoning response is a novel
mode of action when compared to the mechanism of action of drugs used presently
[16, 49]. Hopefully, a compound can be developed to potently inhibit GIgE which
might solve the problem of MDR- and XDR-TB.

1.5.1 Mechanism of GIgE

GIgE is a member of the glycoside hydrolase subfamily GH13_3. The enzyme
works by an o-retaining double-displacement mechanism and catalyzes the transfer
of maltosyl units as shown in Fig. 3 [50]. The mechanism begins with the side chain
of Asp418 attacking MI1P generating a f-glycosyl enzyme intermediate. The
incoming acceptor glucan is deprotonated by the general acid/base Glu447 side
chain and attacks the f-glycosyl enzyme forming linear o-1,4 glucans [51].
Notably, release of phosphate was not observed when -M1P was used as substrate.
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Fig. 3 Mechanism of GIgE. The numbering Asp418 and Glu447 are based on the numbering of
Mtb GIgE

1.6 Synthesis of Ligands for Studying the Mtb GIgE
Binding Site

1.6.1 Substrate Analog Maltose-C-Phosphonate

Veleti et al. have synthesized a non-hydrolysable and isosteric analog of M1P,
maltose-C-phosphonate (2, MCP) which interacts sufficiently with the substrate
binding pocket to produce inhibitory activity. Co-crystallization of the MCP with
the homologous enzyme Streptomyces coelicolor (Sco) GIgEI provided information
via an X-ray crystal structure that aids in the development of new anti-tuberculosis
drugs. The molecule was prepared starting from maltose (1) and employed Wittig
and Micheal-Arbuzov chemistry that led to the first inhibitor MCP. MCP moder-
ately inhibited Mb GIgE with an ICso = 230 + 24 uM [52]. MCP was complexed
with Sco GIgEI-V279S, an enzyme surrogate for Mtb GIgE, and the crystal
structure was solved to 1.9 A resolution [53]. The results helped to define important
interactions between the enzyme and MCP (Fig. 4).

1.6.2 2-Deoxy-2-Fluoro Substrate Analogue

Syson and co-workers [51] reported on the interaction between Sco GIgEI and «-
M1P. They performed mutational studies and substituted Asp394 with Ala in order to
eliminate hydrolysis of «-M 1P over the time scale of protein crystallization. Then they
complexed Sco GIgEI-D394A with a-M 1P, referred to as the Michaelis complex, and
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Fig. 4 Conversion of maltose (1) to maltose-C-phosphonate (2)

determined the X-ray structure for the complex to 2.55 A resolution. The structural
studies help to define the assignment of the binding subsites. To trap the putative
enzyme intermediate they mutated Glu423 with Ala. Sco GIgEI-E423A was com-
plexed with 2-deoxy-2-fluoro-o-D-maltosyl fluoride (1). The X-ray crystal structure
was determined to 2.5 A resolution and showed covalent bond formation between the
Asp394 and the C1 carbon. They also used mass spectrometry to show the successive
extension of the acceptor by incubating protein with substrate analogue. These crystal
structures were the first to show trapping of the glycosyl enzyme intermediate. Their
findings provide strong evidence to the support a double-displacement mechanism
and assignment of the catalytic nucleophile (Fig. 5).

1.6.3 Transition-State Like Inhibitor

In an attempt to mimic the transition state for the reaction catalyzed by GIgE,
Veleti, and co-workers designed an inhibitor with a pyrrolidine moiety shown to
inhibit other glycosyl hydrolases in the micromolar range [54, 55]. To synthesize
2,5-dideoxy-3-0-a-D-glucopyranosyl-2,5-imino-D-mannitol (5, DDGIM) a con-
vergent synthesis was followed by coupling thioglycoside (2) with 5-azido-3-O-
benzyl-5-deoxy-1,2-O-isopropylindene- f-D-fructopyranose (4) [56] followed by
global deprotection to afford the target molecule. Pyrrolidine 5 inhibited both Mtb

Fig. 5 2-Deoxy-2-fluoro-a- OH
D-maltosyl fluoride (1)
HO O OH
HO
HO & 0
HO
Fr
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GIgE and Sco GIgEI-V279S with Ki = 237 + 27 uM and Ki = 102 £+ 7.52 uM,
respectively [57]. Further studies complexing DDGIM with Sco GIgEI-V279S were
conducted by Lindenberger et al. They solved the crystal structure to a resolution of
2.5 A [53]. The structure showed numerous interactions in the binding pocket,
specifically a strong ionic interaction between D394 and the putative secondary
ammonium ion of DDGIM (Fig. 6).

1.6.4 2-Deoxy-2,2-Difluoro Substrate Analogue

Extending the use of fluoro sugars for studying structural insight of GIgE, Thanna
et al. synthesized o-2-deoxy-2,2-difluoromaltosyl fluoride (2, «-MTF) and -
2-deoxy-2,2-difluoromaltosyl fluoride (3, f-MTF) [58]. These molecules did not
inhibit GIgE; however, 2-deoxy-2,2-difluoro-a-maltosyl fluoride provided useful
insight from its X-ray crystal structure complex with Sco GIgEI-V279S at 2.3 A
resolution. The complex provided evidence that Glu423 functions as proton donor by
showing a hydrogen bond interaction between Glu423 and C1F. Further, Arg392 and
axial C2 difluoromethylene moiety of «-MTF interacts by hydrogen bonding sug-
gesting that C2 substitution can be tolerated with hydrogen bond acceptors (Fig. 7).

1.6.5 Proline and Pyrrolidine-Based Phosphonates as Transistion
State Inhibitors

Ongoing work in our lab based on iminosugars as potential transition-state inhibitor
against GIgE includes proline-based phosphonates (1 and 3) and pyrrolidine-based
phosphonates (2 and 4). These compounds inhibited Sco GIgEI-V279S in a range of
45-95 uM. Addition of phosphonates improved enzyme inhibition 2-fold when
compared to the previously synthesized compounds [59]. Crystallizing these target
compounds with Sco GIgEI-V279S will be helpful for advancing the structure-
based approach for identifying improved inhibitors against GIgE (Fig. 8).
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Fig. 6 Synthesis of poly-hydroxypyrolidine-based inhibitor 5 and illustration of expected binding
interactions in the enzyme active site
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Fig. 8 Designed transition-state-like inhibitors

1.7 Inhibitors for Mtb GIgE Based on Docking Studies

Structure-based drug design frequently includes the use of molecular docking. It has
become increasingly important and complementary to wet laboratory experiments
in that it aids in evaluating the complex information of target enzyme with small
ligands. The tools sample optimal geometrical arrangements and quantitate the
strength of the bonding forces. By using molecular docking, the binding energy
between the ligand and the enzyme binding site can be calculated as shown in Eq. 1
[60]. Recent advances in high-performance computational screening methods have



Glycoconjugate-Based Inhibitors of Mycobacterium ... 101

contributed to the design of several drugs that have advanced in clinical trials [61,
62]. For example, computational chemistry has informed lead compound devel-
opment for compounds that prevent myocardial infraction, treat HIV infection,
rheumatoid arthritis, and other diseases [63, 64].

Ebinding = Etarget—ligand - (Elarget + Eligand) (1)

1.7.1 Screening of a-Amylase Family of Protein Binders Against
Homology Model of Mth GIgE

Sengupta et al. studied the binding affinity of an «-amylase family of protein
binders to a homology model of Mtb Glg. Since an X-ray structure of Mtb GIgE
was unavailable at that time they used the homologue Sco GIgEI [50] to prepare a
homologous model of Mrb GIgE. They retrieved the amino acid sequence of Mth
GIgE from the protein database of National Center of Biotechnology Information.
They utilized Sco GIgEI (PDB ID: 3ZSS) as a template to superimpose the
homology model of Mtb GIgE. Subsequently, the energy of homologous model was
minimized using CHARMm. The model structure has three binding cavities with
one primary binding site (PBS) and two secondary binding site (SBS1 and SBS2)
[60]. Sengupta et al. used CDOCKER, which is a molecular dynamics simulated
annealing based docking program, and LibDock, which is a fast feature-based
algorithm  for  molecular  docking.  3-O-uo-D-gluco-pyranosyl-D-fructose
(OTU) docked with the best binding affinity to the PBS among all the computa-
tionally screened substrates that were taken from the CHEMBL database as shown
in Table 2. This study revealed insights into the active site, substrate binding
affinities of ligands, and provide the first homologous 3D structure of Mtb GIgE.

1.7.2 Screening the ZINC Database Against Sco GIgEI

Billones et al. worked on structure-based inhibitors by screening virtual natural
products against GIgE. They used the X-ray data from closely related, Sco GIgEI
[65] complexed with maltose (PDB code: 3ZT5). The natural products catalogs

Table 2 Two-dimensional structure and interaction energies of a known a-amylase family protein
binder to PBS and SBS1 of the homology model of Mtb GIgE

PDB PDB ligand Ligand structure CDOCKER? LibDock | Score
ID ID PBS SBSI PBS SBSI
3UEQ |OTU OH -156.0 |-114.5 |148.0 120.6

p
Hl?c-)"_\_'--‘---o._\ HO
Ho.
°+"on OH

°"'"JI\.-0H
“CDOCKER interaction energies are shown in kcal/mole
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Table 3 Strucutres of ZINC39010596 and the top 3 modified ligands

Compound ID Structure Binding energy (kcal/mol)
ZINC39010596 ~OH —309.58
HOT\IO'O/\TOH
Y e o
= 0 OH

Ligand 1 —426.00
Ligand 2 —424.65
Ligand 3 —414.68

were obtained from the ZINC database and CDOCKER software was used to dock
the molecules. To modify the chosen lead compounds, the de novo evolution
protocol was used. They also studied the carcinogenicity, mutagenicity, and
biodegradability using a toxicity prediction (extensible) protocol. Among all the
screened compounds, they observed three compounds with higher binding energy
when compared to natural substrate M1P. The compounds were derived from
ZINC39010596, these compounds found to be non-carcinogenic, non-mutagenic,
and biodegradable (Table 3).

1.7.3 Screening the ZINC Database and Anti-Tuberculosis
Compounds Database Against the Mtb GIgE

Sengupta et al. reported on a pharmacophore-based virtual screening, docking, and
molecular dynamics simulations on Mtb GIgE [66]. They presented ligand and
structure-based pharmacophore models showing a PBS and SBS2 which were
constructed based on the 3D homology model of Mrb GIgE. The structure were
screened against the ZINC database and an anti-tuberculosis compounds database
(ATD). They identified 23 molecules from ZINC and ATD with better binding
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Table 4 Structures and binding free energies of top scored ligands

Ligands Structure Binding free energy (kcal/mol)
ZINC40525623 HiC x['ﬁ:-\ o —4467.5438
HaN Al L
N N TH
o ~
o.
CH;
ZINC02539424 CH CH —4502.40983
wo b~ J
OH
AZI-OM2K2-49-61 OH —5407.3600
HiC._0 NI_cl

ey AN -
. 1

F7 7 NT TCHy

AZI-OM2K2-29-5 NS —5454.94883

affinity than the natural substrate, M1P. The four top molecules that are the best at
binding the PBS or SBS2 are shown in Table 4.

2  Summary

Tuberculosis is a communicable disease which is taking millions of lives every
year. Current treatment options are complex, lengthy, and clearly difficult to
complete. As result, drug-resistance rates are rising. Discovering new drug targets
like GIgE, which may rapidly kill the organism, will help in eradicating TB. So far,
efforts to identify inhibitors against GIgE have been structure-based. It is expected
that gaining an understanding of the detailed binding interactions between the
enzyme and its various ligands will inform improved inhibitor design and ulti-
mately lead to new antibiotics.
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