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Abstract

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis is the
most successful and dynamic human pathogen. It can also persist in immunologically
educated host for long time in latent form and cause active disease at any stage.
Regularly arising and difficult to treat strains (MDR/ XDR) are alarming us to
investigate new drug targets and anti-TB molecules. Cell wall of Mtb is key bacterial
organelle to develop new sets of inhibitors. M. tuberculosis N-acetyl-glucosamine-1-
phosphate uridyltransferase (GImUwmw) is a bi-functional enzyme engaged in the
synthesis of two metabolic intermediates N-acetylglucosamine-1-phosphate
(GIcNAc-1-P) and UDP-GIcNAc, catalyzed by the C- and N-terminal domains
respectively. UDP-GIcNAc is a key metabolite essential for the synthesis of
peptidoglycan, disaccharide linker, lipoarabinomannan, arabinogalactan and
mycothiols. In this study we have done structural and biochemical characterization of
GImUw, it’s biological and genetic validation as a drug target at in vitro, ex vivo
and in vivo level and finally designing and development of new anti-GImUpy
inhibitor and checked its site of binding, specificity and in vivo efficacy.

Here we have present the crystal structures of GImUyy in complex with
substrates/products bound at the acetyltransferase active site. Analysis of these and
mutational data, allow us to infer a catalytic mechanism operative in GImUpy. In
this SN2 reaction, His-374 and Asn-397 act as catalytic residues by enhancing the
nucleophilicity of the attacking amino group of glucosamine 1-phosphate. Ser-416
and Trp-460 provide important interactions for substrate binding. A short helix at the
C-terminal extension uniquely found in mycobacterial GImU provides the highly
conserved Trp-460 for substrate binding. Importantly, the structures reveal an
uncommon mode of acetyl-CoA binding in GImUpyg; we term this the U
conformation, which is distinct from the L conformation seen in the available non-
mycobacterial GImU structures. Residues, likely determining U/L conformation,
were identified, and their importance was evaluated. In addition, we identified that
the primary site for PknB-mediated phosphorylation is Thr-418, near the
acetyltransferase active site. Down-regulation of acetyltransferase activity upon Thr-

418 phosphorylation is rationalized by the structures presented here.
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While glmUw, was predicted to be an essential gene, till date the role of
GImUwmy, in modulating the in vitro growth of Mtb or its role in survival of pathogen
ex vivo / in vivo have not been deciphered. Here we present the results of a
comprehensive study dissecting the role of GImUyy, in arbitrating the survival of the
pathogen both in vitro and in vivo. We find that absence of GImUyy, leads to
extensive perturbation of bacterial morphology and substantial reduction in cell wall
thickness under normoxic as well as hypoxic conditions. Complementation studies
show that the acetyl- and uridyltransferase activities of GImUyy, are independently
essential for bacterial survival in vitro and also support that there are no alternative
pathways for the production of GIcNAc-1-P and UDP-GIcNAc. GImUyy, is also
found to be essential for mycobacterial survival in THP-1 cells as well as in guinea
pigs. Remarkably, depletion of GImU .y, at any stage of bacterial growth in vitro, ex
vivo or from infected murine lungs, four weeks post infection, led to radical
reduction in the bacillary load.

Next both structure and shape based drug designing were employed to
develop new inhibitors against UTP, GIcNAc-1-P and allosteric locus of
uridyltransferase active site of GImUwmyw. Compound 4, UTP competitive inhibitor
was showing ICsy of 42 uM and better affinity than UTP in isothermal titration
calorimetry. In silico molecular dynamics (MD) simulation studies, for compound 4,
carried out for 10 ns showed the protein-compound complex to be stable throughout
the simulation with relative RMSD in acceptable range. Further shape based
inhibitors’ designing resulted in two subsequent generations of inhibitors; Asinex
and oxazolidine derivatives. One oxazolidine inhibitor, Oxa33, was found to be
active at 1Csp of ~10 uM and specifically bind at allosteric site. Finally the
administration of Oxa33 to infected mice resulted in significant decrease in the
bacillary load.

Taken together, this study provides an insight into substrate recognition,
catalytic mechanism for acetyl transfer, features unique to GlImUyy, genetic and
biological validation of GImUpy, as a potential drug target. Oxa33 can be pursued as

a lead molecule, which needs to be developed further to improve its efficacy.
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Chapter 1.

Introduction

1.1 Tuberculosis: A killer within.

Tuberculosis (also called as phthisis or consumption) is caused by
Mycobacterium tuberculosis (M.th.), a bacteria that has evolved both as a symbiont
and pathogen ever since humans have spread out of Africa almost 40,000 years ago
[1, 2]. The co-evolution of M.th. with humans for such long periods has resulted in
extensive evolutionary adaptation, which facilitated M.tb. survival inside the lungs
and established it as a potent pathogen. M.th. hijacks different host metabolic and
signalling pathways and bypasses the immune response in order to survive inside
host. M.th. can remain in lungs in asymptomatic latent form for a very long time,
which can get activated at any opportune time. Stringent & lipid rich cell envelope,
slow metabolic rate and precise regulation of pathogenic factors make it a dreadful
pathogen.

WHO reports suggest that one third of the world population is suffering with
latent TB, which has ~10 % lifetime chance to convert into active TB. It is second
most deadly disease after AIDS as 9 million cases were reported in 2014 with
16.67% mortality and 3.5% MDR-TB cases (WHO report 2014). Out of these, 24%
and 11% cases are from India and China, respectively. New cases are arising at a rate
of ~1% world population per year and 90-95% of them remain asymptotic.

Initial mild symptoms, slow detection technology, limited treatment, genetic
homogeneity and spread through air present strong challenges to the society in their
fight against TB. WHO has approved a resolution “2015 Global TB Strategy” to
reduce the death toll by 90-95% from the endemic regions by 2035. Policy
Implementation Package (PIP) has been initiated to develop a roadmap for new TB
drugs/ regimens to support various countries (PIP 2013, The END TB Strategy).
Main emphasis of new policies against TB include better drug supply, tracking
system, case management, pharmacovigiliance, national implementation plan, drug

resistance surveillance and research for effective diagnostic and treatment strategies.
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1.2 Mycobacterium tuberculosis: The sleeping fiend.
M.tb. as the causative agent of Classification

tuberculosis (pulmonary and extra ~ Domain: Bacteria

Phylum: Actinobacteria

pulmonary, Fig 1.1) was first revealed by ... actinobacteria

Robert Koch in 1883. This finding by Robert  Order: Actinomycetales

Koch brought him the honour of Nobel Prize Family: Mycobacteriaceae

Genus: Mycobacterium

in 1905. M.th. is a rod shaped non-motile Species: Mycobacterium tuberculosis complex

pathogenic bacteria with highly lipid rich cell (MTC: M. africanum, M. bovis,
wall. Generally it is categorized as acid fast M. canettii, M. microti, M. tuberculosis)
and gram positive due to absence of true outer membrane and thick peptidoglycan.
M.th. divides in 18-20 h and resides in the human alveolar macrophages with the
dimensions ranging from 0.2-0.4 & 2-10 um. M.tb. can be stained by Ziehl — Neelsen
stain, Kynioun stain, Auramin O and Rhodamine B [5]. M.th. can be killed at 60 °C
in 20 min or 2 h in sunlight and is sensitive to formaldehyde and gluteraldehyde.
While it remains viable for 8-10 days in droplet nuclei, in culture it stays alive for 6-
8 months at room temperature. Its colonies are dry, elevated, and uneven, with
crumpled surface and are creamy white in colour.

M.tb. is an opportunistic pathogen and has a dynamic nature of infection. TB
infection can occur either by new bacilli or through activation of already existing but
latent bacilli. Generally a type of equilibrium exists between active and latent bacilli
and disruption of this equilibrium causes acute infection. The acute infection may be
due to decreased immunity and/or increased endogenous re-infection rates.
According to dynamic re-infection hypothesis non-replicating bacteria will drain
constantly towards the bronchial tree and spread infection, which is once again
followed by generation of granuloma [6].

The major challenges in controlling TB are the phenotypic adaptations and
resistance of dormant and persistent M.th. against existing therapies. Numbers of
bacterial factors have been reported to play important roles in maintaining and
resuscitating the dormant bacteria. These include M.th. sigma factors (RpoV, SigA,
SigF and SigB), isocitrate lyase, DevR/ DevS and DosR, lysine amino transferase,
PcaA, a-crystallin, RelA, PE-PGRS family, NarX, NarK and NarG, MprAB etc [7-

12]. Host immune system also plays a crucial role in latency, mainly CD4" cells,
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CDS8" cells, tumour necrosis factor-o. and interferon-y [13, 14]. M.tb found in two

physiological forms with distinct characteristics.

Mycobacterium tuberculosis
host-to-host transmission

R —— —_—

Mycobacterium tuberculosis

Reactivation and
dissemination in 10% of
infected individuals

Eradication?
Pt
Innate lymphocyte

Necrotic cell

T cell immunity?
Innate factors?

Adaptive immune phase.
Containment of infection
in 90% of individuals

Mycobacterium
tuberculosis control?

Figure. 1.1. Tuberculosis pathogenesis: TB infection starts by inhalation of M.th.
containing aerosol droplets. In response to the infection, innate immune system starts
recruiting inflammatory cells at the site of infection. Bacteria starts propagating to lymph
nodes and bacterial antigen presentation by dendritic cells leads to priming of T cells, which
results in increase in number of antigen-specific T cells. Activated macrophages, B cells, T
cells, and various leukocytes start to form granuloma. TB infection can remain in the latent
form without any clinical symptoms. While a small percentage of human can develop active
TB, which discharges M.tb. from granuloma. The disease can be transmitted by coughing
through infectious droplets. [15]

1.3 Extra pulmonary tuberculosis (EPTB).

M.tb. infection is not only limited to lungs, but can spread to other organs and
such an infection is known as Extra Pulmonary Tuberculosis (EPTB). EBTB occurs
as a result of massive uncontrolled dissemination of M.tb. into the blood stream and

all over the body due to active primary infection or reactivation of latent TB. Any
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site of the body may be affected and it is very common among elderly,
immunocompromised and children below 4 year of age. Lymph nodes, liver, bones
and joints, abdominal, peritoneal area, gastrointestinal organs, pericardial zone,
genitourinary organs, cutaenous parts, ocular region and brain have been reported to
be the major organs and tissues affected with EPTB. Infection of lymph nodes
through plural effusion is the most common form of EPTB. Fever, weakness,
malaise, chills and often progressive dyspnea are common symptoms of EPTB. In
case of bone marrow involvement in EPTB; anaemia, leukemoid reaction and
thrombocytopenia can also be symptoms. Meningitis TB can cause stroke and focal
neurologic symptoms leading to coma and death of the infected person. As compared
with the conventional methods, detection of EPTB is easier with CT-scan, MRI and
endoscopy. At times biopsy and /or surgery are required for final confirmation of

EPTB [16]
1.4 Origin of MDR, XDR and TDR: Challenges in the battle.

Drug resistance in M.tb. is an acquired survival phenomenon that results
in the evolution of multi drug resistance (MDR) and extensively drug resistance
(XDR) or totally drug resistance (TDR) strains of M.th. Resistance to two most
important and effective drugs rifampicin (RIF) and isoniazid (INH) among the four
drug regimen is described as MDR TB. Treatment of MDR-TB involves second line
of drugs for ~2 years. The second lines of drugs are harmful, expensive and cause
serious side effects. Thus combating MDR-TB has become a challenge to

governments across the world.

Table 1.1: Genes involved in drug resistance in M.tb [17].

Drug Gene(s) implicated in resistance
Rifampicin rpoB; P -subunit of RNA polymerase
Isoniazid katG: catalase-peroxidase

oxyR-ahpC: alkylhydrokinase reductase

inhA: enoyl-ACP reductase

kasA: B -ketoacyl acyl carrier protein synthase

Ethionamide inhA: enoyl-ACP reductase

Streptomycin rpsl: ribosomal protein S12 involved in rrs:16S RNA

Fluoroquinolones gyrA: DNA gyrase

Pyrazinamide pncA: pyrazinamidase
Ethambutol embCAB: Arabinosyl transferase
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XDR-TB arises due to mismanagement of MDR-TB patients and it represents
M.tb. strains that are resistant to any fluroquinolone and to one of the three injectable
second lines of drugs (capreomycin, kanamycin, and amikacin). Therefore treatment
of XDR-TB is extremely difficult. According to the reports 70% of XDR-TB patients
die within one or two months of diagnosis. Totally drug resistance (TDR-TB) was
first reported in Italy in 2003 and also has also been found in India and Iran but it is
not as widely reported.

Drug resistance arises due to spontaneous and random mutations in the M.zb.
genome, resulting in reduced sensitivity to one or more drugs [18]. Recent
information on genetics of reported drug resistance is compiled in table 1.1. Deletion
or mutations in katG gene resulted in INH resistance in clinical isolates [19]. Later
three more genes (inhA, kasA and ahpC) were also reported to result in INH
resistance [20-22]. Rifampicin resistance is mostly due to deletions or insertions
(single polymorphism in 95% isolates) in the 81 bp long region of rpoB gene [23].
Mutation rate of INH resistance is 2-3 x 10™ mutations/ bacterium/ generation (i.e.
one mutation may arise in 10° bacilli) while for the rifampicin the mutation rate is
2.25 x 10"° mutations/ bacterium/ generation (one mutation may arise in 10® bacilli),

which is slower than the mutation rate of INH [18].

1.5 Vaccine development: Fight against M. tuberculosis.

The only known vaccine for tuberculosis is Bacillus Calmette—Guérin (BCG)
which is prepared from attenuated M. bovis strain. The efficacy of BCG significantly
varied in different clinical trials. Recent results show that BCG reduces infection by

19-27% and the progression of TB by ~71% [24]. BCG vaccination is more effective

Table 1.2: Subunit candidates for TB vaccine.

Location Name Comments

Secreted ESAT-6, CFP-10 | Highly immunogenic T cell antigens, secreted via the
ESX1 system, encoded at RD1 locus

TB10.4 Highly immunogenic, unknown function

Ag85, Ag85B Mycolyl transferase enzymes, Highly immunogenic
and abundant

Intracellular KatG Catalase
PPE18 Member of PPE family
M.TB.32C Serine proteinase
HSP65 Heat shock protein
Surface HBHA Heparin-binding heamagglutinin, involved in

adhesion and spreading
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Table 1.3: Tuberculosis vaccines in or on their way to the clinic [25, 26].

Vaccine Comments ‘ Reference

Live mycobacterial vaccines: modified BCG

rBCG30 Live, recombinant BCG, overexpressing Ag85B from M.th.. | [27]
Currently in Phase I clinical trials.

rBCG::AureC- Live, recombinant BCG, urease-deficient mutant that expresses | [28, 29]

llo" the lysteriolysin-O gene from L. monocytogenes. Currently in
Phase I clinical trials.

rBCG-Aeras 403 | BCG Danish with endosome escape and overexpression of | [26]
several proteins including Ag85A, Ag85B and TBI10.4,
Currently in Phase I clinical trials.

BCG::RDI BCG Pasteur with reintroduction of RD-1 locus which contains | [26]
protective Ags, Currently in Phase I clinical trials

Pro-apoptotic BCG Tice with diminished superoxide dismutase activity, | [26]

BCG Currently in Phase I clinical trials

Live mycobacterial vaccines: modified Mycobacterium tuberculosis

M. tuberculosis Deletion of virulence associated gene phoP from M.th. MT103 | [26]

PhoP strain, Phase I clinical trials

M. tuberculosis | M.th. H37Rv with deletion of panCD and RD-1 locus, Phase 1 | [26]

mc’6030 clinical trials.

M. tuberculosis | M.tb. H37Rv with deletion of the lys4 and the panCD locus, | [26]

mc’6020 Phase I clinical trials.

Subunit vaccines

M.tb.72f Recombinant protein composed of a fusion of Rv1196 and | [30, 31]
Rv0125 from M.th.. Delivered in an oil-in-water emulsion,
containing the immunostimulant 3-deacylated-monophosphoryl
lipid A and a purified fraction of Quillaja saponaria (Quil A).
Currently in Phase I clinical trials.

Ag85B-ESAT-6 | Recombinant protein, composed of a fusion of ESAT-6 and | [32-34]
Ag85B from M.th.. Delivered in the IC31 adjuvant or in
cationic liposomes. Clinical trials planned in 2005.

Naked DNA and viral-vectored vaccines

MVA-Ag85A Live, recombinant, replication-deficient vaccinia virus, | [35, 36]
expressing Ag85A from M.tb.. Currently in clinical trials.

Hsp65 (GroEL) | Conserved antigen from  Mycobacterium leprae for | [26]

DNA immunotherapy, Currently in clinical trials.

Aeras 402 Non-replicating Ad35 expressing multiple TB proteins | [26]

(Ad35.TB-S) including Ag85A, Ag85B and TB10.4, Ongoing pre-clinical
studies.

Double-stranded RNA capsids

Double-stranded | Double-stranded RNA capsids encoding TB antigens for oral | [26]

RNA capsids

delivery, Ongoing pre-clinical studies.
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-in protecting against milliary tuberculosis (extra pulmonary tuberculosis) compared
with the pulmonary tuberculosis [37]. Vaccine candidates can be divided into
different categories (a) live mycobacterial vaccine: attenuated bacteria or genetically
modified bacteria (b) subunit vaccine: different immunogenic proteins as immune
activator and (c) DNA vaccine (Table 1.3).

Currently many anti-tuberculosis vaccines are either in the pre clinical trials
or in the Phase I trials (Table 1.3). Modified version of BCG strains which can either
expresses one or more M.th. proteins (such as Ag85B) or M.th. RDI region are
currently under different stages of consideration as possible live vaccines (Table
1.3). In addition, modified M.th. strains wherein virulence associated genes like
phoP, panCD along with RD1 region or panCD with lysA have been deleted are also
being tested as vaccine candidates. Besides these various subunits (Table 1.2) such as
Ag85, ESAT-6, RvI196 and Rv0125 are used mostly due to their ability to generate
robust immune response. A recent advancement in vaccine is to introduce DNA,
which can overexpress various immunogenic proteins either directly or through

different carrier virus (e.g. Vaccinia virus).

1.6 Recent developments in drugs and success in the therapeutics.

Development of anti- First-line TB drugs (drug-sensitive TB)

1952 1961
Isonlazid (H) Ethambutol ()

tuberculosis drugs started from 1944

after the discovery of Streptomycin

(Fig 1.2). Most of the anti- g

tuberculosis drugs were discovered "K.n.m,m c..,-ﬁ i
from 1940 to 1965. In the past 50

years only one new drug, namely Figure. 1.2. Timeline representing anti-TB
drug discovery. The dotted lines indicate that

Bedaqulin has been approved by these drugs are not first in class.

. (http://www.nap.edu/openbook.php?record id=12570&page=83)
FDA (2012). Increasing threat and

Second-line TB drugs (drug-resistant TB)

evolution of MDR, XDR and TDR tuberculosis makes it necessary to urgently
develop new sets of drugs to treat TB. Table 1.4 lists the first line and second line of
drugs that are used in the current regimen and their targets.

These drugs are effective against active tuberculosis and a treatment of 6 to 7

months is required to eradicate TB from the infected patients. In case of latent TB
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infection, a long duration of INH or INH with EMB or INH with PZA has been used

to clear the dormant bacteria. (Table 1.4)

Table 1.4: First and Second line of anti-tuberculosis drugs [38].

Drug name and short
name (year of
discovery)

Target

Effect

First line drugs

Isoniazid (H) (1952)

Enoyl-[acyl-carrier-protein]
reductase

Inhibits mycolic acid synthesis

Rifampicin (R)
(1963)

RNA polymerase, beta subunit

Inhibits transcription

Pyrazinamide (Z)
(1954)

S1 component of 30S
ribosomal subunit

Inhibits translation and
trans-translation, acidifies

cytoplasm
Ethambutol (E) Arabinosyl transferases Inhibits arabinogalactan
(1961) biosynthesis

Second line drugs

Para-amino salicylic
acid (Pas) (1948)

Dihydropteroate synthase

Inhibits folate biosynthesis

Streptomycin () S12 and 16S rRNA Inhibits protein synthesis
(1944) components of 30S ribosomal

subunit
Ethionamide (Eto) Enoyl-[acyl-carrier-protein] Inhibits mycolic acid
(1961) reductase biosynthesis
Ofloxacin (Ofx) DNA gyrase and DNA Inhibits DNA supercoiling
(1980) topoisomerase
Capreomycin (Cm) Interbridge B2a between 30S Inhibits protein synthesis
(1963) and 508 ribosomal subunits
Kanamycin (Km) 30S ribosomal subunit Inhibits protein synthesis
(1957)
Amikacin (4mk) 308 ribosomal subunit Inhibits protein synthesis
(1972)

Cycloserine (Dcs)
(1955)

d-alanine racemase and ligase

Inhibits peptidoglycan
synthesis

Discovery Preclinical development Clinical development
I I I
Lead ] E GLP il = !
optimization ;j xicology Phasg] P e

Diarylquinolines [CPZEN-45 | [BTZ043 | [AZDS5847 |  [Belmanid (OPC67683)
[InhA’ ihhibitors | [DC-159a | |TBA-354 E&gﬂi{m (TMCim |Gatifloxacin |
[LeuRS inhibitors | [Q201 |Linezolid |  [Moxifloxacin |
[Mycobacterial gyrase inhibitors| ~ [SPR-10199] [Novelregimens |  [Rifapentine ]
[Pyrazinamide analogues | [SQ609
{Riminophenazines [SQ641
[Ruthenium (II) complexes [sQ109 ]

{Sutezolid (PNU-100480)J

|Spectinamides
[Translocase 1 inhibitors

|
|
\
]

Chemical classes

[ Fluoroquinolone [ Rifamycin [ Oxazolidinone
[ Nitroimidazole ~ E Diarylquinoline  [] Benzothiazinone

Figure. 1.3. Development of novel anti-tuberculosis drugs and treatment. Inhibitors
which are under development and validation are shown here [38].
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Treatment of TB requires effective administration of drugs through Directly
Observed Therapy (DOT) and follow up program. WHO has started many new
strategies including PIP, The END TB Strategy and STOP TB etc towards new drug
discovery and development. These efforts resulted in discovery of new drugs such as
Delamanid (OPC67683) and Bedaquiline (TMC207), which can be used in
combination with current therapy to treat MDR-TB. Challenges in the new target
discovery include drug toxicity, intolerance, expensive trials, limited animal models
and off target effects. An ideal TB drug should be more potent, effective against
latent bacilli, M.th. in different physiological states, compatible with HIV drugs (for
co-infection patients) and existing TB drugs, and should reduce the time of treatment
[39-41]. Figure 1.3 depicts promising new TB drugs that are in pipeline. Various
new molecules have been investigated and new treatment regimens are under clinical
phase of the trial (Fig 1.4). Many of the drugs (rifampicin, fluoroquinolones,
riminophenazines and oxazolidinones) are repurposed (from other regimen of

different disease) against TB.

S
rofe,b
PNU 100480
@

Ot

Phase |

Phase Il

Sudoterb
()

Moxifloxacin

DNA gyrase inhibito’

Figure. 1.4. Important anti-tuberculosis drugs which are in clinical trial. Every drug
candidate is presented with the target family and its clinical phase. TMC 207 has been
approved by FDA in 2012 [40].
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Next generation of therapeutics requires bidirectional development that
targets bacteria and also reduce the host facilities upon entering inside the body.
Since M.tb. is an intracellular bacterium that exploits the host system to infect and
spread; suppressing the host pathways (i.e. apoptosis, various M.th. driven host
signalling pathways) and enhancing the immune response may circumvent the
tuberculosis infection. Beside these, proper understanding of the biology of M.tb. and
its important genes would pave new path for further development of next generation

of inhibitors to cure TB.

1.7 Genetics and evolution of M. tuberculosis: Codes and secrets
behind the door.

M.th. genome contains ~4000 genes (4.411 Mb, 65.6% G + C content), of
which 40% are characterized, 44% have probable functions, while the remaining
16% are uncharacterized [43]. Among the 61 possible tRNA genes, Cole et al.,
identified 43 tRNA coding genes and none of them have ‘A’ in the first position of
the anticodon, suggesting extensive wobble base pairing during translation. Almost
10% of total genes are related to PE and PPE family (glycine and acidic residues rich
protein family) from PGRS (polymorphic GC rich-sequence) loci. Almost 200 genes
belong to oxidoreductases, oxygenases and dehydrogenases, >100 genes are thought
to be involved in regulation and signal transduction (including 11 pairs of sensor
histidine kinase and response regulator and two component regulatory and 11
eukaryotic-like serine/ threonine protein kinases, etc), ~200 genes code for enzymes-

-related to lipid metabolism and ~36 genes code for fatty acid degradation [43]. All

Table 1.5: General classifications of M. tuberculosis genes [42].
Function No. of % of % of Total coding
genes total capacity
Lipid metabolism 225 5.7 9.3
Information pathways 207 5.2 6.1
Cell wall and cell processes 517 13.0 15.5
Stable RNAs 50 1.3 0.2
IS elements and bacteriophages 137 34 2.5
PE and PPE proteins 167 4.2 7.1
Intermediary metabolism and respiration 877 22.0 24.6
Regulatory proteins 188 4.7 4.0
Virulence, detoxification and adaptation 91 2.3 24
Conserved hypothetical function 911 22.9 18.4
Proteins of unknown function 607 15.3 9.9

10
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the genes corresponding to different functional categories genes are shown in table
1.5.

MTC contains number of mycobacteria (all are clonal in their spread) which
have evolved at the horn of Africa (Fig 1.5) [44, 45]. Extensive point mutation,
InDels, insertions (IS6110, IS1081, gene duplication, replication errors), deletions
(RecA, IS-mediated, replication errors) and translocations are responsible for the
origin of pathogenic M.th. strains. Studies revealed that almost 10,000 years ago an
abrupt increase in human population (during Neolithic demographic transition) was
critical and string selective force for the successful spread of M.th. [46]. The main
human infecting species can be categorized into seven different types as shown in the

table 1.6. Types 2 & 3, type 5 & 6 are closely related lineages.

70,000 years ~90 years
A A
W

Migrations of BCG vaccine Tuberculosis Emergence
modern humans introduced combination and spread

out of Africa chemotherapy of HIV
70,000 years ago 1921 1952 1970-1980

e

Evolution of MTBC into
seven main lineages and
associated sublineages

Emergence Evolution and spread of drug-resistant
of MTBC strains of M. tuberculosis |

Figure. 1.5. Timescale depicting the progression of M.¢b. with human and the evolution of
drug resistance strains. [46]

Table 1.6: Various bacterial types of M. tuberculosis [47].

Types Description

Type 1 | East- African-Indian (EAI) & some Manu (Indian) strains

Type 2 | Beijing group

Type 3 | Central Asian (CAS) strains

Type 4 | Ghana and Haarlem (H/T), Latin America-Mediterranean (LAM) and X strains.
Type 5 | Mycobacterium africanum and found mainly and at high frequency in West
Type 6 | Africa.

Type 7 | Isolated from the Horn of Africa

11
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1.8 Immunology of M. tuberculosis: Protective strategies of M.tb.
After entering the body, M.th. faces the host immune system of the body.

From the clinical and experimental animal data it was evident that CD4" T cells [48-
50], IFN-y, IL-12, [48, 49, 51, 52], and TNFa [53, 54] play an important role in

tuberculosis infection (Fig 1.6).

M. tuberculosis

U :“ :.:--' o
\ IL-12(p40)2/1L-12p70
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o CCL19/CCL21
Alveolar ?§ 2.
macrophage Q
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chemokines (LXA4) R
4~
o
Necrosis
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Figure. 1.6. Cellular immune response against M.th. After infection with M.1b., they are
taken up by the native lung alveolar macrophages (1a), neutrophils (1b) and lung DCs (1c).
This is followed by generation and secretion of cytokines, chemokines and antimicrobial
peptides. Further induction of apoptosis or necrosis of infected macrophages will be
determined by balance of lipid mediators like lipoxin (LX) A4 (pronecrotic) or prostaglandin
E2 (proapoptotic). Infected apoptotic cells either can be engulfed by resident dendritic cells
(DCs) or by uninfected lung macrophages through efferocytosis (1c). In next 8-12 days after
infection, M.tb. infected DCs migrate to the lymph nodes under the influence of IL-12 (p40)2
and IL-12p70 and CCL19 and CCL21 chemokines (2) and drive naive T cell differentiation
toward Thl cells (3). 14-17 days post infection antigen-specific Thl cells migrate back to
lungs in chemokine-dependent manner (4) followed by production of IFN-y which activate
macrophages, cytokine production and generation of anti-microbial factors such as iNOS (5).
(Adapted from O'Garra et al. [55])
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Symptoms of active pulmonary tuberculosis (weight loss, fever, night sweats,
regular cough, haemoptysis, lungs cavities and thoracic lymphadenopathy) are
indicating of TB infection in host. (Fig 1.6) [56, 57]. While latent TB has no direct
sign of detection and this quiescent form is maintained by strong host immune
response (Fig 1.6).

After the infection bacilli are phagocytosed by alveolar macrophages [58] or
neutophils [59, 60] or by dendritic cells [61] (Fig 1.6). Cell to cell spread is
facilitated by either necrotic or apoptotic cell death through lipoxin A4 (LXA4;
pronecrotic) and prostaglandin E2 (PGE2; proapoptotic) mediated pathways (Fig
1.6). [62-65]. These infected macrophages can be engulfed by uninfected
macrophage (process called efferocytosis) followed by killing of M.th. [66]. Further
bacilli can be delivered to dendritic cells (DCs), which activate CD4" T-cells and
generate profound anti-tuberculosis immune response (Fig 1.6) [67].

1.9 Cell wall of M. tuberculosis: Protective armour of foe.

Cell wall of M.th. consists of an inner layer and outer layer (contains lipids
and protein) which is orthogonal to the bacterial surface [68]. Outer cell wall
consisting of lipomannan, lipoarabinomannan (LAM), phthiocerol-containing lipids
like dimycolyl trehalose or cord factor, phthiocerol dimycocerosate, M.tb. specific
sulfolipids and phosphatidyl-inositol mannosides. In M.th. LAM are terminally
capped with mannose containing -Ara residue (ManLAMs) [69, 70]. The inner part
1s made up of peptidoglycan (PG), arabinogalactan (AG) and mycolic acid (MA)
covalently linked and forming MA-AG-PG complex (Fig 1.7).

Peptidoglycan (PG) of M.tb. is versatile in composition and sturdy, which is
responsible for the rod shape of the bacteria. PG is composed of both peptide and
glycan. Glycan part is mainly made of long and covalently connected repeating units
of N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). Peptide: l-alanyl-
d-iso-glutaminyl-meso-DAP-d-alanine is linked to the NAM through the lactyl group
[71]. Cell wall of M.th. 1s categorized as chemotype IV, consisting peptidoglycan
with arabinogalactan and meso-DAP [72]. Interestingly muramic acid of M.th. cell
wall has an either N-acetyl or N-glycolyl group [73-75]. Cross linking in PG is
between DAP-DAP (75%) or DAP-alanine (25%). DAP-DAP linkages and presence

13
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of N-glycolyl group on muramic acid are the reasons behind the rigidity of M.tb. PG
[76].

Synthesis of the PG includes various steps and enzymes, which are analogous
to other bacterial cell wall synthesis pathways (as depicted in fig 1.7). These include
the production of UDP-GIcNAc from fructose-6-phosphate through series of
reactions catalyzed by enzymes GlmS, GImM and GImU. Next enoyl pyruvate is
added to 3" position of UDP-GIcNAc by MurA followed by its reduction into UDP-
NAM by MurB [77]. Next set of reactions add 1-alanine (by MurC), d-glutamine (by
MurD), DAP (by MurE) and d-alanyl-d-alanine (by MurF) to generate UDP-NAM-
pentapeptide called as Park's nucleotide (Fig 1.7). Subsequent transfer of UDP-
NAM-pentapeptide to decapreny-l-phosphate by MurX generates Lipid I [75].

At this stage NAM part of Lipid I can be glycolated by NamH to N-
glycolylmuramic acid (Fig 1.7) [78]. Transfer of GIcNAc moiety from UDP-GIcNAc
by MurG produces Lipid II (Fig 1.7), which is subsequently transferred to the plasma
membrane through bactoprenol. Cell membrane proteins FtsW and/or RodA work as
translocase/flippase for the translocation of these precursors from inside to the
outside of the membrane (Fig 1.7) [79-81]. Next sets of reactions happen in the
‘pseudoperiplasmic’ space. Here transglycosylase links all peptidoglycan monomers
to the existing PG strands [82] and strengthen the PG. Also DAP-DPA linkage,
which provides resistance against B-lactams, is carried out by transpeptidase [83, 84].
Since there is no ATP in periplasmic space, cleavage of d-alanyl-d-alanine is thought
to furnish the required energy.

Arabinogalactan (AG) is most abundantly present in the M.th. cell wall and
provides integrity. Arabinogalactan forms phosphodiester linkage with muramic acid
and is required for anchoring mycolic acid layer with the PG layer (Lederer ef al.,
1975, [85]. In the arabinogalactan, both arabinose and galactan are --present in the
furanose form [86]. Arabinan chains are made up of 1—5 linked a-d-Arafuranose
with the linkage generated by 3,5-a-d-Araf residues. Arabinan chain is attached to
the 5 position (by 1—5 linkage) of galactan. All galactan (containing arabinan) are

connected by alternating 1—5 and 1—6 linkage of almost 30 residues [87].
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Figure. 1.7. Cell wall biosynthesis pathways in M. fuberculosis. Peptidoglycan synthesis is

depicted in black. Arabinogalactan biosynthesis is presented in blue and Mycolic acid

synthesis is depicted in orange.
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Phosphoryl-N-acetylglucosaminosyl-rhamnosyl  linkage  {a-1-Rhap-(1—3)-a-d--
GlcNAc-(1—P)} provides attachment of AG to muramic acid of PG [88, 89]. It was
also found that some of the galactan are not arabinosylated and make unbranched
galactan polymer. Clusters of mycolic acids are attached with ester linkage to all four

available position of 2/3 of the terminal arabinose moiety.

Synthesis of AG happens in combination with the synthesis of Rha-GlcNAc
linker. This linker is produced by the transfer of UDP-NAG to prenyl phosphate and
rhamnose [90]. Remaining two steps occurs separately for the AG biosynthesis.
These include synthesis of UDP-galactofuranose (UDP-GalFur) from UDP-
galactopyranose (UDP-GalPyr) [91] and decaprenylphosphoryl- arabinofuranose
from the pentose phosphate pathway (Fig 1.7) [92, 93]. Further galactofuranose
polymerizes and forms long linear chain on which arabinofuranose moieties are
added [94, 95]. Finally this AG complex is ligated to peptidoglycan with the release
of decaprenyl phosphate with the help of some unknown enzymes (Fig 1.7).

Mycolic acids (MA), made up of short a-alkyl- and long B-hydroxyl-fatty
acids (60-90 carbon per chain), are majorly responsible for the permeability of the
cell wall [96]. Most of the MA exists as tetramycolyl-pentaarabinofuranosyl clusters
that linked to AG with ester linkage [88, 97]. The biosynthesis of MA, catalyzed by
mycolyltransferase I, involves the transfer of mycolyl-S-PPB (thioester linked
mycolic acid to PPB domain of Pks13) to Man-P-heptaprenol to generate Myc-PL
(6-O-mycolyl- B -D-mannopyranosyl-1-phosphoheptaprenol) (Fig 1.7). In the next
step Myc-PL reacts with trehalose-6-P (catalyzed by mycolyltransferase II) to
generate 6-O-mycolyl-Treh-6’-P (TMM-P), which is subsequently dephosphorylated
by TMM-P phosphatase to generate TMM (Trehalose Mono Mycolate). TMM thus
generated is transported out of the cell in an ATP energy dependent reaction
catalyzed by TMM transporter (ABC transporters), wherein it participates in the
synthesis of trehalose di-mycolate (TDM) and arabinogalacten-mycolate (Fig 1.7)
[98].

Involvements of eukaryotic like serine/ threonine protein kinases (STPKs)
were found to be important in the cell wall synthesis. Out of all 11 STPKs of M.zb.
PknA and PknB were shown to play important role in regulating cell wall synthesis.
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Both PknA and PknB phosphorylate GImU [99], PcaA, PapAS and Rvi/422 [100-
102]. Apart from this many cell division protein including FtsZ, FipA and Wag31
have been shown to be phosphorylated by PknA or PknB [103, 104]. In addition,
enzymes involved in mycolic acid synthesis such as B-ketoacyl ACP synthase
(KasA), KasB, B-ketoacyl-ACP reductase (MabA), hydroxyacyl-ACP dehydratases
(HadAB and HadBC) and enoyl-ACP reductase (InhA) have been identified to be
targets of PknA and PknB mediated phosphorylation [105-110].
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In addition to providing strong interphase, cell wall of M.tb. also plays critical
role during cell division and in the establishment of infection. Therefore perturbing
the bacterial cell wall with the help of inhibitors would have significant impact both
on bacterial survival and virulence. Due to the emergence of MDR, XDR strains of
M.tb. we require newer targets and strategies to combat the infection. Remedial
approaches that would involve development of newer inhibitors should take into
consideration drug resistance strains and latent bacteria. M.th. cell wall composition
changes during latency, suggesting that cell wall could be one of the reasons for
prolonged survival. M.tb. cell wall synthesis is a complex process that requires
coordination between various enzymes and substrates (Chapter 1, Fig 1.7).
Targeting enzymes that are required for the production of key metabolites in the
pathway would result in perturbation of cell wall synthesis, which eventually may
lead to cell death. In this study we have worked on GImUypy,, an enzyme with dual
activity required for the synthesis of UDP-GIcNAc.

2.1 Cell wall metabolism and catabolism.

Cell wall metabolism includes synthesis and assimilation of various
components of the cell wall. M.tb. cell wall contains many glycoproteins and
glycolipids, thus providing strong and less permeable armour around it. As discussed
in Fig 1.7, M.tb. cell wall metabolism can be divided into four different events.

(1) Biosynthesis of peptidoglycan.

(1)  Biosynthesis of mycolic acid.

(iii))  Generation of Arabinogalactan.

(iv)  Synthesis of lipoarabinomannan and other lipoproteins.

Table 2.1 represent potential target enzymes involved in the cell wall
synthesis that have been investigated as possible candidates for therapeutic
intervention. Most of the established drugs against TB such as D-Cycloserine,

Ethambutol, and INH act on the enzymes that are involved in cell wall synthesis.
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Table 2.1: Validated cell wall synthesis enzymes of M.th. as drug target.

Validation
Metabolic Protein Gene Gene Crystal Co- Inhibitors | Reference
pathway replace- replace- | structure | crystal
ment ment PDB structure
mutant mutant
survival survival
in vitro in vivo
Peptidoglycan Alanine- Unable to NA 1XFC D- D- [111]
biosynthesis racemase survive cycloserine | cycloserine
D-Ala-D- Unable to NA 2i87 NA D- [111,112]
Ala ligase survive cycloserine
GlmM Unable to NA NA NA [113,114]
survive
GlmU Unable to NA 3SPT, NA [3,4,115]
survive 4G3S,
3D98
Arabinoga]actan EmbA-C Unable to NA Co-factor Ethambutol [95, 116]
biosynthesis survive (PLP)
AftA Unable to NA NA NA NA [117]
survive
Phospho- Unable to NA NA NA NA [118]
ribosyltransf | survive
erase
Galactofura- | Unable to NA NA NA NA [119]
osyl - survive
transferase
dTDP- Unable to NA NA NA NA [120]
deoxy- survive
hexulose
reductase
RmlA-D Unable to NA NA NA NA [120]
survive
Mycolic acid ENR (InhA) | Unable to NA NA NA Isoniazid [20, 121,
biosynthesis survive 122]
AcpM Unable to NA NA NA NA [123]
survive
FabD Unable to NA NA NA NA [123]
survive
FabH Unable to NA 1UGE, NA NA [124, 125]
survive 1U6S
MabA Unable to NA 1101 NA NA [126, 127]
survive
KasA Unable to NA NA NA Thiolactom | [128]
survive -ycin
KasB Unable to NA NA NA Thiolactom | [128]
survive -ycin
MmaA4 Attenuate | NA NA NA [129]
-d
Pks13 Unable to NA NA NA NA [130]
survive
Acyl-AMP Unable to NA NA NA NA [131]
ligase survive
FadD32 Unable to NA NA NA NA [131]
survive
AccD4 Unable to NA NA NA NA [131]
survive
AccA3 Unable to NA NA NA NA [132]
survive
AccD5 Unable to NA NA NA NA [132]
survive
AccES Unable to NA NA NA NA [132]
survive
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Peptidoglycan and arabinogalactan are capaciously altered with amide,
succinyl, glycolyl and galactosamine residues [133-135]. M.tb. also has unusual 3-3
peptide cross linking instead of traditional 4-3 peptide cross linking in PG [133].
Mycolic acid is synthesized in three different forms namely; methoxy-meroacids, a-
meroacids and keto-meroacids, with varied length of acyl chains, saturations and
cyclopropanations [98]. Mycolic acid contents of the cell wall composition have
been reported to vary during infection and latency [136, 137]. Further the
transcription levels of the enzymes involved in lipid and mycolic acid synthesis also
vary during the infection [138]; suggesting these changes could be a part of adaptive
response of the bacteria to generate a heterogeneous population. Such adaptations in
bacterial population diversity would allow the pathogen to survive in adverse
dynamic stress encountered in the host, such as antibiotics and immune response.

In general cell wall of bacteria contributes more than 20% of dry mass.
Therefore, cell wall breakdown process in every generation would be a huge energy
and nutrients consuming process for the microorganism specially for a bacteria like
M.tb., which resides inside the host cells in both active and dormant forms.
Therefore, cell wall contents need to be reutilized either as carbon source or as a
precursor through salvage pathways. Many other bacteria such as E. coli and B.
subtilis recycle the cell wall catabolic intermediates. M.th. has B-lactamases protein
which monitors the cell wall synthesis and remodelling [139-142]). In M.tb., number
of proteins such as transporters and hydrolases are involved in the cell wall
remodelling but the recycling have not yet been characterized.

2.2 UDP-GlcNAc synthesis and its role in prokaryotes and eukaryotes.

The synthesis of UDP-GIcNAc, a critical metabolic intermediate occurs in the
cytosol (Fig 1.4). The de novo synthesis involves conversion of fructose-6-
phosphate, a metabolic intermediate of glycolysis, to UDP-GIcNAc through
isomerisation, acetyl and uridyltransferase activities of different enzymes. While the
enzymes of the pathway leading to UDP-GIcNAc synthesis from fructose-6-
phosphate are conserved in prokaryotes, they are distinct from the corresponding
enzymes in the eukaryotic pathway (Fig. 2.1).

In addition to the de novo pathways both prokaryotes and eukaryotes can

employ salvage pathway, which utilizes the GIcNAc from the extracellular milieu.
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Salvage pathway in the eukaryotes involves GlcNAc transporters (GLUTSs) to import
GlcNAc from the surroundings and a sugar kinase to phosphorylate it at the 6™
position to form GIcNAc-6-P, which can be utilised by the de novo biosynthetic
pathway [143]. Salvage pathway in prokaryotes involves N-acetylglucosamine
transporters (NGTs) to transport GlcNAc followed by phosphorylation to generate
GIcNAc-6-P. GIcNAc-6-P can either undergo deacetylation or isomerisation
followed by deacetylation to generate intermediates of de novo biosynthetic pathway
(Fig 2.1). However till date the presence of salvage pathways has not been reported
in mycobacteria. While in prokaryotes UDP-GIcNAc is mostly used as metabolic

precursor for the synthesis of cell wall components, in eukaryotes the major function

is that of GlcNAcylation of proteins [144].

AGX1, AGX2 . mals
Glmu
UAPT yoq
A
UDP-GIcNAc
Peptidoglycan synthesD » 0-GlcNAcylation of protein
LPS and Lipid A synthesis. # GlcNAcylation of sugar epitopes
Rha-GlcNAc linker synthesis # Sialic acid synthesis
Arabinogalacten or Techoic acid synthesis » Hyaluronic acid synthesis

Sialic acid synthesis s—
CURLI/Fimbriae formation ———
Interspecies CommuNiCation ———
N- or O- GICNACYI3110 N m—

Mycothiol biosynthesis s——
Poly (-GIcNAC-),, Synthesis tm—

Figure. 2.1. UDP-GIcNAc synthesis pathways in prokaryotes and eukaryotes.
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HumanUAP MASEQDVRARLQRAGQEHLLRFWAELAPEPRAALLAELALLEPEALREHCRRAAEACARP 60
HumanGNAl = =  ———eeememe e MKPDETPMFDPSLLKEVDWSQNTATFSPAISPT 33
MtbG1lmU MTFPGDTAVLVLAAGPGTRMRSDTPKVLHTLAGRSMLSHVLHATAKLAPQR-LIVVLGHD 59
.k
HumanUAP HGPPPDLAARLRPLPPERVGRASRSDPETRRRWEEEGFRQISLNKVAVLLLAGGQGTRLG 120
HumanGNA1l H---PGEGLVLRPLCTADLNRG===——— e FFKVLGQLTETG 64
MtbG1lmU HQRIAPLVGELADTLGRTIDVALQDRPLGTGHAVLCGLSALPDDYAGNVVVTSGDTPLLD 119
* * - * .
HumanUAP VTYPKGMYRVGLPSRKTLYQLQAERIRRVEQLAGERHGTRCTVPWYVMTSEFTLGPTAEF 180
HumanGNA1l VVSPE———————— e —— QFMKSFEHMKKSGDYYVTVVEDVTLG--——— 95
MtbG1lmU ADTLADLIATHRAVSAAVTVLTTT----LDDPFGYGRILRTQDHEVMAIVEQTDATPSQR 175
. - . - *
HumanUAP FREHNFFHLDPANVVMFEQRLLPAVTFDGKVILERKDKVAMAPDGNGGLYCALEDHKILE 240
HumanGNAl  ——————-— QIVATATLITEHKFIHSCAKRG————— RVEDVVVSDECRG————————————— 130
MtbG1lmU EIREVNAGVYAFDIAALRSALSRLSSNNAQQELYLTDVIAILRSDGQTVHASHVDDSALV 235
HumanUAP DMERRGVEFVHVYCVDNILVRLADPVFIGFCVLOQGADCGAKVVEKAYPEEPVGVVCQOVDG 300
HumanGNAl = =  ——cmmmmmmmmmee KQLGKLLLSTLTLLSKKLNCYKITLECLPQN-VGFYKKFG- 169
MtbG1lmU AGVNNRVQLAELASELN-RRVVAAHQLAGVTVVDPATTWIDVDVTIGRDTVIHPGTQLLG 294
HumanUAP VPQVVEYSEISPETAQLRASDGSLLYNAGNICNHFFTRGFLKAVTREFEPLLKPHVAVKK 360
HumanGNAl = = e YTVS==EENYMCRRFLEK===—c e e e = 184
MtbG1lmU RTQIGGRCVVGPDTTLTDVAVG---DGASVVRTHGSSSSIGDGAAVGPFTYLRPGTALGA 351
HumanUAP VPYVDEEGNLVKPLKPNGIKMEKFVFDVFRFAKNFAALEVLREEEFSPLKNAEPADRDSP 420
HumanGNAl = =  ———— -
MtbG1lmU DGKLGAFVEVKNSTIGTGTKVPHLTYVGDADIGEYSNIG--ASSVFVNYDGTSKRRTTVG 409
HumanUAP RTARQALLTQHYRWALRAGARFLDAHGAWLPELPSLPPNGDPPAICEISPLVSYSGEGLE 480
HumanGNAl = =  ——————m e
MtbG1lmU SHVRTGSDTMFVAPVTIGDGAYTGAGTVVREDVPPGALAVSAGPQRNIENWVQRKRPGSP 469
HumanUAP VYLQGREFQSPLILDEDQAREPQLQES 507
HumanGNAl = =  ————mmmmmmmmmmmm
MtbG1lmU AAQASKRASEMACQQPTQPPDADQTP- 495

Figure. 2.2. Protein alignment of GImUy, with human Glucosamine-6-phosphate N-
acetyltransferase (GNA1 or GNPNATI1) and human UDP-N-acetylhexosamine
pyrophosphorylase-like protein 1 (UAP or UAP1L1) enzymes.

Additionally, in eukaryotes UDP-GIcNAc can also be utilised for the sialic acid
biosynthesis, GIcNAcylation of sugar epitopes and hyaluronic acid biosynthesis
[145-150]. While in prokaryotes it has been reported to be involved in many
pathways such as peptidoglycan, Lipid A subunit of lipopolysaccharide of gram
negative bacteria, Rha-GlcNAc linker, arabinogalactan, teichioc acid in gram
positive bacteria, sialic acid in selected bacteria, poly (-GIcNAc-), in som bacteria
and N- GlcNAcylation in few prokaryotes [94, 135, 151-153]. While in mycobacteria
UDP-GIcNAc was known to be utilized in peptidoglycan, arabinogalactan, Rha-
GlcNAc linker, lipid I and in mycothiol biosynthesis [90, 94, 154-156].
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2.3 N-acetyl-glucosamine-1-phosphate uridyltransferase (GlmU).

GImU, present exclusively in the prokaryotes, is a bi-functional enzyme, with
acetyltransferase and uridyltransferase activities catalyzed by the C- and N- terminal
domains respectively. The carboxyl-terminal domain of GlmU transfers the acetyl
moiety from acetyl CoA onto glucosamine-1-phosphate to generate N-
acetylglucosamine-1-phosphate (GIcNAc-1-P). The N-terminal uridyltransferase
domain of GlmU then catalyzes the transfer of UMP (from UTP) to GIcNAc-1-P to
form UDP-GIcNAc (Fig 2.4). Interestingly, eukaryotic and prokaryotic
acetyltransferase and uridyltransferase enzymes are quite distinct with little or no
similarity (Fig 2.2).

Acetyltransferase reaction (C-terminal domain)
GIcN-1-P + Acetyl CoA —» GlcNAc-1-P + CoA (1)
Uridyltransferase reaction (N-terminal domain)
GlcNAc-1-P + UTP — UDP-GIcNAc + PPi (2)

GImU is an evolutionary conserved protein, which is present both in gram-
positive and negative bacteria (Fig 2.3). GImU has been extensively studied earlier in
number of bacteria such as E. coli, H. influenzae, S. pneumoniae, and X. oryzae.
Importantly, UDP-GIcNAc synthesis is not present in some of the bacteria of
bacteroidetes phylum. Such bacteria utilize host resources such as sugar containing
food material in the gut or other GIcNAcylated secretary proteins from the

surroundings to synthesize their cell wall [157-159].

1 — L. coli™mU
1 — S pphiGnt
1 P, aeruginosa®mv

0.922 I B. subtilisGmU

S. pneumoniaeSmt
C. glutamicummv

1 . 0_995I M. tuberculosisGimU
0.926 M. bovisG™mU

M. marinumimU

0.991

M. smegmatis©mU

0.2

Figure. 2.3. Phylogenetic tree showing evolution of GlmUyy, and very little differences
among GlmU from various bacteria.
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Figure. 2.4. M. tuberculosis GlImU structure: (A) Trimeric structure of GImU,, , each monomer is in
different colour. Arrows showing GImU,,, catalysed reactions (shown beside the structure): acetyltransfer-
ase reaction at C-terminal and uridyltransferase reaction at N-terminal domain. (B) Monomer of GImU
representing various domains and regions of GImU, .
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Table 2.2: Crystal structures information of GImU from different bacteria.

Bacteria Ligand for co- Domain PDB-ID Ref/year
crystal
Yersinia pestis Apo Both 3JFWW 2012
Yersinia pestis GIcN-1-P Acetyltransferase 4FCE 2012
M. tuberculosis Apo Both 3DK5 | [99]
M. tuberculosis UDP-GIcNAc Uridyltransferase 3DJ4 | [99]
M. tuberculosis ATP Uridyltransferase 4K6R | [160]
M. tuberculosis CoA, GlcN-1-P and Both 3ST8 [3]
UDP-GIcNAc
M. tuberculosis Ac CoA and UDP- Both 3SPT | [3]
GlcNAc
M. tuberculosis UDP-GIcNAc, PPi Uridyltransferase 4G3S | [161]
M. tuberculosis GlcN-1-P Acetyltransferase 4HCQ | [l61]
H. influenzae Allosteric inhibitor Uridyltransferase 2vD4 | [162]
H. influenzae Quinazoline Uridyltransferase 2WOV | [162]
Compound
H. influenzae Aminoquinazoline Uridyltransferase 4E1K | [163]
Compound
S.pneumoniae Arylsulfonamide Acetyltransferase 4AAW | [164]
compound 4AC3,
S.pneumoniae Ac CoA Acetyltransferase 1HMO, | [165]
1HMS
S.pneumoniae Apo Both 1G95 | [166]
S.pneumoniae UDP-Gch;IAc and Uridyltransferase 1G97 | [166]
Mg™
E. coli UDP-GIcNAc Uridyltransferase IFWY | [167]
E. coli Ac CoA and UDP- Both IHV9 | [168]
GlcNAc
E. coli UDP-GIcNAc, Both 2017 [169]
desulpho-CoA and
GIcNAc-1-P
E. coli UDP-GIcNAc, CoA Both 2016 [169]
and GIcN-1-P
E. coli UDP-GIcNAc and Both 2015 | [169]
Acetyl-CoA
E. coli Arylsulfonamide Acetyltransferase 4AA7 | [164]
compound
E. coli Sulfonamide Acetyltransferase 3TWD | [170]
inhibitors

Crystal structures of GImU in either Apo or in complex with the
substrates/inhibitors have been solved from different organisms. These structures
provided insights into the active site residues, the mechanism of acetyl and
uridyltransferase activities and binding mode of different class of inhibitors. The first

structure to be solved was that of E. coli GImU, which provided structure of the N-
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terminal domain that contains uridyltransferase active site and its kinetics [167].
Crystal structure of S. pneumoniae GlmU, solved in 2001 described the
acetyltransferase activity and its mechanism [165]. Over the next few years,
structures of GlmU with various substrates in from E. coli, S. pneumoniae, H.
influenzae, M. tuberculosis and Yersinia pestis have helped in delineating the mode
of substrate interaction and provided insights into the kinetic mechanism of the
reactions (Table 2.2). Interestingly none of these structures were either in complex
with UTP or GIcNAc-1-P. Recently Dr. Prakash’s group obtained crystal structure
snapshots of GImU at different time points after soaking the GImU crystals with the
substrates of uridyltransferase activity (GlcNAc-1-P and UTP). These snapshots
allowed modelling of the products- pyrophosphate (PPi) and UDP-GIcNAc at the
active site. Co-crystal of GImU with ATP has shown that, while uridyltransferase
active site can accommodate other nucleotides, it has very low biochemical
efficiency [160]. Structures with acetyltransferase substrates could only be solved
when the N-terminal domain of GImU was also occupied with the final product
UDP-GlcNAc [3].

M. tuberculosis GlmU (GlmUpyy) 1s a trimeric and bi-functional enzyme of
495 amino acids. The N-terminal uridyltransferase domain (1-249 aa; globular
domain made up of a-helix and B-strands) and the C-terminal acetyltransferase
domain (271-495 aa made up of and LPH-sheets) are separated by a hinge region
(250-270 aa; a-helix only). First reaction (acetyltransferase) of GImUyy, is catalyzed
by the C- terminal domain, in which the acetyl group from acetyl-CoA is transferred
to the glucosamine-1-P sugar (SN, reaction mechanism) to generate N-
acetylglucosamine-1-P (GIcNAc-1-P). Next GlcNAc-1-P diffuses to the N-terminal
uridyltransferase domain, wherein the UMP from UTP is transferred to GIcNAc-1-P
to generate UDP-GIcNAc [3]. GlImUyp, has a unique C-terminal tail (437-495 aa; o-
helix only), which is absent in orthologs GImU protein sequences from other
organisms. Hinge region interacts with uridyltransferase active site and substrates
glucosamine-1-P and acetyl-CoA. Unique C-terminal tail was shown to have
important role in the acetyltransferase activity [99]. The loop region in the vicinity of
the both the active sites play important roles in catalysis. Loop region in the C-

terminal from Asn397 to Thr406 interacts with acetyl-CoA and stabilizes it during
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the acetyltransferase reaction. It helps in transferring the acetyl group. Second
(Ser98-Asnl107) and third (Ser197-Leu208) loop regions at the uridyltransferase
active site hold the active site confirmation and provide required interactions with the
substrates UTP and GIcNAc-1-P. Hinge region fixes the location and the movement
of the N-terminal lobe and thus provides appropriate volume and area for the
substrates to enter.

Kinetic modelling studies predicted higher affinity for the product UDP-
GlcNAc towards uridyltransferase active site domain compared with the substrates
UTP and GlcNAc-1-P [171]. Two Mg ions also play a critical role in stabilizing
the interaction of the substrate (UTP) and the product (UDP-GIcNAc) at the active
site [161]. Cysteine residues (Cys307 & Cys324) at acetyltransferase domain have
also been found to be essential for the acetyltransferase activity of E. coli GImU

[172] although, there are no such Cys residues are present in GlmUyy, (Fig 2.6).

Mtb 301 RCVVGPDTTLTDVAVGDGAFVVR-THGSSSSIGDGARVGPFTYLRPGTALGADGKLGAFV 359
E.coli 289 RVKIGTGCVIKNSVIGDPCEISPYTVVEDANLAAACKIGPFARLRPGAELLEGAHVGNEV 348
* LI S L AH * eelai. zhkdhz wkkAhz X aazz¥ W¥
C307 C324

Figure. 2.6. Sequence alignment of M.th.-GlmU with E. coli-GlmU: Representing the
important Cys residues (Cys307 & Cys 324) at acetyltransferase domain of E. coli GImU and
presence of Ala residues in M.tb.-GlmU at that place.

MenginLecreulx D et al. (in 1993) determined the biochemical parameters
and elucidated its role of GImU in the cell wall biosynthesis by deleting g/mU gene
from E.coli [173]. Next the regulation of g/mUS operon was determined, which
shows that NagC protein acts in a co-ordinated way to activate and repress the
transcription of glmUS operon [174]. While the initial studies clearly showed that
GImU is a bi-functional and trimeric protein, its importance for the survival of the
bacilli was not determined. Gehring et al. shows first time that both the activities
could be separated in E. coli GImU and the individual domains are biochemically
active [175]. Pompeo F et al. found that trimerization of E. coli GImU is essential for
the bacterial survival by complementing both domains individually in g/lmU mutant
bacteria [176]. Earlier reports of high throughput screening in M.th. predicted
GlmUpy, as an essential gene [177]. Zang W et al. demonstrated the essentiality of

GImU in M. smegmatis by generating a temperature sensitive gene knock down
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strain. This report also standardized a microtiter plate assay to study both the
activities of GlmUys reactions [115]. Parikh A et al. identified GlmUyy, to be a
substrate of PknAyp & PknByg, and showed that the phosphorylation of GImUyy, at
the acetyltransferase domain results in reduced acetyltransferase activity [99] (Fig
2.5).

2.4 GImU: Inhibitors development.

Work on E. coli and M. smegmatis GImU suggested that glmU is an essential
gene and its removal would result in bacterial death. Extensive structural and
biochemical data have enabled design and development of inhibitors targeting GImU
in pathogenic bacteria. These include aminoquinazolines, quinazolines, sulfonamide,
arylsulfonamide and many other derivatives. Arylsulfonamide containing
competitive (to acetyl-CoA) inhibitors were developed against acetyltransferase
active site of E. coli GImU and the co-crystal structure was determined [164]. With
the help of in silico approach, Mehra R et al. have identified and optimized inhibitors
against E. coli GImU. Structure, ligand, pharmacophore and QSAR based approach
followed by in silico and in vitro screening was used to identify eight potential
inhibitors against acetyltransferase active site of E. coli GImU [178]. In a high
throughput screening by Pereira MP et al. identified 37 new competitive inhibitors
against acetyl-CoA [179]. However till date no inhibitors have been developed
against the uridyltransferase site of E. coli GImU. Series of competitive (to UTP and
GlcNAc-1-P) and un-competitive inhibitors were identified against GImU of X.
oryzae, with their ICsy values ranging from 0.8 to 23.2 uM [178, 180]. GImU of H.
influenzae is very well studied compared with its orthologs from other bacteria.
Numbers of aminoquinazolines and sulfonamide compounds were found to be
effective inhibitors of uridyltransferase and acetyltransferase activities of H.
influenzae GImU [163, 170, 181]. Larsen NA et al. determined the co-crystal
structure of aminoquinazolines inhibitors with the H. influenzae GImU and showed
that it occupies UTP binding site and locks the GImU in Apo enzyme like form
[163]. Mochalkin I et al. discovered an allosteric site inhibitor (with 3-
aminopiperidine core; ICso 18 uM) for H. influenzae GlImU and determined its co-
crystal structure with GImU at 1.9 A resolution. This inhibitor bind to allosteric site

near to GlcNAc-1-P binding site and prevents the structural rearrangement that are
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critical for the enzymatic activity, thus paving way for the structure based drug
design with new mode of action [162].

Green OM et al. developed series of arylsulfonamide containing inhibitors
targeting the acetyltransferase activity of S. pneumoniae GImU. Co-crystal structure
with inhibitor revealed that it occupies the acetyl-CoA binding site, thus
competitively inhibiting the activity [164]. Aminoquinazolines inhibitors were
discovered against the uridyltransferase activity of M.tb. GlmU with the lead
inhibitor having an ICsy value of 74 uM [113]. In another study sugar substrate
analogs of acetyltransferase were used as inhibitors against M.th. GImU and some of
them were found to be competitive and un-competitive to GIcN-1-P [182]

Different prediction analysis also suggests series of molecules and
methodologies to design and develop new inhibitors against GImU. Singla D et al.
developed a new web server to predict inhibitors against GImU protein. In this study
QSAR and docking based models were developed based on 84 different compounds
from PubChem BioAssay (AID 1376) and 40 molecules were predicted to be
potential GImU inhibitors [183]. Taken together it can be said that GImU is an
essential gene and it could be a potential target for therapeutic intervention. Structure
functional analysis of M.tb. GImU and knowledge from already known co-crystals of
other bacterial GImU can be used to generate next generation of inhibitors against

GlmUMtb .
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Table 2.3: GImU from different bacteria targetted for inhibitors designing.

Organism Site Mechanism | Analogs of PDB Reference
targeted ID
E. coli Acetyl- Competitive Acetyl-CoA 4AA7 | [164]
transferase (arylsulfonamide)
Competitive | Acetyl-CoA [179]
uncompetitive | GIcN-1-P
Not evaluated | Acetyl-CoA [184]
GIcN-1-P
X. oryzae Uridyl- Competitive, | GlcNAc-1-p [180]
transferase | non- and UTP
competitive,
and un-
competitive
Competitive | GlcNAc-1-p [178]
and un- And UTP
competitive
H. influenzae Acetyl- Competitive Scetyl-CoA [170]
transferase (sulfonamide
inhibitors)
Competitive | Acetyl-CoA [181]
(sulfonamide
inhibitors)
Uridyl- Competitive | UTP 4E1K | [163]
transferase (aminoquinazolines)
Allosteric Small molecule 2VD4 | [162]
inhibitor
S. pneumoniae | Acetyl- Competitive | Acetyl-CoA 4AC3 | [164]
transferase (arylsulfonamide) 4AAW
M. tuberculosis | Acetyl- Competitive | GIcN-1-P [113]
transferase and un-
competitive
Uridyl- Not evaluated | UTP [182]
transferase (aminoquinazolines)
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3.1 Defining the problem and purpose of the study.

Mycobacterium tuberculosis (M.th.) is a very old, dynamic, deadly,
widespread and challenging pathogen to human. The co-evolution of M.tb. with
humans for long period has resulted in extensive evolutionary adaptation, which
facilitated Mtb survival inside the lungs and established it as a potent pathogen. [1, 2]
and such a long association of this pathogen with human race has resulted in
evolution of various offensive and defensive tactics in the bacterium to sabotage the
host immune system [185]. In 2013 almost 9.0 million cases were reported with
16.67% mortality rate. Amongst the reported cases in 2013, 3.5% cases were of
MDR-TB (WHO report 2014). Increasing death rate is alarming that attempts to
combat TB must speed up with new sets of therapeutic targets and therapy not only
against active bacilli but also against latent M.tb. A variety of signalling and
metabolic pathways participate to sustain the pathogenic nature of M.tb. These
include nutrient metabolism and catabolism, synthesis of cell wall, secretion of
different bio-molecules, DNA and RNA synthesis etc. Most of these pathways are
very crucial to sustain M.th. inside the host and hence facilitate its success as a
pathogen.

Cell wall of M.th. gives essential flexibility to bacteria to adjust during
division, growth and infection. M.tb. cell envelop includes three defined cell layers
made up of plasma membrane, a cell wall made up of peptidoglycan that contains
meso-DAP, and an external layer of myco-capsule which contains mycolic acid,
unique arabinogalactan and lipoarabinomannan [186-188]. Synthesis of cell wall
requires various enzymes from cytoplasm and inner or outer side of cell membrane.
Many of these enzymes have been used or are proposed as therapeutic targets; hence,
understanding of the key pathways for the synthesis of these outer layers would pave

a way ahead for new drug targets.
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Synthesis of UDP-GIcNAc is central for the cell wall synthesis and the
process remained essentially conserved in prokaryotes during the course of
evolution. N-acetyl-glucosamine-1-phosphate uridyltransferase (GlmU) 1is a
homotrimer, bi-functional and essential bacterial enzyme which holds a key role in
de novo production of the essential metabolite UDP-GIcNAc in M.th. [175, 189].
Carboxy terminal domain of GImU (LBH structure) catalyzes acetyltransferase
activity in which acetyl moiety, from acetyl CoA, transfers onto glucosamine-1-P
thus generating GIcNAc-1-P (reaction 1). GIcNAc-1-P further diffuses to the N-
terminal uridyltransferase domain (rossmann folded) of the GImU, where UMP from
UTP transfers onto GlcNAc-1-P and finally producing UDP-GlcNAc (reaction 2)
[189].

Acetyltransferase reaction (C-terminal domain)
GIcN-1-P + Acetyl CoA — GIcNAc-1-P + CoA 1)
Uridyltransferase reaction (N-terminal domain)
GlcNAc-1-P + UTP — UDP-GIcNAc + PPi (2

This UDP-GIcNAc is further metabolized in multiple pathways to generate
peptidoglycan, lipid A, arabinogalactan, Rha-GIcNAc linkers, lipoarabinomannan
and mycothiol in Mth [88, 155, 190-194]. As there is no comparable enzyme in
human, therefore, targeting gimU would be valuable for new therapeutic intervention
against TB [171, 195, 196].

Despite many studies, there are no starting point molecules which target
GImUyy, specifically. Also further insights in to the functional significance of
GImUyy, during active TB infection and latency were still absent. GIcNAc can be
resupplied, to form UDP-GIcNAc, from alternative connecting pathways of cell wall
reutilization [68] or from GIcNAcylated proteins of host (bacteroidetes phylum)
[197, 198]. Therefore, in order to establish GImUyy, as a new potential drug target, it
is important to understand that how UDP-GIcNAc synthesis by GImUyy, gets
regulated during various stages of growth and infection inside the host.

In this study, following major questions were aimed to investigate the role of

GImUpyy in bacterial survival, infection and new inhibitor development.
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3.2 Objectives and plan of work

3.2.1 Structural and biochemical characterization of GImU .

3.2.2 Dissecting the role of GlImUyy, in arbitrating the survival of the pathogen.
3.2.3 Design and development of new anti-GlmUyyy, inhibitors.

(3.2.1.) Structural and biochemical characterization of GlmU .

Crystal structure was determined in collaboration with Dr. Balaji Prakash
(ITT-Kanpur) and biochemical aspects of GImUy, were performed by us. Followings
are the main objectives of this research.

I.  Characterizing the active site of acetyltransferase activity at the C-terminal
domain.

ii.  Determining the unique features (short C-terminal o-helix tail, uncommon
mode of binding pattern of acetyl-CoA) of the C-terminal domain of
GlmUygp,.

iii.  Identifying the PknBy, mediated phosphorylation site on GImU .

iv.  Characterization of the uridyltransferase active site of GImU .

Results.

Important residues (H374A, N397A and S416A) were mutated and checked
for their biochemical activities and kinetics using malachite green assay. Both H374
and N397 were found to play central role in acetyltransferase reaction. Additionally,
the conformation of bound acetyl-CoA in GlmUyy displayed unique ‘U’ shaped
pattern in compared with the ‘L’ shaped conformation in GImUEg ;. The importance
of U shaped conformation was confirmed by generating mutations at the interacting
residues R439T, A451R and their double mutant (R439T+A451R) or tetra mutant
(R439T+A451R+1457K+R455T). Further, we found that a short helix present at the
C-terminal extension provides a key tryptophan, which appears to be critical for
acetyl-CoA binding and acetyltransferase activity as well. This was validated by
generating different truncation mutants (A15, A25, A30 and A37) and W460A point
mutant or by chimeric GlImUyy, proteins consisting of C-terminal tail of GImUg i or
vice-versa. With the help mass spectrometry, we identified T418 and T156 to be the
major and minor PknB target sites on GlmUy. We have generated phohoablative
(T418A) and phosphomimatic (T418E) and T418S mutant, which retain the hydroxyl
group, and deciphered how T418 phosphorylation down regulates the
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acetyltransferase activity. Characterization of uridyltransferase active site was carried
out by mutating important residues (based on the crystal structures) like R19A,
K26A, D114A/E and N239A, which play a role in stabilizing the Mg™ ion and the
substrates, decreased the uridyltransferase activity. Thus characterization of both
active sites provides a base towards developing new sets of inhibitors targeting
GImUwyp.

(3.2.2.) Dissecting the role of GImUyy, in arbitrating the survival of the pathogen.

Based on the transposon mutagenesis studies glmUpw, was predicted to be an
essential gene. The present study was undertaken to see the effects of depleting
GlmUypyy, on pathogen survival in the host animal. Objectives of this study were:

Further there are no studies investigating the question of whether both the
activities of GlmUyy, are independently essential for the growth or survival of the
bacterium.

I.  Generation and validation of conditional gene replacement mutant in H37Rv
and mc?155.
ii.  Investigating the role of GImUyy, in modulating the in vitro growth of M.tb.

(in normaxic or hypoxic conditions).

iii.  Determining the impact of GImUy, depletion on ¢ bacterial cell morphology
in normoxic and hypoxic conditions.
iv. To investigate if both uridyltransferase and acetyltransferase activities of

GlmUyyy, are essential for pathogen survival.

V. Investigating the role of GImUyyy, in survival of pathogen in THP-1 (ex vivo)
or in mice/guinea pig (in vivo) infection model.
Results.

We present the results of a comprehensive study dissecting the role of
GlmUpyy, in arbitrating the survival of the pathogen both in vitro and in vivo. We
have generated a conditional gene replacement mutant of glmUpyp and find that
depletion of GImUyy, at any stage of bacterial growth (normoxia or hypoxia) results
in irreversible bacterial death due to perturbation of cell wall synthesis. SEM analysis
revealed severe morphological perturbations in the absence of GlmUyyp, with the
bacilli showing wrinkled surface and fused cells. TEM analysis showed that whereas

in Rv and RvAgImU cell wall structure and thickness are comparable, there was a
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marked decrease in cell wall thickness in RvVAgImU cells where GImUy, was not
expressed. Complementation studies show that both uridyltransferase and
acetyltransferase activities of GlImUyy, are essential for pathogen survival, and imply
that the only source of the metabolities GIcNAc-1-P and UDP-GIcNAc is through the
GlmUyy, mediated synthesis pathway. GlmUyy, is also found to be essential for
mycobacterial survival in THP-1 cells as well as in guinea pigs. We investigated the
effect of GImUyy, depletion from a fully-infected lung using murine infection model.
Interstingly, depletion of GlmUpg, from infected murine lungs led to radical
reduction in the bacillary load.

(3.2.3.) Design and development of new anti-Glm Uy, inhibitors.

GlmUpmyp and the acetyltransferase and uridyltransferase enzymes found in
eukaryotes share very little sequence similarity. Although efforts have been made by
different groups to target bacterial GImU proteins, the specificity of these inhibitors
for GImU in vivo have not been established. Therefore the main focus of this study
was the development and assessment of new anti-GlmUy, molecules based on our
structural, biochemical and biological knowledge. The objectives of the study were:

I.  Design and development of various inhibitors (Asinex inhibitors) against the
GlmUyy uridyltransferase allosteric site based on earlier reported crystal
structure.

ii.  Determination of various biochemical and biophysical parameters of the final
lead molecules.

iii. ~ MD simulation study of the lead molecule to predict the binding site on

GlmUpmgp.

Iv.  Cloning and purification of various mutants of binding site and determine
their ICs( values.

V.  Generation of GlmUyy, over expressing Rv strain to determine the specificity.

vi.  Efficacy and toxicity check of the lead compound.
vii.  Development and screening of inhibitors against the uridyltransferase
catalytic site.
viii.  Computational analysis and biophysical experimentation of the lead

molecule.
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Results.

In addition to the acetyltransferase and uridyltransferase active site pockets,
GImUyy also contains an allosteric site. Binding of any suitable molecule/inhibitor
to the allosteric site would prevent the conformational change essential for GImU ¢,
uridyltransferase catalytic activity. To target the allosteric site on GlmUy, we drew
on crystal structure data of H. influenza GImU (GImUyp;) bound to its allosteric small
molecule inhibitor. The Asinex database was screened against shape as described and
the resulting 43 hits were biochemically characterized for their ability to inhibit
GlmUyyy, uridyltransferase activity. One of the promising molecules was used for
further structural optimization. Of the 53 structurally optimized compounds one
molecule, namely (4Z)-4-(4-benzyloxybenzylidene)-2-(naphthalen-2-yl)-1,3-oxazol-
5(4H)-one (Oxa33), was found to be an efficient inhibitor of GlmUyy, activity with
an ICsp of 9.96+1.1 uM. Docking and MD simulation studies revealed polar, non-
polar and hydrophobic interactions between Oxa33 and the allosteric site residues.
Oxa33 inhibited the in vitro growth of M.tb. H37Rv with a minimum inhibitory
concentration (MIC) of ~75 uM (~30 pg / ml). To ascertain if this inhibitory effect
was due to inhibition of GImUyy, activity we overexpressed GlmUyy, in the cells
prior to drug treatment and determined the effect of this on the MIC value. In
concurrence with the in vitro growth data, overexpression of GlmUyy, alleviated
Oxa33-mediated clearance of M.tb. from THP-1 cells. Finally, we analysed the
efficacy of Oxa33 in clearing bacilli from infected lungs using a murine infection
model. The administration of Oxa33, a novel oxazolidine derivative that specifically
inhibits GlmUy, to infected mice resulted in significant decrease in the bacillary
load.

Inhibitors were also developed based on the substrates of uridyltransferase
activity of GlmUy. Crystal structure information was used to design 9 compounds
against UTP and GlcNAc-1-P. Extensive computational analysis and docking were
performed to determine the various parameters of these compounds. Out of these 9
inhibitors, compound no 4 was showing ICsy of 42.02 uM with a better K, value
(1.34 X 107). Compound no. 4 can be pursued as a lead molecule which needs to be

developed further to improve its efficacy.
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4.1 Chemicals and reagents.

Restriction enzymes and pfu DNA polymerase were purchased from New
England Biolabs. pENTR/ directional TOPO cloning kit (Invitrogen), pQE2
(Qiagen), were procured from the respective sources. Analytical grade chemicals and
oligonucleotide primers were procured from Sigma. Malachite green phosphate assay
kit (POMG-25H) was purchased from BioAssay System (Gentaur). Electron
microscopy reagents were purchased from Electron Microscopy Sciences. Media
components were purchased from BD Biosciences. Doxycycline hydrochloride was
purchased from Biochem pharmaceutical. [y—3 ’PJATP (6000 Ci/mmol) was
purchased from Perkin Elmer.

4.2 Cloning, mutagenesis and purification of GImUy 1/ mutanss

gImU from different organisms (M.tb H37Ryv, E.coli DH10B, S. pneumoniae, C.
glutamicum, and M. smegmatis) were PCR amplified from respective genomic DNA
using appropriate primers (appendix table for primers). Site directed mutations,
truncations and chimeras of glmUpwy, and glmUgc were generated with the help of
overlapping PCR or with normal PCR and the amplicons were cloned into Ndel-
Hindlll sites of pQE-2, pNIT (Kan® or ChI®) and pST-KT vectors. Nucleotide
sequences of the recombinants were verified by DNA sequencing. Recombinants
generated (appendix table for constructs) were used for expression and purification in
E. coli or[99] expression in mycobacteria (M.tb. or MS).

For protein purification pQE-2 clones were transformed into E. coli BL21
(DE3) CODON PLUS cells. Over expression and solubility were determined after
running on SDS-PAGE. Primary culture was grown overnight at 37°C. Secondary
culture was grown with aeration at 37°C to mid-logarithmic phase (0.6 ODggp). This
secondary culture was induced with 0.2 mM IPTG (isopropyl -D-thiogalacto-
pyranoside) at 18°C for 12 h. Cells were centrifuged at 4°C, 5000 rpm, re-suspended
in PBSG buffer at 1:10 ratio (1 g pellet in 10 ml lysis buffer; 1X PBS containing 5%
glycerol, 1 mM DTT and protease inhibitors) and sonicated (40 power, 45 sec pulse/

38



Material and methods

halt, 20 cycles) to lyse the bacteria. Lysates hence generated, were subjected to
centrifugation at 8,000 rpm for 30 min followed by 1 h centriguation at 10,000 rpm
at 4°C to obtain the clear supernatant. Hexa His tagged-GImU wr/mutants proteins were
trapped on pre-equilibrated Ni-NTA agarose (Sigma) column by incubating for 3.5 h
at 4°C on a twirler. Bound protein was washed with 10X column volume with the
buffer (PBSG + 500 mM NaCl, 1 mM DTT and protease inhibitors) and with 2X
column volumes of the elution buffer (25 mM Tris-Cl pH 8.0, 5% Glycerol, 140 mM
NaCl, 1 mM DTT and protease inhibitors) containing 10 mM and 25 mM imidazole.
Finally His tagged proteins were eluted with the elution buffer containing 200 mM of
imidazole followed by dialysis against the storage buffer (25 mM Tris-Cl pH 7.4,
140 mM NaCl in, 15% Glycerol; buffer is changed 3 times at 6, 9 and 12 h during
the dialysis). Purified proteins were aliquoted, estimated with the help of Bradford
method and stored at -80°C till further usage.

4.3 Molecular dynamics simulations for GlmUyp: A30 and A35.

The crystal structure of GlmUyy in complex with acetyl-CoA (PDB ID:
3SPT) was used to get the initial coordinates of unleganded GlmU . To cope with
the CPU time required for the simulations, the enzyme was truncated to include only
the C-terminal acetyltransferase domain. Since the two domains that catalyze the two
reactions in GlmUyyy, are independent, this premise was convincing. The three LBH
domains of the monomers that form the trimer were included, as the acetyltransferase
active site has contributions from all the three. Last 30/35 amino acids were deleted
at the C-terminal tail to generate model for GlmUyy,: A30/A35 constructs. The
protein structure was solvated with box of dimensions 70.504 A x 88.108 A x 96.459
A having TIP3P water molecules. The system was neutralized by the addition of 7
CI' counter ions. The whole protein was treated with Parm99 version of the force
field. Preliminary minimization of the water shell was followed by the minimization
for the entire system. Each MD simulation was carried out for 1 ns, using constant
pressure at 1 bar (NPT simulation) to equilibrate the density. This was followed by a
2 ns simulation at constant temperature (300 K) and constant volume (NVT
simulation). The simulation was carried out using a 12 A cut-off for non-bonded
interaction. A time step of 1 fs was used and SHAKE algorithm was used to

constrain the bond lengths between hydrogens and heavy atoms [199]. In this way,
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MD simulations were carried out for GlmUyp,: A30 and A35 constructs using
AMBERO09.
4.4 Acetyl and uridyltransferase assays.

Uridyltransferase assays were performed in an 8 or 30 ul reaction volume
containing 25 mM HEPES buffer (pH 7.6), 10 mM MgCl,, 1 mM DTT with 0.5 mM
GlcNAc-1-P and 1 mM UTP, 0.04 U thermostable inorganic pyrophosphatase (TIPP)
and varying concentrations of GlmUyy, or GlmUyy, mutants for 30 min at 30°C.
Reactions were terminated by incubating at 65°C for 30 min and the product formed
was estimated by malachite green phosphate assay kit according to the
manufacturer’s recommendation. In the malachite green assay, thermostable
inorganic pyrophosphatase (TIPP) hydrolyses inorganic pyrophosphate PPi (one of
the products of uridyltransferase reaction) into two inorganic phosphates (Pi). This Pi
thus released reacts with the ammonium molybdate to generate phospho-molybdate
which reacts with malachite green in the reaction mix to give a blue green coloured
product that can be estimated at 620 nm.

The acetyltransferase activity of GlmU was monitored in a coupled assay,
wherein the end product of second reaction, PPi was detected with the help of
malachite green assay. Briefly, the 8 or 30 pl reaction acetyltransferase assay mix
contained 25 mM HEPES buffer (pH 7.6), 10 mM MgCl,, 1 mM DTT with 1 mM
GlcN-1-P and 1 mM acetyl-CoA. Subsequent to 30 min incubation at 30°C, reactions
were terminated at 65°C for 30 min. The product, GIcNAc-1-P, was estimated by
performing coupled uridyltransferase assay in a reaction containing 0.04 U
thermostable inorganic pyrophosphatase, 1 mM UTP and 20 pmoles of GImUyp:1-
352 deletion mutant [99], which was estimated with the help malachite green
phosphate assay kit.

4.5 Determining the kinetic parameters (K,, and V,,.) for the acetyltransferase
activity.

In order to determine the kinetic parameters of the acetyltransferase active
site, either acetyl-CoA or GIcN-1-P was varied while keeping the other substrate at 1
mM. Concentration of the enzyme, GlmUyy or the acetyltransferase active site
mutants or GImUgc, used for the reaction, was determined by performing range

finding experiments. The reactions were performed for 30 min at 30°C followed by
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termination by heating it at 65°C for 30 min. The product GlcNAc-1-P formed was
measured by coupling this reaction with uridyltransferase assay as described above.
Unit activity of the enzyme was defined as the nM of product formed/min/pmole of
the enzyme. GraphPad prism software was used for non-linear regression analysis to
compute the Ky, and Vpax values.

4.6 Generation of glmU conditional gene mutant in M. tuberculosis.

Conditional gene mutant of glmUyy, was generated by providing additional
copy of glmUwmyp under externally regulated Tet-off promoter at attP site. As the
tetracycline-inducible system is an effective means to regulate gene expression, we
introduced the integration-proficient pST-KirT-glmU construct (wherein glmUp,
gene was cloned under a promoter that shuts down upon ATc addition) into M.tb.
H37Rv. For this the hexa-His tag in the pST-KiT construct [200] was replaced with
an N-terminal FLAG tag, and the tetracycline repressor gene (tetR) was replaced
with a reverse tetR (rtetR) from pTC28S15-OX (Addgene # 20316) [201] to create
plasmid pST-KirT (see vector map in appendix).
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Figure. 4.1. Schematic diagram of glmU gene deletion mutant generation.
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To generate the integrating shuttle plasmid, pST-KirT-gImUpmw, the gimUmp
gene was excised from pQE2-gImUwmy, using Ndel-Hindlll digestion and was sub-
cloned into the corresponding sites on pST-KirT. The integration-proficient plasmid
containing the inducible gimUyy, gene was electroporated into mycobacterial cells to
create the merodiploid strain Rv::glmUpqp.

Whereas the expression of GImU)yy from its native locus remained unaltered,
the expression of FLAG-GImUyy in Rv::gImU strain was drastically compromised
in the presence of ATc (Western blot inset, Fig 6.2A). For allelic exchange substrate
preparation 5 and 3’ genomic flank sequences of gImUwp (approximately 1 kb on
either side) were amplified, the amplicons digested with PfIMI, and ligated with the
antibiotic resistance cassette (sacB/hyg®, ~3.60 kb) and the oriE fragment containing
A cos sites (~1.6 kb) from obtained by digesting pYUB1474 construct with PfIMI
(appendix vector map), to generate the allelic exchange substrate (AES). The AES
was linearized using the unique Pacl site and cloned into the corresponding site in
temperature sensitive shuttle phagemid phAE159. Phagemid phAE159 (51 kb) is
derived from Mycobacteriophage TM4. This phage was customized by removing
non-essential genes and incorporating OriE and ampR genes and a single 4 cos site
between Pacl sites. A cos site (12 bp conserved sequence) can be identified by the
terminase enzyme which is present at the junction of the phage head, and nicks the
phage DNA at 4 cos site. This event warrants the packaging of the single DNA
molecule inside the phage head. Ligation product (phAE159-gImU-AES) were
transduced into E.coli HB101 cells and phagemids were isolated using mini prep kit
(Qiagen). Positive recombinant phagemids were electroporated in mc?155 strain.
Electroporated phagmids were mixed with the actively growing culture of mc?155
and incubated at 30°C for 3 days. Generated phages were checked for the
temperature sensitivity by replica plating and incubating the plates at 30°C or 37°C
(Fig 4.1). High titre phages were prepared by repeated extractions from multiple
plates. Phage titres (PFU; Plaque Forming Units) were calculated by following
formula.

PFU/ml = 10 x (number of plaques) x dilutions factor

Merodiploid strain of Rv::gImU was transduced with the temperature

sensitive phages [202, 203]and selected at non-permissive temperature 37°C to drive
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the recombination. Colonies obtained 35 days post plating were screened by patching
on 7H11 plates with and without anhydrotetracycline (ATc, 1.5 pg/ml). The fidelity
of homologous recombination at the native locus was confirmed by amplification
across the replacement junctions using appropriate primers.

4.7 Analysis of growth patterns and western blotting.

M. tuberculosis was cultured and maintain at BSL-3 facility following the
rules and regulations approved by the institutional bio-safety committee (NII, New
Delhi). H37Rv (Rv), RvAgimU or RvAgImU.:glmUwt/mutants cultures were grown in
Middlebrook 7H9 medium supplemented with 10% ADC (albumin, dextrose and
catalase) or on 7HI11 agar medium supplemented with 10% OADC (oleic acid,
ADC). To analyze bacterial growth in vitro, Rv and RvAgImU bacterial cultures were
inoculated at Aggo of 0.1, in the presence or absence of anhydrotetracycline (ATc),
and Agoo was measured every 24 h for 6 or 8 days. For spotting analysis, cells were
harvested by centrifugation, washed twice with PBST (0.05% Tween 80) to remove
ATc, re-suspended in 7H9 medium, and serially diluted in the same medium,
followed by spotting 10 pl aliquots of the various cell dilutions on 7H11 agar plates
to assess cell viability after 21 days. In order to determine the role of GlmUyy, at
different growth stages of M.tb., GlmUyy was depleted on different days post
inoculation by the addition of ATc and Agyp was measured every day (cultures were
diluted 10 times with media when the Agy was beyond the detection range). All
experiments were performed in triplicate and the average Agoo readings were plotted
as the function of time. To investigate the ability of glmU wild type, truncation and
point mutants to rescue growth upon depletion, Rv or RvAgimU. :glmUyymutants Strains
were cultured in the presence or absence of ATc for 5 days followed by Agoo
measurement (n=3).

For the western blot analysis 50 or 100 ml of 7H9 + 10% ADC were
inoculated with Rv, RvAgimU or RvAgimU::glmUwtimutants at Agoo of 0.1 and the
cultures were allowed to grow for 5 days in presence or absence of ATc. Bacteria
were pelleted down and re-suspended in 0.8 ml 1x PBS with protease inhibitors.
Whole cell lysates (WCL) were prepared using mini bead beater (Biospec products)
with 0.1 mm Zirconia/ Silica (equal to the volume of bacterial suspension) beads

followed by centrifugation at 13,000 rpm for 1 h at 4°C. WCLs were resolved on

43



Material and methods

10% SDS-PAGE, transferred to nitrocellulose membrane, and probed with anti-
GImUpuy, and anti-GroEL1 antibodies as described earlier.
4.8 Hypoxia experiments.

To determine the impact of GlmUyy, depletion during hypoxia in Rv and
RvAgImU strains, hypoxia was established in 1.5 ml HPLC tubes or 500 ml flasks
with penetrable caps, following modified Wayne model [104, 204]. Cultures were
seeded at Agpo 0.1 in 7H9 media containing 10% ADC and 1.5 pg/ml of methylene
blue and left at 37°C with intermittent manual mixing. ATc (1.5 pg/ml) or isoniazid
(INH; 50 ng/ml) were injected into the cultures at different time points and the
number of CFUs were enumerated on day 0, 20 and 42.

4.9 Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM).

For SEM and TEM, imaging, bacteria were fixed with 4% paraformaldehyde
and 2.5% gluteraldehyde in 0.1 M Sodium cacodylate buffer (pH 7.3). Residual
fixative was removed by washing them twice with 0.1 M cacodylate buffer. For
SEM, samples were further treated with 1% Osmium tetraoxide for 2 h in the dark.
Dehydration was performed with gradually increasing concentrations of ethanol. The
samples were completely dried by final re-suspension in hexamethyldisilazane
(HMDS). 10 pl of the sample was mounted on autoclaved coverslip which was fixed
with carbon tap on metallic stubs and coated with gold followed by imaging using
Carl Zeiss Evo LS scanning electron microscope.

For TEM fixed bacteria were embedded in 2% agar blocks before
proceeding further. Samples were subsequently treated with 2% osmium tetraoxide
for 1 h followed by dehydration in graded series of ethanol (30%, 50%, 70%, and
100%) washes and infiltrated in Epon 812 resin and polymerised at 60°C for 72 h.
Ultrathin sections (70 nm — 90nm) cut using an Ultramicrotome, were placed on
copper grids and stained with 5% uranyl acetate and 0.2% lead citrate. Sections were
examined on Tecnai G2 20 twin (FEI) transmission electron microscope.

4.10 THPI infection.

THPI cells were maintained in RPMI 1640 (Gibco) supplemented with 10%

FBS, L-glutamine (2 mM), HEPES (10 mM) and PEN-STREP (1%). 5 x 10°/well

cells were seeded in a 24 well plate or on cover slips in a six well plate. Cells were
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treated with 10 ng/ml phorbol 12-myristate 13-acetate (PMA) in serum free media
for 24 h followed by 12 h recovery in complete media. Cells were infected with
either unlabelled or FITC labelled Rv, RVAgImU or Rv::gIMUon strains at a
multiplicity of infection (MOI) of 1:10 for 4 h followed by two washes with 1X PBS
and 2 h gentamicin (100 ug/ml) treatment to remove any extracellular bacteria. Cells
were washed twice with 1X PBS and re-suspended in complete media in presence
and absence of ATc (400 ng/ ml)/ Oxa33/ INH or 2.5% DMSO vehicle. For
examination of cells under a fluorescence microscope, infected cells (48 h post-
infection) were labelled with Lyso Tracker red DND 99 dye (50 nM) followed by
washing and, fixing (in 4% paraformaldehyde). Cells were mounted with the antifade
(Invitrogen) mounting agent and the slides were observed under confocal microscope
and the percentage co-localization was estimated. In order to enumerate CFU counts,
cells were lysed at different time points post infection with PBS containing 0.1%
TritonX100 at 37°C (15 min) and different dilutions were plated on 7H11 agar
containing 10% OADC plates. CFUs were determined after 21 days and plotted with
standard error of mean on GraphPad Prism 5.0.

4.11 Guinea pigs and mice infections.

25 ml cultures of Rv and RvAgImU strains grown till Agg of 0.6-0.8 were
spun down, washed twice with 1X PBS and re-suspended in 15 ml of 1X PBS. In
order to make single cell suspension, cultures were passed 10 times through 277
gauge needle and 20 ml syringe. Approximately 4 week old guinea pigs or 2 month
old mice of either sex were kept for one week in individually ventilated cages at
TACF, ICGEB, New Delhi for acclimatization. Each group (n=6 for guinea pigs and
n=6-12 for mice) were infected through aerosol route (with 10® CFU for guinea pigs
or with 2x10*® CFUs for mice) using Madison Aerosol Chamber (University of
Wisconsin, Madison, WI). To determine the implantation dosage, the bacillary load
in the lungs of 2 guinea pigs or 2 mice was determined 24 h post-infection. Lungs
were dissected out and homogenated in saline followed by plating on 7H11
containing 10% OADC and PANTA (namely Polymixin B, Aziocillin, Nalidaxic
acid, Trimethoprim and Amphotericin B from BD Biosciences). Both guinea pigs

and mice were properly fed and maintained at 25°C with regular light cycles.
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To investigate the impact of glmUpwyp depletion on survival of the pathogen,
doxycycline hydrochloride (Dox, 1 mg/ kg with 5% dextrose in drinking water) was
provided on every third day to Rv and RvAgImU infected animals, either from the
time of the infection up to 28 days (guinea pig experiment), or 4 weeks post-infection
up to 56 days (mice infection experiments, with equal CFUs in lungs). To assess the
impact of INH or Oxa33 treatment on pathogen survival, Rv-infected mice (4 weeks
post-infection) were supplied with INH (25 mg/ kg body weight, with 5% dextrose in
drinking water) or Oxa33 (50 mg/ kg body weight, with 2.5% Tween-80, injected
intra peritoneal) every third day for 8 weeks. Separate groups of uninfected or
infected mice with or without Oxa33 treatment were also maintained as necessary
controls. Bacillary loads in the lungs and spleens of infected guinea pigs and mice
were determined 4 weeks and 12 weeks post-infection. Experimental procedures for
mice and guinea pigs were approved by the Institutional Animal Ethics Committee of
National Institute of Immunology, New Delhi, India.

4.12 Histopathology.

During the dissection a section of lungs and spleen was separated and fixed in
10% neutral buffered formalin and stored at room temperature (RT). Organs were set
in paraffin wax and sections of five microns were cut using microtome. These
sections were fixed and double staining was performed with haematoxylin and eosin
(H&E). Coded samples were analysed by an experienced pathologist having no prior
knowledge of experiment. Evaluation of granuloma was performed both at 40X and
400X magnifications. Granuloma score was tabulated based on the presence of
granuloma with or without necrosis or fibrosis [205].

4.13 Determination of percentage inhibition, ICsy and MIC.

To determine the percent inhibition by different compounds (Asinex
molecules or oxazolidine derivatives) the enzyme (GlmUy,; 0.75 pmoles) was pre-
incubated with either 5% DMSO or 100/ 20 uM final concentration of compounds
for 30 min prior to performing uridyltransferase activity assays. In order to determine
the ICsy values, GImUyymytant proteins (0.75 pmoles) were pre-incubated in a 30 pl
reaction volume (with 20 pM of GlcNAc-1-P and 20 uM of UTP) with different
concentrations of Oxa33 compound for 30 min followed by the uridyltransferase

assay as described earlier. Colour change was estimated at 620 nm on ELISA plate
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reader (Labexim) using ScanPlus software. Further calculations were performed
using Microsoft Excel and plotted using standard error of mean on GraphPad Prism
5.0 software.

To determine minimum inhibitory concentration (MIC), 5x10° bacteria of Rv
or Rv::gImMUgton (overexpressing GlmUyy,) cultures (grown in the presence or
absence of 2 pug/ml ATc) were mixed with 100 ul of 2.5% DMSO or different
concentrations of Oxa33/ INH in 96-well plates, and incubated at 37°C for 6 days.
After 6 days, 40 pl of resazurin dye (0.02% in 5% Tween-80) was added to each well
and the colour change was observed after 12-24 h. The MIC was determined as the
lowest concentration of compound that completely inhibited cell growth (blue
colour).

4.14 In vitro kinase assays and phosphopeptide mapping.

In vitro kinase assays were performed by incubating 5 pmoles of PknB 339
and 25 pmoles of GImUyy, or GImU14184 in a 30 pl reaction in 1x kinase buffer (25
mM HEPES (pH 7.6), 10 mM MnCl,, 1 mM DTT) and 10 pCi [y->*P] ATP for 30
min at 30°C. Reactions were terminated by addition of 10 pl of 4x SDS sample
buffer. Samples were resolved on 10% SDS-PAGE and transferred to the
nitrocellulose membranes and subjected to autoradiography.

Peptide mapping was executed as described by Boyle [206] using Hunter’s
apparatus (CBS Scientific). Radio labelled bands corresponding to the
phosphorylated GlmUy;, were excised and digested with trypsin at 37°C. These
tryptic peptides were resolved on two dimensional thin layer cellulose
chromatography plates (2D-TLC) [206]. Peptides were electrophoretically resolved,
in the first dimension, based on their charges in pH 1.9 buffer (25 ml formic acid, 78
ml glacial acetic acid and 897 ml deionized water). Further dried 2D-TLC plates
resolved in the second dimension based on their Ry values in phosphor-
chromatography buffer (375 ml n-butanol, 250 ml pyridine, 75 ml glacial acetic acid
and 300 ml deionized water) and dried plates were subjected to autoradiography to
visualize the phosphopeptides as spots. For identification of phosphorylation site
using mass spectrometry, in Vitro kinase assays were carried out using 50 pmoles of
PknBj.330 and 50 pmoles of GImUyy, in a 200 pl reaction in 1X kinase buffer
containing 1 mM ATP for 1 h at 30°C.
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4.15 Identification of PknB targeted phosphorylation site.

In vitro phosphorylated GlmUyy, was resolved on SDS-PAGE and
commassie stained GImUyy, bands were excised for in-gel digestion. Gel pieces were
treated three times with de-staining solution (25 mM ammonium bicarbonate in 50%
acetonitrile) at 37°C for 30 minutes. Protein samples were reduced with 5 mM TCEP
followed by alkylation with 50 mM iodoacetamide for 1 h. Gel pieces were digested
overnight with 1 pg of trypsin gold (Promega) followed by clean up using zip tip
(Millipore). The dried peptides were dissolved in 5% acetonitrile containing 0.1%
formic acid. The tryptic peptide samples (~500 ng) were separated for each
experiment via Thermo Scientific Proxeon nano LC using a C18 analytical column
(Newobjective, USA), at a flow rate of 300 nl/min for 90 minutes. Running method
consists of acetonitrile gradient of 5 - 40% for 60 min, 80% for 10 min and finally
90% for 20 min using acetonitrile containing 0.1% formic acid. The LTQ Orbitrap
velos performed a full MS scan (RP 60,000) followed by nineteen Data-Dependent
MS/MS scans with detection of the fragment ions in the linear ion trap. Target values
were le6 for full FTMS scans and le4 for ion trap MSn scans. Supplemental
activation was used for all ETD MSn scans. Data analysis was performed using
Proteome Discoverer 1.3 software suite. For search engines SEQUEST, the peptide
precursor mass tolerance was set to 10 ppm and fragment ion mass tolerance to 0.8
Da. Carbamidomethylation on cysteine residues was used as fixed modification and
oxidation of methionine, deamidation of asparagine as well as phosphorylation of
serine, threonine and tyrosine was used as variable modifications. Spectra were
searched against Mycobacterium tuberculosis Uniprot database. The spectra were
also search against decoy database using a target false discovery rate (FDR) of 1%
for strict and 5% for relaxed conditions.

4.16 Shape based screening and molecular docking studies.

ROCS (Rapid Overlay of Chemical Structures), a shape based technique for
rapid similarity analysis through overlapping was used to assess the compounds. This
method considers both shape and a colour force field for the optimization of
overlaps. Gaussian and shape tanimoto scoring were used to assess the volume and
shape overlaps of the compounds, respectively. As the chemical functionality is

critical, the chemical feature based similarity was also considered using ROCS
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colour score whose force field was composed of SMARTS patterns of the chemical
functions [207, 208]. The shape tanimoto score and scaled colour score were
considered during the selection of the compounds for further virtual screening. The
compounds selected were subjected to molecular docking studies using Glide v5.8 of
Schrodinger molecular modelling suite 2012 (Glide v5.8, Schrodinger, LLC, New
York, NY, 2012). The compounds were subjected to a series of docking protocols
high throughput virtual screening (HTVS), standard precision (SP) and extra
precision (XP) docking. As the docking progresses from HTVS to XP, the algorithm
differs, which starts from a simple docking of compounds and ends with docking
protocol with high precision and parameterization while cutting off the number of
compounds.

4.17 Synthesis of 4-(4-(benzyloxy)benzylidene)-2-(naphthalen-1-yl)oxazol-5(4H)-
one.

To the glycine solution (3.0 g, 39.89 mmol) in water under constant stirring at
0°C, NaOH (3.19 g, 79.78 mmol) was added. This was followed few minutes later by
the addition of 1-naphthoyl chloride (7.20 mL, 47.86 mmol) in 1, 4-Dioxane (20 ml)
and the contents were stirred at room temperature for 6 h. The reaction mixture was
concentrated to half the volume and 60 ml EtOAc was added. The EtOAc layer was
washed with sat NaHCO; (2 x 30 mL) followed by H,O (2 x 20 mL). The separated
organic layer was dried and concentrated over anhydro Na,SO4 to obtain solid
compound, which was washed with hexanes to get 2-(1-naphthamido) acetic acid
(8.30 g, 90%) as a white solid (M.P. 152°C"). 2-(1-naphthamido)acetic acid (2.0 g,
8.73 mmol), NaOAc (0.21 g, 2.62 mmol) and 4-benzyloxybenzaldehyde (1.85 g, 8.73
mmol) were taken in acetic anhydride and heated at 106°C for 3 h. The solid formed
was filtered and washed with water to remove traces of acetic anhydride, and ethanol
to remove unreacted aldehyde and other organic impurities. Final compound 4-(4-
(benzyloxy)benzylidene)-2-(naphthalen-1-yl)oxazol-5(4H)-one (Oxa33; 3.14 g,
88%), purified as a yellow solid, was confirmed with nuclear magnetic resonance
(NMR) [209].

4.18 Isothermal titration calorimetry.
To investigate the binding of various ligands (such as inhibitors, GIcN-1P,

Acetyl-CoA, UTP, GIcNAc-1P or UDP-GIcNAc) to GlmUyy, Isothermal Titration

49



Material and methods

Calorimetry (ITC) was performed (MicroCal 2000 VP-ITC, GE Healthcare) [170].
GlmUyy, was purified and dialyzed into buffer containing 15% Glycerol, 140 mM
NaCl, 100 mM MgCl, in 25 mM Tris-Cl (pH 7.4) and 2% DMSO. Different
concentrations of ligands (625 uM of Oxa33/ 500 uM of compound 4 from second
set of Asinex inhibitors or 500 uM of GlcN-1P/ acetyl-CoA/ UTP/ GIcNAc-1P or
UDP-GIcNAc) were diluted in identical dialysis buffer. Ligands were injected for
titrations with syringe (rotating at 307 rpm) into ITC cell containing 25 puM of
GlmUypyy, or blank buffer at 25°C. Each injection lasted for 20 sec with 300 s interval
between every step. The quantity of heat associated with every injection was
calculated by combining the area beneath every heat burst curve
(microcalories/second vs. seconds). Data was corrected for the buffer signal and
fitting was done by one-site or two site binding model. Origin software (version 7.0)
was used to obtain different thermodynamic binding parameters.

4.19 In vitro cytotoxicity.

Oxa33 was evaluated for its cytotoxic activity in THP1 cells with the help of
alamar blue assay. Serially diluted inhibitors (in 2.5% DMSO) were incubated with 5
x 10° differentiated THP-1 cells in 96 well plates for 3 days. After 3 days cells were
incubated for 5 h with 10 pl of alamar blue and colour development was measured
using micro-plate reader at 570 nm.

4.20 Differential Scanning Fluorimetry.

10 pl of purified GlmUpg, (2 pg) was incubated with 500 uM of Oxa33 or
other inhibitors or 5% DMSO or various concentrations of substrates or products
(1000, 500, 250, 125 and 62.5 uM) of the reactions catalyzed by GlmUy,, in a
buffer containing 25 mM HEPES buffer (pH 7.6) and 10 mM MgCl, for 20 min at
room temp. 10X Sypro Orange in equal volume was added to the above mix and
incubated in BioRad CFX Connect™ real time PCR system for temperature scan
from 20°C to 95°C at 0.5°C/min with FRET filter settings. Sypro Orange dye binds
to the hydrophobic residues while protein is unfolding which gives fluorescence
(RFU). Results were analysed in BioRad CFX manager 2.1 software.

4.21 Docking and molecular dynamics simulations studies of GlmU g, with Oxa33.

Molecular dynamics (MD) simulation for the protein-ligand complex was

carried out for a time scale of 20 ns so as to analyze the stability of molecular
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interactions between the ligand and protein employing Newton’s Laws of Motions.
Desmond molecular dynamics system V3.1 was used for carrying out the simulations
employing OPLS-AA force field [210]. The protein-ligand complex was solvated
using TIP3P water model which was setup as an orthorhombic solvent box, keeping
a cut-off of 10 A from any solute atom in all directions [211]. Na" counter ions were
added in order to neutralize the system. A cut-off of 14 A was maintained for
calculating the solvent-solvent and solute-solvent non-bonded interactions. Initially,
the system was minimized keeping the convergence threshold criteria of 1.0
kcal.mol™".A™" so as to allow the adjustment of atoms to the system environment. A
simulation for each system was performed using isothermal-isobaric ensemble (NPT)
including a relaxation process. Under NPT, the system was simulated for 12 ps using
a Berendsen thermostat with temperature of 10K and a pressure of 1 atm. The later
step of relaxation protocol included the simulation of the system for 24 ps with a
temperature of 300 K and 1 atm pressure with and without restraints on solute heavy
atoms. M-SHAKE algorithm was used with an integration time step of 2 fs for
rearranging the hydrogen bonds in the simulation [212]. The temperature and
pressure of the system were maintained at 300 K and 1.013 atm respectively. The
molecular dynamics simulation was run for 20 ns recording the trajectory frames at
an interval of every 4.8 ps and the trajectory analysis was carried out using the
Simulation Event Analysis of Desmond.

4.22 Protein Preparation and Grid generation.

The crystal structure of GImUyy containing substrates, N-acetyl
Glucosamine-1-Phosphate (GlcNAc-1-P) and uridine triphosphate (UTP) (from IIT-
Kanpur) was processed using Protein Preparation Wizard module of Schrodinger 9.3
[3, 161]. This involved some parameters such as assigning bond orders as the protein
is large and contain two substrates, addition of hydrogens as pdb file does not contain
hydrogens, adjusting bond orders and formal charges for any cofactors if needed,
correcting mislabelled elements, adjusting the ionization and tautomerization states
of both protein and substrates etc. The crystallographic water molecules at distance
above 5 A were removed. However, the water molecules interacting with the active
sites were retained. Further, protein was optimized by an iterative process for the

hydrogen-bonding network by re-orienting the hydroxyl groups and amide groups of
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Asn and Gln, and choosing appropriate states and orientation of the imidazole ring of
Histidine residues using PROPKA [213]. In the next approach of protein preparation,
minimization of the protein was performed using OPLS 2005 force field up to
maximum deviation of 0.8 A before it was processed for generating grid
(Schrodinger Suite 2012 Protein Preparation Wizard). To soften the potential for
non-polar parts of the receptor, all atoms were scaled for van der Waal radii of 1.0 A
with partial atomic charges less than the cut-off value of 0.25 electron unit. The
binding region (grid) was defined with 14.32 A,-13.30 A, 43.25 A and 9.9 A-11.5
A,-36.6 A boxes, corresponding to X, Y and Z coordinates, over the co-crystallized
ligands GlcNAc-1-P and UTP present in the active site respectively.

4.23 Dataset Preparation.

Asinex database, containing 500,000 compounds downloaded from
http://www.asinex.com, was prepared using LigPrep module of Schrédinger 9.3 so as
to produce high quality structures with various ionization states, tautomers, stereo
chemistries and ring conformations (Schrodinger Suite 2012 Protein Preparation
Wizard). Epik was used to adjust the tautomerization and ionization states of
molecules at pH 7.0 £ 2.0. Generation of ligand conformers was done for all the
database molecules using ConfGen. All the molecules were minimized and energy
filtered using the OPLS 2005 force field, using a distance dependent dielectric
constant with a prefactor of 4. A maximum of 32 conformations for every ligand
were generated which were further used for screening.

4.24 Virtual Screening.

GImUyy, protein with GlcNAc-1-P and UTP was prepared in order to proceed
towards the docking studies. Initial filtering of molecules was performed in
accordance with the Lipinski rule of five for drug likeliness upon which virtual
screening workflow was applied. The virtual screening workflow, performed by
employing the Glide module of Schrédinger 9.3 (Schrédinger Suite 2012 Protein
Preparation Wizard), included the high throughput virtual screening (HTVS) of
Asinex molecules; followed by Standard Precision mode of docking (SP) thereby
retaining the top 10% hits. The retrieved molecules were further refined to exclude

false positives using the Extra Precision (XP) mode of docking.
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4.25 Docking using AutoDock Vina (ADVINA) and GOLD.

Compounds with better interactions and docking score selected from XP
protocol were preceded to docking with GImUyy, protein using AutoDock Vina
(ADVNa) [214] and GOLD [215] so as to better classify the compounds based on the
binding affinity and GOLD score. ADVna, non-commercial software available for
academic purpose, is highly preferred for providing protein flexibility by side-chain
movements of some predefined residues at the active site. The docking scores
obtained from ADVa represent the free energy of binding (4G) of the compounds
with which they can bind to the protein. Another docking program considered in the
present study was Genetic Optimization for Ligand Docking (GOLD) suite 5.2.

4.26 IFD and QPLD.

The docking studies, performed earlier, were carried out using a rigid
receptor type where the protein remains rigid and several conformations of ligand
molecules were docked to the protein active site. But in reality, considering the
solution state of a protein, it undergoes some conformational changes while
accommodating ligand at the active site either by side chain movements or backbone
movements. Therefore, in order to consider the flexibility of receptor and to obtain
far better realistic results from docking calculations, Induced fit docking (IFD) was
performed. Molecules that show good docking scores as conferred from the XP mode
of docking and having better interaction profile were considered in our IFD studies.
The steps involved in IFD protocol are: (a) Docking of molecules and retaining poses
(20 poses per ligand) having Coulomb-vdW score less than 100 and H-bond score,
less than —0.05; (b) Side chain prediction of the ligand-protein complex using Prime,
for residues present around 5 A of ligand pose and their minimization; (c) Re-
docking each protein-ligand complex within a specified energy of the lowest-energy
structure (30 kcal/mol).

Generally, ligands, in free-state, have partial charges over individual atoms
which will be varied during docking calculations owing to the presence of receptor
field. This polarization of charges on the ligand molecules by virtue of receptor
flexibility can be calculated by quantum mechanical (QM) calculations. The same
was applied for the selected molecules from XP docking studies and were subjected

to Quantum polarized ligand docking (QPLD). The QM/MM docking involves a set
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of steps such as: (a) Glide docking of the selected ligands to the protein; (b) Charge
calculation on the ligands induced by protein using QSite; (c) Redocking of the best
ligand poses with the protein.

4.27 Binding Free Energy Calculations.

All the free energy bindings were calculated using Prime-MMGB/SA
methods. The approach is well known for predicting the theoretical free energy of
binding for ligand molecules with protein receptor [216]. For calculation, docked
poses were energy minimized and energies were calculated using same OPLS 2005
force field employing the generalized-Born (GB)/surface area (SA) continuum model

for water as solvent. Equation 1 was used for computing the free energy of binding

(AGginding) as

AGginging = AE + AGsoy + AGsa Equation 1
Where, AE = Ecomplex — (Eprotein T ELigand) Equation 2
AGsoly = AGsolv complex — (AGsoly Protein + AGsolv Ligand) Equation 3
AGsa = AGsa complex — (AGsa Protein T AGsA Ligand) Equation 4

As for description of above terms used in the equations, E represents the
energy minimized states used in the calculations, Solv and SA represents the
solvation model and surface area associated energy respectively. Calculation of
entropy was ignored in the determination of AG. The requisite simulations using
GB/SA continuum model were carried out in Primev3.1. It should be noteworthy to
mention that for the computation carried out employing GB model, we have used
Gaussian surface instead of van der Waals surface scaling. The reason of above
being is that Gaussian surface represents better for solvent-accessible surface area
compared to that using van der Waals scaling [217].

4.28 Molecular Dynamics Simulations.

Binding estimates for ligand with the GlmUy, have been estimated from our
initial docking studies. To analyze and estimate the deviation in binding pose,
employing the receptor flexibility and using the quantum parameters, we have re-
exercised the docking studies using IFD and QPLD approach respectively. In order
to seek the depth of molecular interaction between ligand and receptor, we have
performed molecular dynamics simulation employing Newton’s Laws of Motions.

One lead inhibitor (compound 4) showing good inhibition was used in complex with
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GlmUypyy, in MD simulation for a time scale of 10 ns. Our main objective in this
regard is to explore the macroscopic properties in presence of solvent system (such
as temperature, pressure number of interacting atom pairs) which should be based on
its microscopic properties like bonded (distance, angle, dihedrals, improper) and non-
bonded properties (van der Waal and couloumbic). In a way to analyze the
simulation of compound 4 bound receptor complex, we have also run a 10 ns
molecular dynamics simulations for the GImUyy, crystal structure containing both
the substrates (GlcNAc-1-P and UTP). All the MD calculations were based on
OPLS-AA force field using Desmond [210]. The complex was solvated using TIP3P
water models in orthorhombic solvent box, with a boundary cut-off of 10 A from any
solute atom in all directions [211]. Appropriate numbers of counter ions were added
to neutralize the system. Prior to the production run, an initial minimization of the
system was performed with convergence threshold criteria of 1 Kcal.mol™.A™. Next
to this step, minimization of the system was performed with and without restraints on
solute atoms for 12 ps time at 10 K temperature employing Berendsen thermostat
(isothermal-isobaric ensemble). Further the temperature of the system was raised up
to 300 K at latm pressure for 24 ps time. A cut-off of 14 A was used for calculating
the non-bonded interactions. M-SHAKE algorithm was used for reordering the
hydrogen bonds in the simulation with integration time step of 2 fs [212]. The
trajectory frames were recorded at an interval of 4.8 ps and total time scale of MD
simulation was continued for 10 ns.
4.29 Survival curve and maximum dose tolerance.

Different groups of BALB/c mice (n=4 mice per group) were treated with a
range of Oxa33 inhibitor (25 mg/kg, 50 mg/kg, 100 mg/kg and 200 mg/kg in 2.5%
Tween-80) by intra peritoneal route for 30 days on every alternate day. Observations
were taken as relative change in body weight and survival of mice and plotted as
function of time in GraphPad Prism 5.0.
4.30 Estimation of Oxa33 from treated mice lungs.

Tetrahydrofuran (THF) was found to be best solvent after checking the
solubility of Oxa33 in various organic solvents. UV spectrophotometric based wave
scan analysis confirmed the An.,x of Oxa33 at 401 nm in THF. A standard curve

(ranging from 2.5 pg/ ml to 40 pg/ ml of Oxa33) was prepared by taking absorbance
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at 401 nm. Further BALB/c mice were treated with Oxa33 (50 mg/kg in 2.5%
Tween-80) by intra peritoneal route for 3 weeks and 56 weeks on every alternate day
and lungs were isolated. Lungs were macerate in THF with Dounce homogenizer
followed by collection of isolated Oxa33 and estimation with Oxa33 standard curve
4.31 Statistical analysis.

Student’s t-test (two tailed non parametric) was used to analyze the
significance of cell wall thickness, THP1 and animal infection experimental results.
SigmaPlot version 10.0 and GraphPad Prism version 5.0 was used for the statistical

analysis and for plotting the results.
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Chapter 3.

Structural characteristics and biochemical

characterization of GImU,,

5.1 Introduction

Tuberculosis is a major threat to human health. The mycobacterial cell wall
consists mainly of lipopolysaccharides and mycolic acid. It’s complex and
specialized nature makes the enzymes involved in its formation ideal for therapeutic
intervention. GlmU, a prokaryotic enzyme conserved both in Gram positive and
Gram negative bacteria, is involved in the biosynthesis of UDP-N-
acetylglucosamine-1-phosphate (UDP-GIcNAc) [218]. It is a bifunctional protein
with two independent active sites catalyzing acetyl transfer and uridyl transfer
reactions on glucosamine-1-phosphate (GIlcN-1-P). It synthesizes two key
intermediates of cell wall biosynthesis pathways, N-acetylglucosamine-1-phosphate
(GIcNAc-1-P) and UDP-GIcNAc. The carboxy terminal acetyltransferase domain
catalyzes the transfer of the acetyl group from acetyl-CoA to the amine group of
GIcN-1-P to produce GlcNAc-1-P [189]. GIcNAc-1-P then diffuses to the N-terminal
domain of the protein, where it is activated to form UDP-GIcNAc by the transfer of
UMP from UTP. UDP-GIcNAc, the end product, is utilized for synthesizing
lipopolysaccharide and peptidoglycan components of the cell wall. Given this
important role for GlmU, it is not surprising that it is essential for the growth of M.
tuberculosis and M. smegmatis [115, 177]. Hence, understanding the catalytic
mechanisms employed by GlmUpy, would be valuable towards the discovery of
inhibitors targeting cell wall biosynthesis in mycobacteria. Elucidating the acetyl
transfer reaction catalyzed by the C-terminal domain is the focus of the work
presented here.

Several structures of GImU and their homologues were determined to
understand the reactions catalyzed by this enzyme. The structure of GImU from

Escherichia coli (GlmUg:) [168, 169] and Streptococcus pneumoniae (GlmUsp)
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[165] bound to acetyl-CoA at the C-terminal acetyltransferase active site are
available. Determining the structures of GlmUy, bound to substrates of the acetyl
transfer reaction was important. Attempts to obtain acetyl-CoA bound crystals of
GImUyy by co-crystallization or by soaking acetyl-CoA with the apo crystals were
unsuccessful [4, 219] until UDP-GIcNAc was provided. In collaboration with Prof.
Balaji Prakash group at IIT Kanpur, we determined structures of GlmUyy, in
complex with acetyl-CoA or CoA or GIcN-1-P. These allowed identifying likely
catalytic residues and together with mutational data, we infered a reaction
mechanism for the acetyl transfer reaction. Additionally, features unique and highly
conserved in the Mycobacteriaceae family could be noted from these studies. Of
these, a short helix present at the C-terminal extension provides a key tryptophan,
which appears critical for acetyl-CoA binding. Besides, an uncommon mode of
binding of the substrate acetyl-CoA was identified to be a feature unique to GlImU .
The unique features reported here, would aid elucidating structure-function
relationships in the enzyme, which may be gainfully employed towards drug design
against GImUyg.

In addition we identified the major PknB target site on GlmUpyg and
deciphered how T418 phosphoryltion regulates the acetyltransferase activity. Based
on the previous structures of GlmUyy, in complex with GIcNAc-1-P or UDP-
GlcNAc we have performed mutational and biophysical studies to understand the
mechanism of uridyltransferase reaction. Further we deterimend the role of Mg™
ions in uridyltransferase activity and the binding parameters of different substrates

and final product of GImU .

5.2 Results
5.2.1 Structure of GImUy;p[AcCoA] complex.

In a previous study, a unique C-terminal extension in GlmU, was identified,
whose deletion led to abrogation of its acetyltransferase activity [99]. Previous
attempts to obtain acetyl-CoA bound crystals by co-crystallization or by soaking apo
crystals with acetyl-CoA have been unsuccessful [4, 219]. The structures of GImUg,
and GImUs, bound to acetyl-CoA (at the acetyltransferase active site) revealed that
the uridyltransferase active site was simultaneously occupied by UDP-GIcNAc — the

product of the uridyltransfer reaction. It is likely that UDP-GIcNAc stabilizes the N-
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terminal domain while acetyl-CoA binds the C-terminal active site. Therefore
anticipating such stabilization, attempts were made to crystallize GlmUyy, with
acetyl-CoA, in the presence of UDP-GIcNAc (P.K.A.Jagtap M.tech thesis, Dr. Balaji
Prakash’s group, IIT-Kanpur). Structure of GImUy bound to acetyl-CoA, referred
as GlImUyy[AcCoA], was determined to a resolution of 2.33 A. A careful analysis of
the structure of GImUy»[AcCoA] revealed that hydrogen bonds stabilize the polar
groups of acetyl-CoA and hydrophobic interactions stabilize its large carbon chain. A
structural superposition of GImUyy, structures in the presence and absence of acetyl-
CoA clearly reveals that a loop disordered in the apo structure becomes ordered upon
acetyl-CoA binding. This conformational change appears significant as it contributes
Tyr398 to stabilize acetyl-CoA. The backbone oxygen of Tyr398 interacts with the
oxygen atom of the acetyl and amino group of acetyl-CoA. This interaction stabilizes
the loop and leads to its ordering.

5.2.2 Ground state structure bound to both of the substrates allows identifying
residues likely catalyzing the acetyltransferase reaction.

In order to obtain the structure bound to both the substrates of the
acetyltransferase reaction, GlmUy[ AcCoA] crystals were soaked with the second
substrate GlcN-1-P and the structure was determined to a resolution of 1.98 A. The
objective of these attempts was to understand acetyl group transfer from acetyl-CoA
to GIcN-1-P, which leads to the formation of the product GIcNAc-1-P. Therefore, we
anticipated that the active site would contain either the substrates or the product.
Surprisingly, the electron density present at the active site did not reveal the presence
of the acetyl moiety and it depicted the presence of only CoA and GlcN-1-P.
However, this structure closely mimics the ground state and is referred
GIlmUpp[CoA:GIcN-1-P]. This structure lacks the acetyl group of acetyl-CoA and
allows identification of residues likely to be important for catalysis. His374, Asn397,
Ala391 and Ser416 were identified as probable candidate residues, as these were
within 3.5 A to the reacting groups, i.e. the amine of GIcN-1-P and thiol group of
CoA (Fig 5.1A). As the backbone amine, and not the side chain atom(s) of Ala391 is
involved in the interaction, it could not be mutated. The rest were individually
mutated to alanines, the mutations were confirmed by DNA sequencing and mutant

proteins were expressed, purified and analyzed on SDS-PAGE to assess their purity
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Figure 5.1. Residues participating in the acetyltransfer reaction: (A) The acetyltransfer-
ase active site of GImU | reveals probable catalytic residues H374, N397 and S416, which
are highly conserved. Backbone amide of A418 that interacts with the acetylgroup is not
shown. (B) SDS-PAGE gel showing the purity of His, tagged mutants and wild type GImU
proteins employed in the study. (C) Active site mutants were generated and their acetyltrans-
ferase activities were assayed. The activities of H374A and N397A are almost abolished. On
the other hand, the activity of S416A is not affected significantly. Uridyltransferase activities
of the proteins were used as a control. (D) A schematic of the proposed acetyltransferase
reaction mechanism in GlImU ,, (see text). The amino group activated by His374 and Asn397
launches a nucleophilic attack on the carbonyl carbon of acetyl-CoA. Simultaneously, the
resultant negative charge on the carbonyl oxygen (oxyanion) is stabilized by the amide back-
bone of Ala391.
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(Fig 5.1B). Since the mutations were in the active site of the acetyltransferase
domain, one would expect uridyltransferase activity to be unaffected (Fig 5.1C,
lower panel). This was used as an internal positive control. In agreement, the
uridyltransferase activity of GImUyy, wild type (called GImUp,-WT henceforth) and
the mutants was found to be comparable (Fig 5.1C). On the other hand, the
acetyltransferase activity by mutants H374A and N397A was almost abolished and
that by S416A was unchanged (Fig 5.1C, upper panel). In order to further understand
the effect of these mutations, we have determined the kinetic parameters of both the
substrates (Table 5.1). Indeed, Ky, and Vmax values obtained for S416A mutant were
comparable to those obtained for GImUy,-WT, indicating that S416 neither plays a
role in catalysis nor in substrate binding. For the mutants N397A and H374, Ky
values were similar to that observed for GImUy,-WT, whereas the Vimax values were
greatly compromised. We speculate that both N397 and H374 are required for
catalysis. Based on these and the prevailing mechanistic inferences on GlmUs, and
GlmUg, studies, we believe that the catalytic mechanism, would involve His374,

Asn397 and Ala391 (Fig 5.1D).

Table 5.1: Kinetic parameters (K,, and V,,..) for the acetyltransferase
activity of GImUwy, and active site mutants. Kinetic parameters were
determined as described under “materials and methods.” Standard
deviation (S.D.) values were calculated using the data obtained from three
independent experiments.

Protein Kn (uM) Vimax Relative(%)
(nM/min/pmole Viax K
enzyme)
Acetyl CoA
GImUyyy, 355.0+45.9 5.94+0.8 100
GImU-H374A 300.0+£0.05 0.05+0.01 0.96
GImU-N397A 355.1+£38.9 0.13+0.04 2.18
GImU-S416A 360.1£20.5 5.6£2.2 92.39
Glucosamine-1-P
GlmUyy, 353.3+64.6 7.5+1.3 100
GImU-H374A 300.0+0.6 0.05+0.02 0.8
GImU-N397A 282.5+20.7 0.08+0.03 1.4
GIlmU-S416A 370.0+44.3 6.8+2.0 86.7
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5.2.3 Acetyl-CoA adopts different conformations when bound to GlmU,m, and
GImUg,.

Structural superposition of GImUy[ AcCoA] and GlmUg[AcCoA] (PDB ID:
3SPT and 2015 respectively) revealed a significant difference in the conformation of
the adenine ring of acetyl-CoA (Fig 5.2A-C). For ease of presentation, we termed the
conformations of acetyl-CoA bound to GImUg, as ‘L’ conformation, whereas that
bound to GImUyy, as ‘U’ conformation based on the shape adopted by it (Fig 5.2A, B
respectively). Careful analysis of both structures revealed that two key residues that
interact with acetyl-CoA are interchanged in the two enzymes. How may these
substitutions give rise to the observed differences i.e. the ‘L’ and ‘U’ conformations,
in acetyl-CoA conformation? It may be reasoned as follows. One of these residues,
Arg440 in GlmUEg, interacts with the backbone oxygen atoms of acetyl-CoA, which
appears to hinder the adenine ring from bending onto the carbon backbone of acetyl-
CoA, and restricts it to the ‘L’ conformation. In GImUyy, this arginine is replaced by
an alanine. Ala, unlike Arg, cannot restrict the adenine ring similarly and therefore
allows it to adopt a ‘U’ conformation (Fig 5.2D). Also, in GlmUyy, the ‘U’
conformation appears to be further stabilized due to cation-m interactions from
Arg439, which in GImUE, is substituted by Thr428, whose shorter side chain cannot
provide a similar stabilization (Fig 5.2E).

To inquire whether the substitutions presumed to provide a different binding
conformation to acetyl-CoA in GlmUyy are uniquely conserved in
Mycobacteriaceae family, the sequences of GImU homologs were aligned. Indeed,
the substitutions responsible for the ‘U’ conformation are restricted to
Mycobacterium genus and some members of Actinobacteria phyla, whereas those
responsible for the ‘L’ conformation, as in GlmUg,, are conserved in all the other
homologues (Fig 5.4A-C). The structures of acetyl-CoA, bound to different protein
structures present in PDB, were analyzed using ValiGurl server. From this, it was
apparent that the ‘U’ conformation is atypical; as out of all the observed
conformations, only 8 had RMSD < 2 A (Fig 5.3C). In order to ascertain the
importance of the aforesaid residues in acetyltransferase activity, mutations A451R

and R439T were created in GlmUy, both independently and simultaneously, to
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Figure 5.2. Different conformations of acetyl-CoA bound to GlmU_,  and GImU, :
(A) GImU__ displays an ‘L’ confirmation of acetyl-CoA with the adenine base laying flat.
A surface representation (below) shows the adenine base and backbone phosphates of
acetyl-CoA bound to GImU__ are exposed to the solvent and the backbone phosphates
interacts with the water molecules. (B) Acetyl-CoA bound to GImU,, =~ displays a ‘U’
conformation with a bent adenine base, whose amine groups interact with the oxygens of
the backbone. A surface representation (below) is shown with the three monomers
colored green red and yellow. The adenine base of acetyl-CoA bound to GImU, is
buried at the interface of two monomers of the trimer. The backbone phosphates interact
with W460 and K454 contributed by the tail of the third monomer of the trimer [see fig
10 C]. (C) Superposition of the ‘U’ and ‘L’ conformations of acetyl-CoA. It shows a ~90°
bend at the adenine base on the backbone carbon chain in the ‘U’ conformation. (D)
Comparing the two conformations, Arg440 in GImU_  interacts with the backbone
oxygens of acetyl-CoA, which prevents the adenine base from bending onto itself. On the
other hand, Ala451 at an analogous position in GImU is less bulky, and hence would
not hinder the base from bending. (E) The ‘U’ conformation of acetyl-CoA in GImU, is
further stabilized by Arg439, which provides cation-w interaction to the adenine base. No
such stabilizing interaction is seen in GImU_ , as Thr428Ec substitutes Arg439Mtb here.
(F) Comparing the structures of GImU,,, and GImU __ two other substitutions viz. [le457
to Lys and Arg455 to Thr, were also noted. Together all of these were believed to reverse
the ‘U’ conformation to an ‘L’ conformation.
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Figure 5.3. Activity of mutants for acetyl CoA confirmation: (A) Acetyltransferase
activities for mutants R439T, A451R, double mutant (R439T+ A451R) and a tetra mutant
(A451R, R439T, 1457K and R455T) are shown. Uridyltransferase assays were used as
internal controls. (B) SDS-PAGE gel depicting single bands of purified WT and mutant
His, tag GImU,, . (C) Comparison of the conformation of the bound acetyl-CoA in
GIlmU,,, and the proteins present in PDB. RMSD between the acetyl-CoA moieties
bound to GImUMItb and those bound to other proteins present in the PDB is shown. This
data is presented in the histogram above. Numbers within the bars represent the number
of proteins in PDB, wherein the conformation of acetyl-CoA superposes with the ‘U’
conformation seen in GImU,, ~ with an RMSD in the range mentioned below the bars.
Only 8 proteins have RMSD less than or equal to 2A.Visual inspection further confirmed
that these adopt an almost U-like conformation.
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Figure 5.4. Sequence alignment showing the conservation of the two conformations of
acetyl-CoA in the GImU from different organisms: (A) Sequence alignment of the struc-
tures of GImU present in Protein Data Bank reveals that the point amino acids which confer
U shaped conformation to the acetyl-CoA bound to the GImU,, is present only in M. tuber-
culosis. (B) Sequence alignment of GImU from the genus Mycobacterium depicts that the
amino acids conferring the ‘U’ shaped conformation are highly conserved in this species.
(C) Analysis of GImU in the phylum Actinobacteria, which Mycobacterium genus belongs
to, reveals two groups; one having residues, responsible for the ‘U’ conformation and
another having those responsible for the ‘L’ conformation of the bound acetyl-CoA.
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mimic the corresponding residues in GImUg.. From the structures, it appeared that- -
-the different nature of these substitutions would possibly result in an altered
conformation of the adenine base of acetyl-CoA moiety. However, neither the single
mutants A451R and R439T nor the double mutant (A451R + R439T) affected the
acetyltransferase activity significantly (Fig 5.3A). A careful analysis of the structures
brought out two more substitutions that were suspected to be important for the U/L
conformation of acetyl-CoA. These are 1457K and R455T (Fig 5.2F). When these
mutations were included to create a tetra mutant (A451R, R439T, 1457K and
R455T), a marked reduction in acetyltransferase activity was noted (Fig 5.3A).
Perhaps all of these residues collectively provide the unique ‘U’ or ‘L’
conformations to acetyl-CoA. Crystal structures of these mutants would evaluate the
possible reversal of acetyl-CoA conformation at the active site, but attempts to
crystallize these mutants were unfortunately not successful. Interestingly, the
difference between GlmUyy, and GImUE, in the C-terminal tail lies only in these four
residues A451, R439, 1457 and R455. Overall, the tail region of GImUyy, appears to
play a significant role, perhaps in providing the ‘U’ conformation to acetyl-CoA. The
absence of activity in the tetra mutant likely indicates an importance of the ‘U’
conformation for GImU .

5.2.4 A short helix governs the interaction of W460 with acetyl-CoA.

Previously, it was reported that a 30-residue extension at the C-terminus of
GlmUpwy, 1s crucial for its activity [99]. Upon revisiting the data, the mutant based on
which this inference was drawn, actually had a 37, and not 30, amino acid deletion in
the C-terminus. In order to comprehensively investigate the importance of these 37
amino acids to the acetyltransferase reaction, we generated four truncation mutants,
where the C-terminal 15, 20, 25, 30 and 37 amino acids were deleted. These are
called GImUpypAlS, A25, A30 and A37, respectively (Fig 5.5A). The control
experiments suggested that the uridyltransferase activities of all the mutants were
comparable to GlImUy,-WT (Fig 5.5B). Interestingly, deleting up to 30 residues at
the C-terminal region had little impact on the acetyltransferase activity, whereas a
further deletion of seven residues, i.e. A37, significantly affects the activity (Fig
5.5B). The mutant A37 is devoid of the region (458 to 464) that forms a short helix at

the C-terminus and this region appears important for the acetyltransferase activity.
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Figure 5.5. Tail truncation experiments identify residues important for acetyltrans-
ferase activity: (A) Residues were mutated sequentially from the C-terminal tail of
GIlmU,,, to create Al5, A25, A30 and A37 truncation mutants. Secondary structures
present in this region are shown in the lower panels for each of these constructs. A short
helix (one and half turns) and a longer one of three turns are present in WT, and A15, while
in A30 and A25 only the short helix is present. A37 lacks both of these. (B) Acetyltransfer-
ase assays show that a complete loss in activity is seen only for A37, whereas the others
show an activity comparable to the wild type protein. (C) SDS-PAGE gel showing the
purity of the purified His, truncated GImU,,  protein. (D) Structure analysis of
GImU,, . [AcCoA] structure revealed that W460 and K464 lie in this region and provide
important interactions with the backbone phosphate of acetyl-CoA. (E) W460A mutant
displays complete loss in acetyltransferase activity, while K464A does not. The loss in
activity of the double mutant (W460A + K464 A) reinforces the importance of W460. The
control uridyltransferase assays are shown on the right.
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Delving further, we find that Trp460 and Lys464 are provided by this region, which
interact with the backbone phosphate oxygens of the acetyl-CoA in
GImUyp[AcCoA] structure (Fig 5.5D). To address the role of these residues in
acetyltransferase activity, we mutated W460 and K464 to alanines; both
independently and simultaneously. It is apparent from the assays that while K464A is
as active as GlmUpyp,-WT, for W460A and the double mutant (K464A+W460A)
acetyltransferase activity is significantly compromised (Fig 5.5E). These studies
implicate W460 contributed by the single turn helix, to be an important element in
stabilizing acetyl-CoA binding.

In order to further confirm whether the single turn helix governs the
interaction of W460 in GImUy,, we generated chimeras of GlmUy, and GImUF, as
depicted in Fig 5.6A. The uridyltransferase activities for Mt-Ec and Ec-Mt chimeras
were similar to those observed for GImUy, and GImUEg., which is anticipated since
the uridyltransferase domains are unaltered in these chimeras (Fig 5.6B, right panel).
The acetyltransferase activity of Ec-Mt chimera was also similar to the activity of
GImUkg, indicating that the E. coli protein tolerates the exchanged C-terminal region
from GlmUyy, (Fig 5.6B, left panel). In stark contrast, the activity of Mt-Ec chimera
is significantly compromised, indicating that the C-terminal region of GImUg, cannot
satisfactorily replace the role played by the analogous region of GImUyy, (Fig 5.6B,
left panel). So as to develop deeper insights, we determined the kinetic parameters of
acetyltransferease activity for GImUyyp, GlmUEg., Mt-Ec and Ec-Mt chimeras (Table
5.2). It is apparent from the relative Vya/Kn values obtained that GlmUFg, is ~6-8 fold
more efficient compared to GlmUy, enzyme. The difference is only due to higher
Vmax values for GlImUg, compared with GlmUyp,. Compromised activity of Mt-Ec
chimera is due to both very low Vpmax and high K, values. While GImU¥g, tolerates
presence of GlmUyyp carboxy terminal region (Ec-Mt), swapping compromises the
efficiency by ~50%.

This striking difference appears to be due to the short helix at the C-terminal
region of GlmUyp. Abolishing its interaction with acetyl-CoA by either mutating
W460 or by disrupting the helix severely compromises the activity of GImU .
Unexpectedly, in the structure of GlImUg, neither does this region form a short helix

nor does the analogous tryptophan W449 interact with acetyl-CoA. An examination
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Figure 5.6. A short helix at the C-terminal extension in GImU,  modulates acetyl-
transferase activity: (A) The GImU_ -GImU, (Ec-Mt) and GImU,, -GImU__(Mt-Ec)
chimeras were made as depicted. GImU, —red; GImU,,, — green. (B) The activities of
GlmU_ WT and GImU,, -WT are shown along with the chimeras Ec-Mt and Mt-Ec.
The activity of Ec-Mt chimera is comparable to that of GImU_ -WT. On the other hand,
the activity Mt-Ec chimera is severely diminished. Uridyltransferase activities for the
mutants were used as a control. (C) SDS-PAGE representing single bands of purified
His, tagged WT or chimera GImU proteins.
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of GImUg, and GImUyy, structures show that the distance between W449 and
phosphate oxygen of acetyl-CoA is ~4 A.

Table 5.2: Kinetic parameters (K,, and V,,,,) for the acetyltransferase
activity of GImUpuy, and C-terminal chimeras of GImUpyy, and GImUE,.
Kinetic parameters were determined as described in Table 5.1 legend.
Standard deviation values were calculated using the data obtained from
three independent experiments.

Protein Kn (uM) Vinax Relative(%)
(nM/min/pmole Vinax K
enzyme)
Acetyl CoA
GlmUyy 420.9+40.6 4.4+0.3 100
GImUEg, 554.4+£75.2 36.0+3.7 621.0
Mt-Ec 1227.7+£149.8 0.08+0.005 0.6
Ec-Mt 442.6+24.2 14.0+0.1 302.5
Glucosamine-1-P
GlmUyy 414.5+13.1 5.1+£0.1 100
GImUFg, 279.6+39.7 30.3%1.1 877.8
Mt-Ec 968.3+62.3 0.08+0.007 0.64
Ec-Mt 722.1493.7 13.9+0.9 156.0

However, it is likely that this difference is due to the ‘L’ conformation of
acetyl-CoA in GImUg,, and minor alterations in their positions or the ‘U’
conformation would possibly bring these two within interacting distance (Fig 5.7A).
However, its mutation to alanine (W449A) in GlmUg. also displays a strong
reduction in acetyltransferase activity (Fig 5.7B). While this is not surprising
considering the strong conservation of a tryptophan at this position across GlmU
homologues, it is contrary to the observation that W449 does not interact with acetyl-
CoA in GlmUg.. Perhaps, on the energy landscape, the structures of GlmUg, and
GlmUypyy, represent two distinct minima (with almost similar energies) with distinct
conformations of the C-terminal region: Molecular Dynamics (MD) simulations
could further clarify if it is possible to shuttle between these states with ease.
Nevertheless, these results bring out an important contribution of W460/W449 in
stabilizing acetyl-CoA at the active site.

In comparison to GlmUp, GlmUEg, lacks the short helix, but the residues
analogous to K464 and W460 are conserved. Therefore, to gauge the importance of
W460 and the short helix, we resorted to Molecular Dynamics simulations, using the

acetyltransferase domain of GlmUyy, (as described in Experimental Procedures). The
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Figure 5.7. Comparative analysis of the C-terminal tail from Mtb and E.coli
GImU:(A) Structural comparison of the C-terminal tails in GlImU , and GImU_.
Structural superposition of GImU,,, (yellow) and GImU__ (pink) shows that W460 in
GImU,,, makes a hydrogen bonding interaction to the phosphate oxygen of acetyl-

CoA, while in GImU__ the same oxygen is at a distance > 4 A from the analogous
W449. (B) GImU,, ,-W460 and GImU_ -W449 were mutated in the respective wild
type proteins. Relative acetyltransferase activities measured for these are shown in the
left panel, while the corresponding uridyltransferase activities are depicted in the panel
on the right. Activities are compared for the pairs GImU_ -WT and GImU_ W449A;
GImU,, .-WT and GImU , W460A. (C) The trajectories of W460 during MD simula-
tion runs for 2 ns, for GImU,, -A30 and GImU, -A35 show a very high fluctuation in
the position of W460.
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simulations were run for 2 ns at constant volume and constant temperature, which
was followed by a run for 0.9 ns at constant pressure and temperature. They show
that throughout the simulation, the short helix and the tryptophan side chain remains
stable for the constructs with intact C-terminal tail and also for the A30 construct.
However, for an in silico generated A35 construct, where the C-terminal part
following W460 was deleted, a very high mobility for W460 was noted in the
simulations. This inference is based on a high RMSD for W460 side chain. The
RMSD values were 0.614 for constructs with intact C-terminal tail, 0.661 for A30
construct and 4.693 for A35 construct (Fig 5.7C). This indicates that the region
following W460 is important in maintaining an orientation of W460 appropriate for
substrate binding.

5.2.5 Thr418 in GImUyyy, is a major phosphorylation site.

GlmUpwy, is phosphorylated by protein kinase B (PknB). This phosphorylation
down-regulates the acetyltransferase activity of GlmUyy leaving  the
uridyltransferase activity unaffected. In order to identify the PknBwy, target sites on
GImUpyy,, we resorted to high-resolution mass spectrometry analysis of in vitro
phosphorylated protein. LC-MS analysis showed presence of two phosphopeptides
with precursor m/z 906.76 and 880.40 corresponding to phosphorylated mass of
triply charged semi-tryptic peptide from residues 153-175 and tryptic peptide from
residues 413-439, respectively. MS/MS analysis of these two precursors
unambiguously identified T156 and T418 to be the target phosphorylation sites (Fig
5.8A & B). Analysis of peptide spectrum matches of all the identified GlmUy
phosphopeptides in multiple LC-MS runs indicated that phosphorylation on T418 is
~5 times more abundant as compared to T156. Peptide map analysis of in vitro
phosphorylated PknB showed two major spots, which disappear when T418 residue
i1s mutated to alanine (Fig 5.9A). However, minor spots could be detected both in
wild type and the mutant, which may correspond to T156 phosphorylation.
Comparison of intensities of various spots also suggests T418 to be the most
abundant phosphorylation site on GlmUyy, (Fig 5.9A).

The acetyltransferase activity of T418E that mimics a phosphorylated Thr,
was severely compromised as compared to GlmUy,-WT protein (Fig 5.9B, upper

panel). Surprisingly, the activity of T418A mutant was also severely compromised
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Figure 5.8. Identification of phosphorylation site. LC-MS/MS data showing collision-

induced fragmentation mass spectra identifying two phosphopeptides in GlmU
protein. pT indicates the site of phosphorylation. * indicates methionine oxidation: (A)
MS/MS spectrum of precursor m/z 906.76 (+3) and MH+: 2718.29111 Da, of semi-tryptic
phosphopeptide ILR(pT)QDHEVMAIVEQTDATPSQR. Unambiguous location of the intact
phosphate group on Thr-156 was evident by the observation of the “b” ion series containing
b6, b10, bl1, b12, b13, bl4, b15, bl7, b18 and b19. (B) MS/MS spectrum of precursor m/z
880.40 (+3) and MH+: 2639.20804 Da of phosphopeptide
TGSD(pT)MFVAPVTIGDGAYTGAGTVVR. Unambiguous location of the intact phosphate
group on Thr-418 was apparent by the observation of the “y” series ion y22 and “b” ion series
containing b7, b8, b9, b10, b11, b13, bl4, bl7 and b19. (C) GImU , ribbon structure swhows
‘pT’ residues; T156 at uridyltransferase domain and T418 at acetyltransferase domain respec-

tively.
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Figure 5.9. The effect of phosphorylation of GlImU by PknB : (A) In vitro phos-
phorylated GImU, . or mutants were digested with trypsin and the resulting phosphopep-
tides were mapped by two-dimensional resolution on thin layer chromatography. (B)
Thr418 was mutated to glutamate (phospho-Thr mimic) and to alanine (phosphoryltation
negative). Acetyltransferase activities of GlmU, -WT and the phospohomutants are
shown in the left panel. Corresponding uridyltransferase activities are shown in the right
panel. (C) The acetyltransferase domain, which consists of the B-helix has a highly hydro-
phobic core (grey colored residues) and a few polar residues. Thr418 is shown in yellow.
Hydroxyl group of T418 makes a hydrogen bond with the backbone oxygen of Gly415.
Mutation of T418 to alanine (T418A) would disrupt this interaction (black arrow) whereas
mutation to a glutamate (T418E) would introduce steric clashes in the region as shown by
red patches. However, mutation to serine (T418S) would preserve the polar interaction
with the backbone of Gly415. The hydroxyl and backbone amine group of Ser416 interacts
with the backbone oxygen of the acetyl-CoA. It is expected that perturbing these interac-
tions would affect the positioning of the acetyl group for catalysis. (D) SDS-PAGE gel
showing single bands of purified His, tagged WT and phosphomutants of GImU, .
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suggesting an essential role for the side chain oxygen (Fig 5.9B, upper panel).
Mutating T418 to serine preserved some activity. Analysis of the structures of
GImUyy, reveals that the region near T418 lies in a hydrophobic core of the LBH of
the acetyltransferase domain and forms a hydrogen bond with the backbone carbonyl
oxygen of Gly415 (Fig 5.9C). As the region is highly hydrophobic, an imbalance in
charge would destabilize the region. The mutation T418A will not satisfy the
interaction with Gly415. The introduction of a bulky negatively charged phosphate
group due to phosphorylation of T418 will cause a steric clash and disturb the
stabilizing interactions (Fig 5.9C). This would further destabilize the interactions
between the adjacent stacks of the [ helix. As these stacks provide stabilizing
interactions to acetyl-CoA, their destabilization will result in loss of acetyltransferase
activity.

5.2.6 Uridyltransferase active site of GlmU .

Next we sought to understand the functional importance of critical GImU
amino acids in the uridyltransferase active site. In earlier studies GlmUyy was
crystallized either in apo form or with UDP-GIcNAc or as various substrates pairs
(ref). Based on these studies, amino acid residues R19, K26, D114 and N239 were
considered critical either for interactions with Mg ion or the product UDP-GlcNAc
(Fig 5.10A). While D114 and N239 directly interact with Mg ions, R19 and K26
interact with oxygens of UDP-GIcNAc. To determine their role in uridyltransferase
activity, we have mutated R19, K26 and N239 residues to alanine and D114 to
arganine residue. The R19A, K26A, D114A and N239A mutants were found to be
inactive for the uridyltransferase activity, signifying that these residues are
catalytically important (Fig 5.10B). The mutant D114E exhibited 50% reduced
activity, demonstrating the significance of D114 in precisely coordinating Mg*? (Fig
5.10B). Since the mutations were in the uridyltransferase domain, acetyltransferase
activity was performed as the internal control, which as expected remained
unchanged (Fig 5.10C). We have measured the acetyl and uridyltransferase activities
at different concentrations of Mg+2. While the uridyltransferase activity seems to
follow Michaelis-Menten kinetic pattern, the acetyltransferase activity was
marginally altered with increasing concentration of Mg (Fig 5.10E), suggesting a

critical role for Mg in modulating uridyltransferase activity.
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Figure 5.10. Uridyltransferase active site and active site mutants of GlmU : (A)
Cartoon representing the uridyltransferase active site bound with Mg** and UDP-GlcNAc
(B) The mutants R19A, K26A, D114A and N239A show a drastic decrease in the uridyl-
transferase activity as compared to the wild type protein signifying an important role for
these residues in catalysis. D114E mutant shows half the activity as compared to the wild
type, indicating that proper positioning of Mg**A is necessary for the reaction. (C) Acetyl-
transferase activity was used as control; for, these residues are present in the uridyltransfer-
ase domain and should not alter the acetyltransferase activity. (D) The protein gel (SDS-
PAGE) to assess the purity of the mutant proteins is shown. (E) Kinetic analysis of Mg ion
with GImU,,, and GImU_ . Uridyltransferase activity follow regular kinetic pattern while no
effect was observed on acetyltransferase activity.
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5.2.7 Binding studies of substrates and product.

Energetics of ligands binding with any protein is important to ascertain the
affinity and the strength of the interaction. In order to study the binding parameters
we have performed isothermal titration calorimetry and differential scanning
fluorimetry (DSF). DSF results signify that acetyl-CoA, GlcN-1-P or both in
combination do not show strong interaction (marginal changes in Ty, values) with
GImUyp. UTP or GIcNAc-1-P show minor positive shift in T, values with
increasing concentrations (Table 5.3). In contrast, a drastic shift in Ty, (8-10° C) was
observed when a combination of UTP and GIcNAc-1-P (equimolar) was used.
Similar Ty, shift (8- 12° C) was also observed when the enzyme was titrated with
UDP-GlcNAc, suggesting that the drastic Ty, shift observed when a combination of
both UTP and GlcNAc-1-P were used, was may be due to the formation of product
UDP-GlcNAc.

We next performed ITC experiments to investigate the binding parameters.
While both of the sugar substrates (GlcN-1-P and GIlcNAc-1-P) did not give any
significant binding pattern in the study, we obtained proper binding isotherms with
the other substrates- acetyl CoA and UTP and the final product UDP-GIcNAc (Fig
5.11 & 5.12). Parameters suggest that UTP binding follows two site binding pattern
while Ac-CoA and UDP-GIcNAc follow one site binding pattern. UTP binds with
greater affinity with K, value of 1.7x10° and the binding stoichiometry of 1.22. This
binding was majorly entropy driven with AG = -8504.8 cal/mol and exothermic
enthalpy change AH = -2.4 kcal/mol (Table 5.4). The acetyl-CoA binds with
relatively lesser affinity (compared with UTP) with the K, value of 5.05x10* and
binding stoichiometry of n = 0.5. Total entropy change was AG = -6416.25 cal/ mol
with lesser enthalpy change AH = -6.6 kcal/mol as compared with UTP (Table 5.4).
Interestingly the final product, UDP-GlcNAc, shows very good isotherm of binding
pattern with K, value of 7.43x10°, the binding stoichiometry of n ~1.2 and entropy
0f -8009.46 (Table 5.4). We have also checked the effect of binding of each substrate
on either domain when the other domain is occupied. Towards this we have pre-
incubated GlmUyy, with one of the substrates (acetyl-CoA or UTP) for 15 min prior

to the injection of other substrate in the cell. We observed only marginal changes in
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Figure 5.11. Isothermal titration calorimetry results of different substrates and

products with GImU , : 500 uM of various ligands were injected in 25 uM of GImU,

and released heat increased over the period of time (pcal/sec) is presented in upper panel

while corresponding binding isotherm presented in lower panel. (A) With acetyl CoA,

fitted for one site binding (B) With UTP, fitted for two site binding (C) With final product
UDP-GIcNAc, fitted for one site binding
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Figure 5.12. Isothermal titration calorimetry results of different combinations of
substrates with GImU , : 500 uM of either acetyl CoA or UTP were injected in 25 pM of

GImU

Mtb

which was pre-incubated with either UTP or acetyl CoA and released heat

increased over the period of time (ucal/sec) is presented in upper panel while correspond-
ing binding isotherm presented in lower panel. (A) Pre incubation of GImU,, with acetyl
CoA, followed by injection of 500 uM UTP, fitted for two site binding (B) Pre incubation
of GlmU,, with UTP, followed by injection of 500 uM acetyl CoA, fitted for one site
binding.
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the binding parameters of acetyl-CoA or UTP even when the other domain is

occupied (Table 5.4).

Table 5.3: Change in T, (°C) with various concentrations of substrates and product of

GImUMtb.

Substrates 62.5uM | 125 uM | 250 uM | 500 uM | 1000 uM
Acetyl CoA -0.33 -0.33 0.5 1.17 4.17
GIcN-1-P 0.5 0.5 -0.33 -0.33 -0.33
Ac Co A + GIcN-1-P -0.5 -0.83 -0.83 -0.83 0.33
UTP 0.83 1.17 1.33 2.17 3.33
GlcNAc-1-P 0.33 0.5 0.33 0.33 0.33
UTP+ GIcNAc-1-P 6.83 7.83 9.0 9.67 10.0
UDP-GIcNAc 8.17 9.33 10.33 10.83 11.67
Table 5.4: Binding parameters for GImUyy, from ITC experiments.
Parameters | Acetyl-CoA UTP UDP-GIcNAc UTP pre- Acetyl-Coa
incubation pre-
followed by incubation
Acetyl-Coa followed by
UTP
Model One site Two site One site One site Two site
Chi* 1712 3353 2.706E4 1540 835.5
N1 0.499+0.0787 1.2240.047 1.15+0.0154 0.4240.12 1.0+£0.09
Kal 5.05E4+5.54E3 | 1.7E6+3.6E5 | 7.43E5+8.93E4 | 4.06E4+4.7E3 | 1.3E6X5.3E5
AH1 -6573£1178 -2366+161 -1.08E4+209.7 | -1.02E4+3172 -1947£150
(cal/mol)
AS1 -0.526 20.6 -9.23 -13.2 21.4
(kcal/mol)
AG1l -6416.25 -8504.8 -8009.46 -6286.4 -8324.2
(cal/mol)
N2 3.98+0.2 2.7+0.36
Ka2 1.51E5+3.5E4 6.77E4+1.97E4
AH2 -517.0+78.3 -858.3+236
(cal/mol)
AS2 22.0 19.2
(kcal/mol)
AG2 -7073 -6579.6
(cal/mol)
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5.3 Discussion

As seen from the structures of GlmUyy, the substrate acetyl-CoA binds at the
trimeric interface. Its stabilization by interactions from all three monomers implicates
the importance of trimerization for the acetyltransferase activity. Acetyl-CoA is
similarly stabilized in GlmUg. and GImUs, [165, 169]. In an attempt to obtain the
crystals of GlmUypyy, in the product bound form of acetyltransferase reaction, (1)
GImUpp[AcCoA] crystals were soaked in GlcN-1-P; and (2) GImUyy was co-
crystallized with GIcNAc-1-P and CoA. Although both revealed the presence of
GIcN-1-P at the active site, they yielded incomplete information in not depicting
electron density for the acetyl group. This can be due to the presence of catalytically
active pairs of the acetyltransferase reaction in the reaction mixture, as the reverse
reaction will lead to the presence of the reactants and products of the reaction, both,
at any given time. If CoA and GIcN-1-P have more affinity for the active site as
compared with acetyl-CoA and GlcNAc-1-P, then due to the presence of all the four
components in the reaction mixture, CoA and GlcN-1-P would preferentially bind
the active site.

Although the acetyl group could not be positioned in the active site, the
GImUp[CoA:GIcN-1-P] structure enabled the identification of His-374, Asn-397,
Ala-391, and Ser-416 as potential catalytic residues (Fig 5.2A). Acetyltransferase
assays using H374A, N397A, and S416A mutants revealed that mutating His374 and
Asn397, but not Ser416, affects catalytic activity. For the GlmUp-WT and the
mutants, kinetic constants were determined separately for the two substrates acetyl-
CoA and GlcN-1-P (Table 5.1). The V. for H374A and N397A is drastically
reduced as compared with GlmUyw,-WT. Furthermore, the K, values remain
unchanged for both acetyl- CoA and GlcN-1-P, signifying that the mutants do not
affect binding of the substrates. In the structure, the amine group of GIcN-1-P is only
3.14 A away from the thioester group of CoA. Based on enzyme kinetics for
GImUpp-WT and the mutants, we propose a catalytic mechanism where, the amine
group of GIcN-1-P is activated for nucleophilic attack onto the carbonyl carbon of
acetyl-CoA to form the products GIcNAc-1-P and CoA, as shown in a schematic (Fig
5.1C). We also infer that a conserved histidine (His-374 in GlmUy,) deprotonates

the amine group. Besides, the nucleophilicity of the nitrogen (of the amine group) is
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further enhanced due to an H-bond interaction with the side chain oxygen of Asn-397
(Fig 5.1C). The activated amino group then makes a nucleophilic attack on the
carbonyl carbon of acetyl-CoA, which is electrophilic. Simultaneously, this leads to
the generation of an oxyanion on the carbonyl oxygen. The additional negative
charge on the carbonyl oxygen is stabilized by an H-bond with the backbone amide
of a conserved alanine Ala391, as shown in (Fig 5.1). This mechanism is in line with
that proposed for GlImUg, and GImUsg, [165, 169]. Furthermore, it was suggested that
the acetyltransferase reaction follows an SN, mechanism [169]. In this mechanism,
the amino group of the GIcN-1-P is believed to be activated by a conserved histidine
(His374 in case of GImUyy). Although a role for histidine in catalysis was clearly
suggested, the role of Asn-397 has not been addressed satisfactorily. Olsen et al.
[169] only suggest that this Asn makes an interaction with the amine group (of GIcN-
1-P) and do not mention its involvement in the catalysis. However, for GImUs,, the
role of this Asn has been interpreted in providing a stable binding of acetyl-CoA
[165]. This view is negated by the kinetics data (Table 5.1) and the analysis of the
crystal structures presented here. Apart from this, in the case of GlImUEg,, a conserved
serine was also believed to orient itself to stabilize the oxyanion group. However,
upon mutating the analogous Ser-416 of GImUyy,, a significant difference (in
activity) was not observed (Fig 5.1B, Table 5.1). In agreement with our data,
mutational analysis carried out on the basis of amino acid residue conservation in the
carboxyl terminal region of GImUy, also showed importance for His374 and Trp460
in catalysis [220].

Another intriguingly different aspect is the conformation of acetyl-CoA/CoA
bound to GlmUpyg and that bound to GImUg/GImUsp,. An analysis of the
conformations of the acetyl-CoA present in the Protein Data Bank revealed that only
eight entries have an acetyl-CoA conformation as that found in GlmUy, suggesting
this conformation is atypical in nature (root mean square deviation < 2 A, Fig. 4B).
However, it is not uncommon for small molecules/ ligands to adopt a wide range of
conformations by varying only a few rotatable bonds. These changes in binding
conformation may have a biological significance, including differences in reaction
kinetics by homologous enzymes. Usually, catalytic mechanisms adopted by

homologous enzymes from different species are conserved and the conformation
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adopted by substrates may not be identical. In these active sites, the residues near the
reaction centre are conserved to preserve the nature of the reaction mechanism.
However, some that are away from the reaction centre contribute to substrate
binding. Differences in these, (among homologues) may manifest as differences in
substrate binding [221]. The residues interacting with the acetyl group of acetyl-CoA
in GImUyy, are largely conserved among GlmU homologues, except for Arg439,
Alad51, Argd55, and Ile457 near the adenine base of acetyl-CoA. As indicated in Fig
5.2, D—F, in GImUg, residues analogous to these are Thr428, Arg440, Thr444, and
Lys446, respectively. Analysis of crystal structures suggested that the nature of these
substitutions might significantly alter the conformation of the adenine base of acetyl-
CoA moiety. We reasoned that these are likely responsible for the U or L
conformations of acetyl-CoA seen in GImUyy and GlmUg.. However, upon
mutating Ala451 to Arg and Arg439 to Thr, either independently in single mutants or
simultaneously in a double mutant, did not affect the acetyltransferase activity (Fig
5.3A). Interestingly, when additional mutations [le457 to Lys and Arg455 to Thr
were also included to create a tetra mutant, acetyltransferase activity were
significantly affected (Fig 5.3A). However, these experiments do not clarify whether
the conformation of acetyl-CoA is altered from U to L in the tetra mutant. GImUEg,
and GlmUyy, exhibit a large difference in their basal activities, with GImUg, being
6-8 fold more efficient compared with its GlmUy, counterpart. This study raises a
possibility that the observed difference in activity may be associated with the distinct
U/L conformations of acetyl-CoA. However, further investigations are required to
evaluate the same.

Besides these differences, differential regulation operates in GlmUy. In an
earlier report [99], we showed that PknBy, phosphorylates a threonine residue in the
C-terminal domain of GlmUyw, which in turn down-regulates the acetyltransferase
activity. Here, with the help of mass spectrometry, we identified Thr156 and Thr418
to be the target sites on GImUp. Peptide mapping analysis and peptide spectrum
matches from multiple LC-MS runs suggested Thr418 to be the most abundant
phosphorylation site (Fig 5.9A & B). An analysis of the structure of GImUyq,
revealed Thr156 to be present in a surface- exposed loop and away from the

uridyltransferase active site (Fig 5.10C). This is in line with the observation that the
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uridyltransferase activity is unaffected upon PknByg-mediated phosphorylation.
However, Thr418 is important in providing stability to the left-handed helix: the
T418A mutant, whose acetyltransferase activity is completely abolished, reflects this
importance (Fig 5.9 B & C). Based on the structure of GlmUy[AcCoA], it is
possible to explain the effect of phosphorylation at Thr418 on the acetyltransferase
activity. It is evident that the introduction of a highly charged and bulky phosphate
group on Thr418 would destabilize the hydrophobic region immediately surrounding
it (Fig 5.9C). A T418E mutant generated to mimic the phosphorylated threonine
corroborates this as it shows a complete abolishment of acetyltransferase activity
(Fig 5.9B). Thr418 lies in an important region that is directly involved in making
polar contacts with the backbone oxygen of acetyl-CoA via the backbone amine
group of Gly415. By affecting the precise positioning of the acetyl group,
phosphorylation appears to regulate acetyl transfer.

Another regulation of the acetyltransferase activity is due to the unique C-
terminal extension in GlmUyy. It contributes a short helix, which presents an
important residue Trp460 for acetyl-CoA binding (Fig 5.5A). Crystal structure
analysis and biochemical studies reiterate its importance. Zhang et al. [219], by
modelling acetyl-CoA into the apo structure of GImUy,, suggested an interaction of
Trp-460 and the substrate. Crystal structures of GlmUy; (from Haemophilus
influenzae) bound with acetyltransferase inhibitors were reported recently [170].
These depict an important contribution by the equivalent Trp449 in inhibitor binding.
Interestingly, drug resistant strains of H. influenza carry a mutation at Trp449, which
results in the loss of this stacking interaction with the inhibitors.

Uridyltransferase activity also holds vital role in GImUyy, catalyzed reaction.
Mutational studies of the uridyltransferase active site residues suggest a role for R19,
K26, D114 and N239 in stabilizing Mg™ ions and UDP-GIcNAc (Fig. 11). Mg™ is
required for the uridyltransferase activity, in agreement with this we found that the
uridyltransferase activity of GlImUy, follows Michaelis-Menten kinetic pattern with
increasing concentration of Mg, while the activity of acetyltransferase reaction
seems to be independent of Mg™ ion concentration (Fig 5.10 E). Biophysical
experiments’ results (DSF and ITC) indicate that both of the sugar substrates (GIcN-
1-P and GlcNAc-1-P) do not have good affinity for GlImUy. UTP has best affinity
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for GlmUyyy, as compared with all the other substrates (Fig 5.11 & 5.12, Table 5.3 &
4). Also binding of one substrate in one domain does not impact the affinity for the
other substrates in the other domain. Besides the substrates, GImUyy, seems to have
affinity for the final product UDP-GIcNAc suggesting possible feedback inhibition
of the uridyltransferase activity, a likely additional mode of regulation of GlmU
activity (Fig 5.12, Table 5.3).

Overall, GImUyy, forms an ideal drug target to develop antitubercular drugs.
The synthesis of UDP-GIcNAc takes place via a different route in eukaryotes than
that in prokaryotes. In eukaryotes, acetyl transfer occurs on GIcN-6-P instead of
GIlcN-1-P. Also, the acetyltransferase and uridyltransferase reactions are catalyzed by
two different enzymes, which show little homology to GImUwy, [195, 222, 223].
Identifying structural differences is necessary for the design of selective inhibitors
against GlmUyyp. The U conformation of acetyl-CoA found in GImUyy and the
active site residues that make this possible can be a target site. Besides, we also
identify that a small, one-and-a-half-turn helix in the C-terminal extension, a feature
unique to GlmUw, and a conserved tryptophan (Trp460) are important contributors
to the acetyl transfer reaction. Altering these interactions or the conformation of the
short helix could be a viable strategy. Moreover characterization of uridyltransferase
active site and the presence of feedback inhibition provide alternative scheme to
develop next generation of anti-TB inhibitors specific to GlmUwmgw. Perhaps, all of
these are suggestive that targeting the uridyl and acetyltransferase domains to inhibit
the action of GlmUy» may be a reasonable strategy.
5.4 Conclusion

Important residues (H374A, N397A and S416A) were mutated and checked
for their biochemical activities and kinetics using malachite green assay. Both H374
and N397 were found to play central role in acetyltransferase reaction. Additionally,
the conformation of bound acetyl-CoA in GlmUyy, displayed unique ‘U’ shaped
pattern in compared with the ‘L’ shaped conformation in GImUFg ;. The importance
of U shaped conformation was confirmed by generating mutations at the interacting
residues R439T, A451R and their double mutant (R439T+A451R) or tetra mutant
(R439T+A451R+1457K+R455T). Further, we found that a short helix present at the

C-terminal extension provides a key tryptophan, which appears to be critical for
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acetyl-CoA binding and acetyltransferase activity as well. This was validated by
generating different truncation mutants (A15, A25, A30 and A37) and W460A point
mutant or by chimeric GlImUyy, proteins consisting of C-terminal tail of GImUg i or
vice-versa. With the help mass spectrometry, we identified T418 and T156 to be the
major and minor PknB target sites on GImUyy,. We have generated phohoablative
(T418A) and phosphomimatic (T418E) and T418S mutant, which retain the hydroxyl
group, and deciphered how T418 phosphorylation down regulates the
acetyltransferase activity. Characterization of uridyltransferase active site was carried
out by mutating important residues (based on the crystal structures) like R19A,
K26A, D114A/E and N239A, which play a role in stabilizing the Mg™* ion and the
substrates, decreased the uridyltransferase activity. Thus characterization of both
active sites provides a base towards developing new sets of inhibitors targeting

G lmUMtb .
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Chapter 6.

Dissecting the role of GImUyy, in arbitrating

the survival of the pathogen.

6.1 Introduction

The cell wall, which contains a number of virulence determinants, is the first
line of defence for survival of the pathogen in the hostile host environment [42]. The
mycobacterial cell envelope includes three layers of cell membrane and a cell wall
made up of peptidoglycan, mycolic acid, arabinogalactan and lipoarabinomannan
(LAM) [186-188]. Mostly existing first line and second line drugs used to treat TB
such as isoniazid, ethambutol, ethionamide and cycloserine, act on enzymes engaged
in the synthesis of different cell wall components[38]. The current high mortality
rates of infected individuals as well as increasing incidence of multidrug-resistant
(MDR) and extensively drug-resistant (XDR) tuberculosis (TB) among patients
underscore the importance of finding new targets for therapeutic intervention.

GlmUyg 1s a bi-functional enzyme, with acetyltransferase and
uridyltransferase activities catalyzed by the C- and N- terminal domains respectively
(Fig 2.4)[175, 189]. The carboxy-terminal domain of GlmUyy, transfers the acetyl
moiety from acetyl CoA onto glucosamine-1-phosphate to generate N-
acetylglucosamine-1-phosphate (GIcNAc-1-P). The N-terminal uridyltransferase
domain of GlmUyy, then catalyzes the transfer of UMP (from UTP) to GIcNAc-1-P
to form UDP-GIcNAc (Fig 2.4)[189]. The UDP-GIcNAc thus produced is among the
central metabolites that is required for the synthesis of peptidoglycan, lipid A,
arabinogalactan, Rha-GIcNAc linkers, poly (-GlcNAc-),, mycothiol (required for
maintaining redox homeostasis), and N- or O- GlcNAcylation[88, 155, 190-194].
The crystal structure of M.tuberculosis GImU (GlmUyy) displays two-domain
architecture with a N-terminal o/B- like fold and a C-terminal left-handed parallel-f3-
helix structure [4, 224]. Unlike its orthologs, GImUyy, has a long carboxy-terminal

tail which displays little secondary structure [3]. Results from transposon
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mutagenesis experiments have indicated glmUpyy, to be an essential gene, supported
by the fact that M. smegmatis is unable to grow in the absence of glmUgmeg [115, 177,
225]. However, no studies have addressed the question of whether both the activities
of GImUyy, are independently essential for the growth or survival of the bacterium.
While the enzymes required for the synthesis of UDP-GlcNAc are well
conserved among prokaryotes, they are very different from those found in
eukaryotes, making GImUyy, an attractive putative drug target [196, 226].
Furthermore, the importance of GlmUyy, for growth under hypoxic conditions and in
an in vivo infection model is yet to be investigated. In the present study we have
generated a conditional gene replacement mutant of gImUwy and used this mutant to
investigate any role GImUyy, may play in modulating the growth of the bacterium in
vitro, ex vivo and in vivo. The data presented here demonstrate that GImUyy, is a

viable and promising target for therapeutic intervention against tuberculosis.
6.2 Results

6.2.1 GIm Uy, depletion perturbs cell wall structure and affects the bacterial
survival in normoxia.
As the tetracycline-inducible system is an effective means to regulate gene

expression [201], we introduced the integration-proficient pST-KirT-gImU construct
(wherein glmUpmy, gene was cloned under a promoter that shuts down upon ATc
addition) into M.tb. H37Rv (Rv) and M. smegmatis (MS) (Fig 6.1A, 6.2A & 6.3A).
Whereas the expression of GImUyy, from its native locus remained unaltered, the
expression of FLAG-GImUyy, in Rv::glmU strain was drastically compromised in
the presence of ATc (Western blot inset, Fig 6.2A). These merodiploid strains were
transduced with temperature sensitive phage, and the fidelity of homologous
recombination at the native locus was confirmed by amplification across the
replacement junctions using appropriate primers (Fig 6.2B & 6.3B). A comparison of
GImUyy expression in the presence and absence of ATc revealed that the protein
was not detectable by western blot analysis after 6 days of growth in the presence of
ATc (Fig 6.2E). In M. smegmatis, GlmU starts depleting after 6 h of ATc addition
(Fig 6.3D). While the growth of RvAgImU or MSAgIMU in the absence of ATc was
similar to Rv or MS, in the presence of ATc the growth was drastically compromised
(Fig 6.2C & 6.3E). A comparative analysis of growth by spotting of serially diluted
cultures of Rv and RvAgImU or radial striking (for MS and MSAgImU) grown in the
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Figure 6.1. Tet Off and Tet On schematic diagram: (A) pST-KirT-g/mU vector
(integrated at attP site) showing repressor, operator and FLAG-glmU cloned in it.
Association of ATc with repressor stimulate it’s binding to operator sequence, thus
stops transcription. (B) pST-KT-g/mU vector (non-integrated) showing repressor,
operator and FLAG-g/mU cloned in it. Association of ATc with repressor hinder it’s
binding to operator sequence, thus stops transcription.
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Figure 6.2. GImU  is essential for Mzb survival: (A) Schematic diagram representing the genomic
location of gimU,,, (RvI018c) and homologous recombination between flanking sequence in the
phagemid and the genomic locus. Primers used for the PCR amplification are depicted. Upper right
panel shows the immunoblot. WCLs from Rv or Rv.::glmU grown in the presence or absence of ATc
were resolved and probed with anti-GlmU antibodies. Bands corresponding to the endogenous GlmU
and ectopic FLAG-GImU are indicated. (B) Agarose gel showing the PCR amplification of the Rv &
putative RvAg/mU mutant using specific primers. Primers F1 and R2 are beyond the flanks, R1 and F2
belongs to resolvase sites in sacB/hygR cassette and F3 and R3 binds to the native gimU, ,. Amplifica-
tion with F1-R1 or F2-R2 primers results in 1.23 kb or 1.17 kb size products with RvAglmU strain but
none with the Rv. Whereas PCRs with F1-R3 or F3-R2 primers amplifies 1.5 kb band with the Rv and
none with the RvAglmU mutant. (C) Rv and RvAgimU cultures grown to an A, of 0.8 were used to
seed fresh cultures at an initial A, of 0.1 in the presence or absence of ATc as indicated and the day
wise growth was monitored for six days. Inset shows the growth in the culture tubes after six days,
mean, s.e.m, n=3. (D) Day 0 and Day 6 cultures grown in the presence or absence of ATc were serially
diluted and spotted on 7H11 agar plates. (E) Whole cell lysates (WCL) were prepared from the large
scale cultures of Rv and RvAglmU grown in the absence and presence of ATc for five days. 20 pg of
WCLs were resolved and probed with anti-GImU _,_, anti-PknB and anti-GroEL1 antibodies. Band

Mtb?
corresponding to endogenous GImU . and FLAG-GImU_  are indicated. (F) Large scale cultures

Mtb Mtb
were inoculated at A600 of 0.1 in the presence or absence of ATc and the WCLs were prepared on
different days post ATc addition (as indicated). WCLs were resolved and probed with anti-GlmU,

and anti-GroEL1 antibodies.
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Figure 6.3. GImU is essential for M. smegmatis survival: (A) Schematic diagram repre-
senting the genomic location of glmU, . (MSMEG_5426) and homologous recombination
between flanking sequence in the phagemid and the genomic locus. (B) Agarose gel showing
the PCR amplification of the MS & putative MSAg/mU mutant using specific primers. Prim-
ers F1 and R2 are beyond the flanks, R1 and F2 belong to resolvase sites in sacB/hygR
cassette and F3 and R3 bind to the native glmU, . Amplification with F1-R1 or F2-R2 prim-
ers results in 1.08 kb or 1.29 kb size products with MSAg/mU strain but none with the MS.
Whereas PCRs with F1-R3 or F3-R2 primers amplifies 1.6 kb or 1.26 kb band with the MS
and none with the MSAg/mU mutant. (C) MS, MS::glmU and MSAgimU cultures grown to an
A, of 0.8 and streaked on 7H11 agar plates with or without ATc (D) Western blott showing
endogenous GImU and FLAG-GImU at 6 h & 12 h post ATc addition. For loading control
PknB and GroEL1 were probed. (E) Growth curve analysis of MS and MSAg/mU in presence
or absence of ATc up to 30 h, mean, s.e.m, n=3. (F) SEM images of MS and MSAg/mU at 6 h
& 12 h of GImU, ¢ depletion. Scale bars showing 2 pm.
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presence versus absence of ATc showed that GImUwy, depletion by addition of ATc
led to complete inhibition of growth, with no growth detected after 6 days (for M.tb.)
or 30 h for MS (Fig 6.2D & 6.3E). Interestingly, analysis of GlmUyy, expression
every 24 hours post-ATc addition uncovered significant reduction in GImUyy,
expression by the third day itself (Fig 6.2F). These results indicate that GImUyy, is
required for the bacterial survival. To determine the impact of GlImUy, depletion on
cellular morphology we carried out SEM and TEM imaging analysis of Rv or MS
and RvAgImU or MSAgImU cells grown for three days (for Rv)or 30 h (for MS) in the
absence or presence of ATc. SEM analysis revealed severe morphological
perturbations in the absence of GlmUy,, with the bacilli showing wrinkled surface
and fused cells (Fig 6.4A and 6.3F). TEM analysis showed that whereas in Rv and
RVAgImU cell wall structure and thickness are comparable, there was a marked
decrease in cell wall thickness in RvAgImU cells where GlmUyy, was not expressed

(cells grown in the presence of ATc; Fig 6.4B & 6.4C).

6.2.2 Impact of GImUyy, depletion on dormant bacteria.

Subjecting M.th. cultures in vitro to hypoxic stress (gradual decrease of
oxygen) results in reprogramming of metabolic pathways and upregulation of stress
response genes, and is considered to be an in vitro model for the dormancy [204,
227]. We used the Wayne model to investigate the consequence of GlmUyy,
depletion on the dormant bacteria under hypoxic conditions [204]. Accordingly,
hypoxia was established and maintained for 42 days with depletion of GlmUyy, or
addition of INH for either 22 days, or for 2 days (Fig 6.5A, line diagram). In
agreement with previous reports, we observed that bacteria were tolerant to INH
under hypoxic conditions [228] (Fig 6.5B), with a thicker cell wall being observed
under hypoxic conditions compared with the normoxic cultures (Fig 6.5C & 6.5D).
Depletion of GlmUyy, for 22 days resulted in complete clearance of growth, which
was also reflected in severe morphological perturbations and drastic reduction in cell
wall thickness (Fig 6.5C & 6.5D). Significantly, GlmUyy depletion for as less as 2
days decreased cell viability by three orders of magnitude (Fig 6.5A) and decrease in
cell wall thickness (~18%; Fig 6.5C & 6.5D). Taken together, the data suggests that
the absence of GlmUyy, in hypoxic condition leads to aberrant cell wall thickness

and morphology, eventually leading to the death of the cell.
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Figure 6.4. GImU, depletion perturbs morphology and cell wall structure: (A)
Scanning electron microscopy of Rv and RvAglmU grown for 72 h with or without ATc as
indicated. Scale bars in upper panel were 10 nm and for the inset was 200 nm. (B) Trans-
mission electron micrographs results at 50,000X of Rv and RvAg/mU cultures grown with
or without ATc. Red lines depict the cell wall thickness. Scale bar: 20 to 100 nm. (C) Cell
wall thickness was measured in nm for 15 to 22 cells for each sample. ***p<0.0001, two
tailed non parametric t-test, mean, s.e.m.
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Figure. 6.5 GImU ,  is essential during dormancy: (A) Rv and RvAglmU cultures were
seeded at an initial A of 0.1 in 1.5 HPLC tubes or in 500 ml flasks containing penetrable
caps. Establishment of hypoxia was monitored with the help of methylene blue color change
(blue to colorless). ATc was added to Rv on 20th day and to RvAglmU for 22 and 40" day.
CFUs were enumerated on day 0, day 20 and day 42, mean, s.e.m, n=3. (B) CFU results of
INH treatment on hypoxic Rv or RvAgimU cultures. INH (50 ng/ml) was added to the hypoxic
Rv cultures on 20th and 40th day. CFUs were enumerated on day 42. *p<0.05 or NS: non-
significant, two tailed non parametric t-test, mean, s.e.m., n=3. (C) Large scale hypoxic
cultures were pelleted down on day 42 and processed for scanning electron microscopy (upper
panel) or transmission electron microscopy (lower panel) imaging. (SEM: scale bars: 1 pm;
TEM scale bar: 20 nm). Cell wall thickness is indicated by red lines. (D) Cell wall thickness
was measured in nm for 20 to 54 cells from the TEM images of different samples. ***p<

0.0001 and 0.0005, two tailed non parametric t-test, mean, s.e.m.
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6.2.3 Acetyl and uridyltransferase activities of GImU are independently essential.

Biochemical investigations have shown that the N-terminal fragment (1-352
amino acids) and C-terminal fragment (150-495 amino acids) of GlmUyy can
independently undertake uridyltransferase and acetyltransferase activities
respectively (Fig 6.6A- D) [3, 224]. The active site residues that are necessary for
these activities have also been identified (Fig 6.5A & D) [3]. To investigate if both
activities are essential to cell survival, we have generated previously reported
truncation mutants GImU-N and GImU-C [99]. We also generated GImUxy64 and
GlmUpnsnaa, the uridyltransferase and acetyltransferase active site mutants, and
GlmUpy wherein both the active site residues were concomitantly mutated. GlImU
wild type and mutant proteins were purified (Fig 6.6C) and their uridyltransferase
and acetyltransferase activities were assayed. While GImU-C and GlmUk»64 mutants
showed acetyltransferase activity, as expected they did not show any uridyltransfease
activity (Fig 6.6D). On the other hand GImU-N and GImUH374A had
uridyltransferase activity but not the acetyltransferase activity (Fig 6.6D). As
expected the double mutant did not have either uridyl or acetyltransferase activity
(Fig 6.6D). Next, complementation assays using one or other truncations / active site
mutants were carried out. The FLAG-GlmUyy, and the complemented untagged wt-
GlmUwy, proteins were found to be expressed at similar levels (Fig 6.6E). The
episomally expressed wt-GlmUyy, could rescue the RvAgImU phenotype in the
presence of ATc (Fig 6.6F). Contrastingly, while the various GlmUyy, mutant
proteins were expressed at levels comparable to that of FLAG-GlmUwy, (Fig 6.6E),
none of them rescued the growth defects of the RVAgImU strain in the presence of
ATc (Fig 6.6F). These results indicate that both uridyltransferase and
acetyltransferase activities of GImUwy, are essential for pathogen survival and imply
that the only source of the metabolites GlcNAc-1-P and UDP-GlcNAc is through the
GImUyg mediated synthesis pathway.
6.2.4 Role of different mutants of GImU in bacterial survival.

Previously (Chapter 5), we have identified residues that are critical for uridyl
and acetyltransferase activities. We have also determined the criticality of carboxy
terminal tail in modulating the acetyltransferase activity. Here, we sought to

determine the impact of these mutants in complementing the RvAgImU or MsAgimU
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Figure 6.6. Acetyl and uridyltransferase activities are independently essential:
(A) Schematic representation of GImU,, ~depicting different domains, active site
residues and the deletion mutants. (B) Cartoon of different domains and full length
GImU,,, . Right most pictures depicted the location of active site mutants at N- termi-
nal and C- terminal domains. (C) GlmU,,, and GImU,, -mutants were purified as
described earlier and the 1 pg of the purified proteins were resolved on 10% SDS-
PAGE and stained with coomassie. (D) Uridyltransferase (left panel) and acetyltrans-
ferase (right panel) activities were carried out as describe in Methods using 0.5 to 20
pmoles of wild type or mutant GImU,  proteins. Activity was defined as uM product
formed / min / pmole of enzyme. Relative activity of the mutants were calculated
with respect to the activity of GImU,, , which was normalized to 100%. The experi-
ment was repeated three times and the error bars indicate s.e.m. (E) Wild type and
mutated GImU,, genes were cloned into pNit vector without any N- or C- terminal
tag. pNit-glmU, , or pNit-gimU constructs were electroporated into RvAglmU,

mutant

and the WCLs prepared from RvAgimU and RvAgimU::glmU cultures were

mutant

resolved and probed with anti-GlmU and anti-GroEL1 antibodies. Bands corre-
sponding to FLAG-GImU, , complemented GImU_,_ and the deletion fragments
of GImU_ are indicated. (F) RvAgimU and RvAgimU::glmU cultures were

Mtb mutant

seeded at an initial A ) of 0.1 and grown for five days in the absence or presence of

ATc, mean, s.e.m, n=3.
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mutants upon depletion of GImU. Further we wanted to investigate the ability of
GImU orthologs from E. coli, C. glutamicum and S. pneumonia to complement the
functionality of GlmUpy or GImUy;. Towards this; GImU deletion mutants, point
mutants and orthologs were cloned into either into the pNIT vector (episomal) or
pMALI1357 vector (integrating). The RvAgImU mutant was electroporated with
pMAL1357-GImU¢onstructs, the MSAgQIMU mutant was electroporated with pNIT-
GImU_onstructs:  Although we used integrating pMALI357 constructs for the
complementation, the results with the wild type and active site mutants (WT, K26A,
H374A and DM) were similar to those observed in figure 6.6. While the wild type
GImU complemented efficiently, mutants and N and C-terminal truncations failed to
complement the RVAgImU or MsAgImU mutants (Fig 6.7A & 6.8A). Next we sought
to determine the impact of carboxy terminal deletions on their ability to complement
GImU functionality. With the exception of wild type GImU and GlmU,s, none of
the other carboxy terminal deletion mutants or GlmUw4e0a could complement the
functionality of GImU in RvAgImU or MsAgImU mutants upon depletion (Fig 6.7B &
6.8B). We investigated the ability of GImU orthologs from other organisms to
complement its functionality in RvAgImU or MSAgImU mutants. In case of RvAgimU
mutant, expression of GlmUys and GlmUcg resulted in partial rescue, however
GImUsgp and GlmUpg( failed to complement the phenotype (Fig 6.7C). On the other
hand in case of MsAglmU mutant, with the exception of GlImUcg mutant remaining
orthologs effectively supported the growth (Fig 6.8C). Although these results are
quite intriguing, we do not know the reasons for the differential ability of orthologs
to complement RVAgImMU and MsAgImU mutants. We would have to investigate these
findings further by determining the expression levels of the orthologs and precisely
quantify the differences in their ability to rescue the phenotype by performing CFU
analysis. Finally, we analyzed the ability of GImU phosphorylation site mutants
(T418A, T418E and T418S) to complement the functionality. While both GImU 454
and GlmUrpygp failed to functionally rescue the glmU depletion phenotype,
GlmU~r4;3s seems to be able to rescue the growth partially (Fig 6.7D & 6.8D). The
ability of T418S to partially rescue the phenotype supports our suggestion (in
Chapter 5) that the hydroxyl group of T418 plays an important role in catalysis.
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Figure 6.7. Complementation of GlImU, , mutants, truncations and orthologs:
In all expreiments g/mU mutant strains of Rv were complemented with constutively
expressing promoter of pML1357 and checked for survival in cultures. (A) Active
site mutants (K26A, H374A and their double mutant) and individual domains
(N-terminal domail or C-terminal domain) (B) Truncations of GImU,,, lacking 15,
25, 30 or 37 amino acids from C-terminal. (C) Orthologs of GImU, from different
bacteria. MS: M. smegmatis, CG: C. glutamicum, EC: E. coli, SP: S. pneumoniae
(D) Phosphomutans of GImU, : T418A, T418E, T418S.
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(+)ATc

Figure 6.8. Complementation of GlImU,, mutants, truncations and orthologs:
In all expreiments g/mU mutant strains of MSwere complemented with constutively
expressing inducer of pNIT and checked for survival in cultures.  (A) Active
site mutants (K26A, H374A and their double mutant) and individual domains
(N-terminal domail or C-terminal domain) (B) Truncations of GImU,,, lacking 15,
25,30 or 37 amino acids from C-terminal. (C) Orthologs of GImU,, from different
bacteria. MS: M. smegmatis, CG: C. glutamicum, EC: E. coli, SP: S. pneumoniae
(D) Phosphomutans of GImU, : T418A, T418E, T418S.
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6.2.5 Presence of GImUyyy, is obligatory for the survival of M.tb. in the host.

M.tb. cells devoid of an intact cell wall have been found to be capable of
surviving inside the host [229, 230]. Some pathogens have been reported to resort to
cell wall “recycling” for the synthesis of UDP-GIcNAc, and others have been known
to utilize GIcNAc from the host for this purpose [157, 197, 198, 231]. However, such
mechanisms have not yet been reported in M.th. To investigate these possibilities we
examined the impact of GlmUyy, depletion on survival of the pathogen in the host.
Using an ex vivo THP-1 infection model we observed ~80% phagolysosome fusion
in the absence of GImUyy, (Fig 6.9A & B; compare RvAgImU with RvAgImU +ATc).
This was also reflected in the survival pattern of the pathogen upon depletion of
GlmUpmgp (Fig 6.9C), with survival being strongly compromised in absence of
GlmUpg. The impact of GlmUyy, depletion was evident as early as 24 h post-
infection, with a dramatic drop in survival by 48 hours post-infection (Fig 6.9C). The
consequences of GImUyy, depletion on survival of the pathogen in vivo were
evaluated using guinea pig infection model. CFUs obtained 24 h after infection
suggested efficient and equivalent implantation of both wild type and mutant bacilli
in the lungs of guinea pigs (Fig 6.9D). Discrete bacilli were observed in the lungs of
guinea pigs infected with Rv and RvAgImU 28 days post-infection (Fig 6.9E). In
contrast, the lungs of the guinea pigs infected with RvAgImU in the presence of
doxycycline were clear (Fig 6.8E). In addition splenomegaly was significantly-
reduced upon depletion of GlmUyy, (RVAgIMU + Dox; Fig 6.9F & G). Whereas the
bacillary load in the lungs and spleen of guinea pigs infected with Rv and RvAglmU
were comparable, we did not detect any bacilli when the RvAgImU infected guinea
pigs were administered Dox (Fig 6.9D). In accordance with these observations, while
the gross pathology of lungs infected with Rv and RvAgImU displayed considerable

granulomatous architecture, normal lung parenchyma was observed upon GlmU

Table 6.1: Granuloma scores of the infected guinea pig lungs.

Group | Bacterial strains/ | Organs | No. of granulomas | Total granulomas

(guinea | treatment with necrosis, score

pigs) Score : 5

4t Rv (+Dox) Lungs 6 30

week RvAgimU (-Dox) | Lungs 6 30
RvAgimU (+Dox) | Lungs 0 0
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Figure 6.9. Presence of GImU is obligatory for the survival of Mb in the host: (A) Confocal
microscopy images of THP1 cells infected with Rv and RvAg/mU in the presence or absence of ATc as
indicated were taken 48 h post infection. Scale bars, 10 pm. (B) Quantification of percentage co-
localization of bacterium and lysosomes in Fig SA. n=10 to 15. (C) PMA differentiated THP1 cells were
infected with Rv and RvAg/mU and either ATc (1.5 pg) or the vehicle were added at 0 h. CFUs were
enumerated at different time points post infection, mean, s.e.m, n=3. (D) Guinea pigs were infected with
150-200 bacilli CFUs of Rv or RvAgimU and Dox was provided in the water as indicated. Guinea pigs
(n=2) were sacrificed on day 1 and homogenates from the lungs were plated in triplicates to determine the
implantation. Guinea pigs (n=6) were sacrificed four weeks post infection and CFUs were determined in
the lung homogenates and results were plotted with log10 /lung on the Y-axis and samples on the X-axis.
At four weeks post infection mean CFUs for Rv +Dox or RvAglimU +Dox and RvAglimU —Dox were 5.2,
0 and 5.11 on log,, scale.***p<0.0001, two tailed non parametric t-test, mean, s.e.m., n=6. (E) Overall
pathology (upper panel) and histopathology (lower panel, HE, 40X) of the infected guinea pig lungs four
weeks post infection. Both Rv +Dox and RvAglmU -Dox were having prominent granuloma and necrotic
lesions in the central and epithelioid cells and lymphocytes around it. Guinea pigs infected with RvAgimU
+Dox were showing normal lung parenchyma with clear alveolar spaces. G = Granuloma, AS = Alveolar
Space. (F) CFU data from guinea pig spleens. ***p<0.0001 or, two tailed non parametric t-test, mean,
s.e.m., n=06. (G) Overall pathology of the infected spleens from the guinea pigs 4 weeks post infection.

101



Biology of GilmUyyy,

depletion (Fig 6.9E, Table 6.1). These results suggest that the presence of GImUyyy, is
obligatory for mycobacteria to survive in the host.
6.2.6 Depletion of GImU from infected lungs leads to clearance of pathogen.

It was apparent from the data presented above that the addition of ATc or
Dox at the time of inoculation or at the time of infection does not allow
mycobacterial cell growth or survival in the host. In the ideal candidate for
therapeutic intervention, inhibiting the activity of depleting the enzyme at any stage
of the infection should result in pathogen clearance. We assessed this parameter of
GlmUypy, by providing ATc at different stages of bacterial growth (early, log and
stationary phases) and investigating its influence on cell survival in liquid cultures.
Addition of ATc to RVAgImU cultures on the 2™, 4™ or 6™ day after inoculation
significantly thwarted growth (Fig 6.10A). A similar analysis of bacterial growth by
serial dilution of cultures followed by spotting on solid medium also revealed that
viability was compromised by ~2 log fold 48 h after the addition of ATc, indicating
that GImUwmy, depletion negatively impacted cell survival regardless of which stage
of cell growth it was depleted at (Fig 6.10C).

The influence of GlmUyy, depletion on an established ex vivo infection was
estimated by providing ATc 24 h post-infection in a THP-1 infection model. As
expected the bacillary load in THP-1 cells infected with Rv and RvAgImU were
similar at 0 and 24 h after infection (Fig 6.10B). In contrast, while at 96 h post-
infection the bacillary load for Rv- and RvAgImU- infected THP-1 cells remained the
same, the addition of ATc to RvVAgImU- infected THP-1 cells 24 h after infection
decreased the pathogen load by ~2.5 log fold, indicating that the reduction of

GlmUpyy, levels impacts pathogen survival even in an established ex vivo infection

Table 6.2: Granuloma scores of the infected mice lungs.
Group Bacterial Organs | No. of Total granulomas
(mice) strains/ granulomas score
treatment without
Necrosis,
Score : 2.5
4" week | Rv Lungs 4 10
RvAgimU (-Dox’) | Lungs 4 10
12" week | Rv (+Dox) Lungs 3 7.5
RvAgimU (-Dox) | Lungs 6 15
RvAgimU (+Dox) | Lungs 0 0
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Figure 6.10. Depletion of GImU,  at any stage of growth is deleterious for Mzb: (A).
Rv and RvAgimU cultures were inoculated at an initial A, of 0.1 and the growth was
monitored every day for eight days. ATc was added to the Rv culture on day 2 and RvA
glmU cultures were either grown in the absence of ATc or was supplemented with ATc in
the growth media on 2nd, 4th or 6th day, mean, s.e.m., n=3 (B) Differentiated THP-1 cells
were infected Rv or RvAglmU cultures and the infection was allowed to be established for
24 h. 24 h post infection ATc was supplemented in the media for Rv and RvAgimU infected
cultures. As a control THP1 cells infected with RvAgimU were grown without ATc. CFUs
were enumerated at 0, 24 and 96 h post infection. **p<0.005, two tailed non parametric
t-test, mean, s.e.m., n=3. (C) Rv and RvAgimU cultures were inoculated at an initial A of
0.1. ATc was added to the Rv culture on day 1 (a) and RvAglmU cultures were either grown
in the absence of ATc or was supplemented with ATc in the growth media on 1st (a), 3rd
(b) or 5th (c¢) day. Serially diluted cultures were spotted on 7H11 agar plates after day 1, 3,
Sand?7.
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(Fig 6.10B). We extended this investigation to analyze the effect of GlmUyy,
depletion from a fully-infected lung using murine infection model. As anticipated,
the bacillary load in the lungs of mice infected with Rv and RvAgImU were
comparable both on Day 1 and on Day 28. Administration of Dox to RvAglmU
infected mice for the next 56 days (Day 28 to Day 84) drastically decreased the
CFUs in the lungs (Fig 6.11A) and the pathogen was completely cleared from the
spleen (Fig 6.11C). Unlike the lungs of mice infected with Rv and RvAgImU, mice
infected with RvAgImU to whom Dox was administered displayed a total absence of
lesions and granuloma in the lungs (Fig 6.11B & Table 6.2). Collectively, these data
suggest a fundamental role for UDP-GIcNAc, the end product of the GlmUyy,
mediated enzymatic reaction, in modulating the persistence of M.tb. infection.

6.3 Discussion.

Cell wall provides the structural rigidity and protects bacteria from various
environmental and physiological insults. Biosynthesis of the cell wall of bacteria is a
complex process requiring enzymes localized to different cellular compartments
[232]. Due to the essentiality of the enzymes involved in there, they are considered
attractive targets for anti-microbial therapies. The majority of the first line and
second line anti-tuberculosis drugs from the existing regimen target enzymes
involved in cell wall synthesis [38]. These include Isoniazid and Ethionamide
targeting enoyl-[acyl-carrier-protein] reductase and inhibiting mycolic acid synthesis,
Ethambutol targeting arabinosyl transferase and inhibiting arabinogalactan
biosynthesis, and Cycloserine targeting D-alanine racemase and ligase, which
inhibits peptidoglycan synthesis[38]. However most of these drugs are not very
effective against dormant/ latent M.tb. GlmUyy, an enzyme with dual activity,
synthesizes a core metabolite necessary for the synthesis of cell wall peptidoglycan,
UDP-GlcNAc [175]. UDP-GIcNAc may also be essential during persistence because
(1) a static number of CFU mask significant replication balanced by death [233] and
new envelope is required for this replication or because (ii) new envelope is required
even in the absence of bacterial replication. Interestingly, we found that depleting
GlmUpy, during both normoxic and hypoxic growth resulted in substantial decrease
in cell viability (Fig. 6.5). This is most likely due to the requirement of UDP-

GIcNAc, which in addition to participating in cell wall synthesis is also required for
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Figure 6.11. Depletion of GImU from infected lungs leads to clearance of pathogen:
(A) BALB/c mice were infected with Rv and RvAglmU strains and the infection was estab-
lished for next 28 days. Subsequently, Dox was provided (with 5% dextrose on every alter-
nate day) in the drinking water for Rv infected mice. One group of RvAg/mU infected mice
were administered with Dox and other with vehicle control for the next 56 days. CFUs were
enumerated on day 1, day 28 and day 84 post infection. At 28th days post infection mean
CFUs for Rv and RvAgimU infected mice were 4.43 and 4.47 on logl0 scale and 84th days
post infection mean CFUs for Rv +Dox or RvAgimU +Dox and RvAgimU —Dox were 5.1,
0.42 and 5.2 on log10 scale. ***p<0.0005, two tailed non parametric t-test, mean, s.e.m., n=6
to 9. (B) Overall pathology and histopathology of infected BALB/c mice lungs. Infected
lungs dissected on 84th day after infection from Rv (+Dox) and RvAgimU (-Dox) infected
mice shows clear lesions (upper panel) and granuloma with lymphocytes and foamy histio-
cytes (lower panel, HE stain, 100x) while RvAgimU (+Dox) was showing normal lung paren-
chyma and no granuloma. G = Granuloma, BL = Bronchial Lumen, AS = Alveolar Space.
(C) CFUs of spleen of infected mice on day 28 and day 84 post infection in above mentioned
(Fig 7A) experiment. At 28 days post infection mean CFUs for the spleens of Rv and RvA
glmU infected mice were 2.9 and 3.15 on log10 scale and 84 days post infection mean CFUs
for Rv +Dox or RvAgimU +Dox and RvAglimU —Dox infected spleens were 3.67, 0 and 3.5
on log10 scale. ***p<0.0005, two tailed non parametric t-test, mean, s.e.m., n=6 to 9.
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other cellular processes such as myothiol biosynthesis (to maintain redox
homeostasis), sialic acid biosynthesis and N- or O- GlcNAcylation [88, 155, 190,
192-194].

While UDP-GIcNAc is a critical metabolite for both prokaryotes and
eukaryotes, the enzymes involved in its de novo synthesis are significantly different
[191]. In addition, both prokaryotes and eukaryotes can utilize GIcNAc from
different sources to synthesize UDP-GIcNAc through salvage pathways [234-236].
Capnocytophaga canimorsus, a member bacteria from Bacteroidetes phylum lacks
endogenous GImM and GImU required for the synthesis of GIcNAc and it instead
relies on GIcNAc obtained from forages glycans from the host mucin and N-linked
glycoproteins [197]. Depending on the enzymes of the salvage pathways present in
the bacterial system, it would require either both the activities or only the
uridyltransferase activity of GlmUyy, for UDP-GIcNAc synthesis. Till date the
presence of alternate salvage pathway in M.th. has not been demonstrated. However,
even with an operating salvage pathway GImUyy, is essential for the utilization of
host GlcNAc to form UDP-GIcNAc. In line with this, we find that depletion of
GlmUpyy, during €x Vivo or in vivo infection either at the start or after infection has
been definitively established leads to clearance of pathogen. Taken together, our
results suggest that GlmUyy, is required for bacterial survival, even during
dormancy. Also depleting GlmUy, at any stage of growth is bactericidal. Both ex
vivo and in vivo infection experiments suggest that depletion of GImUyy in
completely infected condition will clear out M.th. from lungs and spleen. Hence

GImUyy can be targeted for next generation of inhibitors development.

6.4 Conclusion.

We present the results of a comprehensive study dissecting the role of
GlmUpyy, in arbitrating the survival of the pathogen both in vitro and in vivo. We
have generated a conditional gene replacement mutant of glmUpy and find that
depletion of GImUyy, at any stage of bacterial growth (normoxia or hypoxia) results
in irreversible bacterial death due to perturbation of cell wall synthesis. SEM analysis
revealed severe morphological perturbations in the absence of GlmUp,, with the
bacilli showing wrinkled surface and fused cells. TEM analysis showed that whereas

in Rv and RVAgImU cell wall structure and thickness are comparable, there was a
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marked decrease in cell wall thickness in RvVAgImU cells where GlmUy, was not
expressed. Complementation studies show that both uridyltransferase and
acetyltransferase activities of GlmUyy, are essential for pathogen survival, and imply
that the only source of the metabolities GIcNAc-1-P and UDP-GIcNAc is through the
GlmUyy, mediated synthesis pathway. GlmUyy, is also found to be essential for
mycobacterial survival in THP-1 cells as well as in guinea pigs. We investigated the
effect of GImUyy, depletion from a fully-infected lung using murine infection model.
Interstingly, depletion of GlmUpmg from infected murine lungs led to radical

reduction in the bacillary load.
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Chapter. 7

Design and development of anti-GlmU )y,
inhibitors

7.1 Introduction

M. tuberculosis (M.th.), was found to develop mutations for many of the
marketed drugs such as mutations in katG gene against isoniazid, rpoB gene against
rifampicin, which made them ineffective for treating multi drug resistant TB (MDR-
TB) [237]. The available marketed first line drugs are capable of achieving more than
90% of efficacy, yet their benefit is cut short because of bacterial resistance. The
resistance among the pathogenic strains, which prevents treatment by both first line
and second line drugs, manifests as a more dreadful condition known as extensively
drug resistant TB (XDR-TB). Among many factors contributing to the drug
resistance against M.tb., one of the major concerns is the high lipophilic content of its
cell wall. This architecture of cell wall involves an outer highly lipophilic mycolic
acid deposit and inner peptidoglycan layer, which are being covalently connected by
a polysaccharide known as arabinogalactan [115]. This molecular makeup of
mycobacterial cell wall makes the entry of several drugs difficult, thus reducing the
effectiveness.

N-acetylglucosamine-1-phosphate uridyltransferase (GlmUyy,) is one of the
vital enzymes, necessary for formation of the building blocks of mycobacterial cell
wall. UDP-GlcNAc, the final product of GImUyyg biosynthetic pathway, has a
significant role in mycobacterial physiology, by acting as a substrate for
peptidoglycan biosynthesis [219]. Moreover, GlcNAc is a crucial component of a
disaccharide o-L-rhamnosyl-(1,3)-a-D-GlcNAc-phosphate, which acts as a linker
between the peptidoglycan layer and arabinogalactan. Interestingly, in eukaryotes
such bi-functional enzymes capable of performing both steps are absent and

synthesis of UDP-GIcNAc is carried out by two independent enzymes, UDP-N-
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acetylglucosaminePPase (Uaplp) and glucosamine-6-phosphate acetyltransferase
(GNAL1) [195, 238].

Researchers have developed compounds that inhibit the activities of the
orthologs of GlmUyy, (GImU from T. brucei, P. aeruginosa, E. coli, H. influenza and
X. oryzae) in vitro [162, 163, 170, 179, 180, 239-241]. Bioinformatics analysis and
kinetic modeling data advocate GlmUyy, to be a potential target for the development
of suitable inhibitors [171]. In concurrence with these predictions, effective inhibitors
have been developed against, the acetyltransferase and uridyltransferase domains of
GlmUyp, [113, 182]. However, the precise sites of inhibitor-protein interactions and
the efficacy of the inhibitors ex vivo or in vivo have not been investigated.

Earlier studies in M. smegmatis showed that gene replacement mutant of
GImU could only be generated in the presence of ectopic copy, suggesting
essentiality of GImU for maintenance of its cell wall integrity and survival of
mycobacterium [115]. Our results presented in Chapter 6 demonstrated that depletion
of GImUy, both in vitro and in vivo results in clearance of M.th. These observations
make GlmUyy, an attractive target for development of newer potent anti-tubercular
drugs. In the similar context, it is important to determine, which among the available
sites on GlmUy, would be appropriate for the effective inhibition. Computational
kinetic modelling study on GlmUy, has shown uridyltransferase reaction to be the
rate limiting step and offers more flexibility [171]. Previously, it was revealed that
UTP binds first at the uridyl site, inducing the conformational changes, which
subsequently accommodates GIcNAc-1-P, thus allowing the uridyltransferase
reaction to proceed [162]. The uridyl site accommodates two functionally important
magnesium ions as cofactors, involved in the catalysis process [161]. Studies have
suggested that the formation of UDP-GIcNAc is a two metal ion dependent process,
which are involved in the substrate stabilization, nucleophile activation and
transition-state stabilization [161]. Our study also supports the presence of feedback
inhibition by the final product, UDP-GIcNAc (chapter 5, Fig 12 & Table 7.3), which
makes the uridyltransferase active site an attractive target for the development of
new inhibitors.

In the present study, we aimed at identifying potential inhibitors against the

uridyltransferase site of GlmUwy, employing various computational, biological and
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biochemical tools. We have performed two studies targeting the uridyltransferase
activity of GlmUy, In one study we targeted the allosteric site and in the other we
targeted the active site (competitive inhibitor). Already known allosteric site and
inhibitor of H. influenzae GImU was used to develop a shape based designing
followed by chemical derivatization to get final compound Oxa33. This compound
was checked against M.th. at in vitro, ex vivo and in vivo infection level. Also the
specificity was confirmed against GlmUyy, using MD simulations and mutational
studies.

Second set of inhibitors were developed against the uridyltransferase active
site using the published crystal structure information. The in silico studies were cross
correlated using various docking methodologies like induced fit docking (IFD),
quantum polarized ligand docking (QPLD), taking into account the flexibility of the
active site residues and their partial charges. Our theoretical binding energies based
on molecular mechanics and molecular dynamics studies correlated well according to
our findings. We also investigated the nature of small molecule effect over GImU ¢
by means of in vitro enzyme inhibition studies followed by biophysical studies such
as isothermal titration calorimetry (ITC) to determine the experimental binding
affinity of selected compounds. The thermodynamic parameters elucidated via
theoretical and experimental methodologies, described in this study for GImUyy is

thus believed to be helpful in designing of novel anti-mycobacterial compounds.
7.2 Results

7.2.1 Allosteric site inhibitors.
7.2.1.1 Design and development of allosteric site inhibitors against GlmU ypy.

In addition to the acetyltransferase and uridyltransferase active site pockets,
GImUyy also contains an allosteric site. Binding of any suitable molecule/inhibitor
to the allosteric site would prevent the conformational change essential for GImU y,
uridyltransferase catalytic activity. In the present study, we aimed at the design and
synthesis of GlmUyy, allosteric site inhibitors and their efficacy and specificity
towards the protein. For this purpose the crystal structure of GlmUpy; complexes with
a small-molecule inhibitor (PDB code 2VD4) at its allosteric site was considered as
the starting point. The design methodology and the workflow are shown in figure
7.2. The GImUy; inhibitor,  4-chloro-N-(3-methoxypropyl)-N-[(3s)-1-(2-
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Figure 7.1. Allosteric site of H. influenzae and its comparison with Mtb allosteric site:
(A) Surface representation of GlImU ,, wherein its allosteric residues are highlighted. The
allosteric site of GImU_,, comprises of highly lipophilic surface and a distal depression
surface (B) Interaction of GImU, allosteric inhibitor at the allosteric site. Hydrophobic
residues are coloured in green, polar residues in blue, negatively charged residues in red.
Hydrogen bond interaction of the ligand with GIn231 is shown in pink colour; Glu224 is
also involved in the hydrogen bonding which is not represented here. Leul33, Tyr139,
Met221, Leu235 were found to be involved in strong hydrophobic interactions with the
inhibitor. Interactions were plotted with LIGPLOT. (C) Sequence alignment of GImU ,, and
GImU,,, allosteric site residues. Conserved residues are highlighted in red boxes. (D) Table
displaying allosteric residues of GImU  and GImU,, . Some of the critical residues such as
Tyr150, GIn243 and Leu247 of GImU, are seen to be conserved.
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phenylethyl)piperidin-3-yl]benzamide, was found to be interacting with Glu224 and
also involved in hydrophobic interactions with Vall31, Leul33, Tyr139, Vall68,
Val220, Val223 and Ala234 (Fig 7.1A & B). Alignment of the GImUy, and GlmUy;
allosteric pocket residues suggested that the interacting residues were conserved
between the two proteins (Fig 7.1C & D). Shape based modelling using this inhibitor
was carried out employing ROCS methodology. The model generated was able to
reproduce the same features, which were seen in the crystal structure interactions.
This model was used as a query and a ROCS run was performed for screening the
Asinex database (ASINEX Platinum and Gold Collection) using Implicit Mills Dean
force field to map all the compounds to the shape model. A total of 25,000 hits were
resulted from the ROCS screening from which 10,000 hits were carried forward for
molecular docking studies which were shortlisted based on the EON scoring. The
molecular docking workflow operated, using Glide, included the docking of
compounds in both standard precision (SP) and extra precision (XP) modes. The XP
docking resulted in 126 compounds, of which 43 hits were selected based on glide
score, interaction pattern and tanimoto scores and procured from to perform their
inhibition studies against GImU .

7.2.1.2 Screening of inhibitors.

Among the 43 compounds screened, one molecule (42)-4-(2-
fluorobenzylidene)-2-(naphthalen-2-yl)-1,3-oxazol-5(4H)-one,  inhibited  ~90%
GlmUpy, uridyltransferase activity at 100 uM (Fig 7.2). The compound was further
structurally optimized by increasing the hydrophobic component over the phenyl
moiety by various scaffolds thereby synthesizing a library of 53 compounds which
were in turn subjected to GlmUy, enzyme inhibition studies (Fig 7.2). Among the 53
compounds, (42)-4-(4-benzyloxybenzylidene)-2-(naphthalen-2-yl)-1,3-oxazol-
5(4H)-one (Oxa33) was found to inhibit GlmUyy, efficiently with an ICsy of
9.96%1.1 uM (Fig 7.4A, see Fig 7.3A & 7.3B for the synthesis of Oxa33).

7.2.1.3 Isothermal Titration Calorimetry (ITC) and Differential Scanning
Fluorimetry (DSF).

Binding parameters of Oxa33 to GlmUyy, were carried out by ITC and DSF
experiments. Binding isotherm (fitted for one site binding) suggests that Oxa33 binds
to GlmUyy, protein with adequately high binding affinity (K = 2.35x10° M™") and
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Figure 7.2. Design and development of anti-GImU ,  inhibitors: (A) Virtual screen-
ing workflow used towards the identification of allosteric inhibitors for GImU,, . Shape
model of allosteric inhibitor of GImU, was generated using ROCS software. In the
initial set of screening, a total of 43 compounds were identified and tested for their
ability to inhibit uridyltransferase reaction. 10 among the 43 compounds showed ~90%
inhibition at 100 pM. Of these, an oxozolidine derivative was identified and further
chemically derivatized to a library of 52 compounds. One compound from these, Oxa33,
which showed ~90% inhibition was considered for further studies.
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Figure 7.3. Synthesis of oxazolidine derivative series and Oxa33: (A) Synthetic scheme
for the preparation of 4-(4-(benzyloxy)benzylidene)-2-(naphthalen-1-yl)oxazol-5(4H)-

one (Oxa33). (B) Nuclear magnetic resonance spectra of purified Oxa33 (Yellow solid).
1H NMR (400 MHz, CDCI13): 6 9.51 (d, J = 8.8 Hz, 1H), 8.38 (d, ] = 8.8 Hz, 1H), 8.25 (d,
J=8.4 Hz, 2H), 8.10 (d, J = 8.4 Hz, 1H), 7.93 (d, J=8.0 Hz, 1H), 7.74 (t,J = 8.0 Hz, 1H),
7.68-7.56 (m, 2H), 7.49-7.33 (m, 5H), 7.29 (s, 1H), 7.12 (d, J = 8.4 Hz, 2H), 5.15 (s, 2H).
Anal calcd for: C27HI9NO3: C, 79.98; H, 4.72; N, 3.45 % Found C, 79.92; H, 4.83; N,
3.54%
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binding stoichiometry was found to be n = 0.7. This binding was mainly entropy
driven with 748 = 5.8 kcal/mol and exothermic enthalpy change 4H = -2.8 kcal/mol
(Fig 7.4B). DSF study of pure protein showed that the T,, was 47°C with 5% DMSO
and 44°C with Oxa33. Decrease of T,, by 3°C and increase in initial relative
fluorescence unit (RFU) of Oxa33/GlmUyy, mix by ~5 times suggests possible
unfolding in GlmUyp upon Oxa33 binding (Fig 7.4C).

7.2.1.4 Docking, Molecular dynamics simulations and possible mechanism of the
action of Oxa33.
The docking studies of Oxa33 compound were carried out in order to identify

its mode of binding at the pocket. Oxa33 was found to be interacting strongly with
the active site residues at the GlImUyyy, allosteric site by means of polar and non-polar
interactions (Fig 7.5C). The oxygen linking the phenyl group with benzyl was found
to be in hydrogen bonding with Tyr150 and the carbonyl oxygen over the oxazole
ring was involved in hydrogen bonding with Glu250 and Arg253 (Fig 7.5C). Also,
the compound seemed to be well stabilized by strong hydrophobic interactions with
Leul44, Pro147, Phel48, Tyr150, Ala233, Ala236 and Leu247 (Fig 7.5C).
Molecular dynamics simulations were carried out explicitly for GlmUy,
complex with Oxa33 at its allosteric site for a period of 20 ns using OPLS 2005
force field of Desmond. The trajectory analysis was carried out so as to study the
stability of the complex. The root mean square deviation for all the atoms was plotted
against the time scale (Fig 7.6A). From the plot, it can be inferred that in spite of the
fluctuations observed during the initial time period, which can be attributed to the
relaxation of the model in the solvent system, the complex was found to be stable
during the remaining time scale. This signifies the stabilization effect of the
compound over GlmUy, and its better binding affinity with the protein.
Superimposition of GImUyy-Oxa33 complex before (green) and after
(orange) the simulation time period (Fig 7.5B) shows that the loop regions at the
uridyltransferase site undergoes major conformational changes, resulting in the
decrease of uridyl site volume. The deviation in the uridyl site was observed in the
range of 3-6 A. Oxa33 was found to be binding to the allosteric site throughout the
simulation proving its affinity towards GlmUpy. A thorough analysis of protein-

ligand complex simulation trajectory summarises the probable mechanism of action
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Figure 7.4. Characterization of Oxa33, a novel inhibitor against GlImU : (A)
IC,, values were determined by varying the concentration of Oxa33 and calculating
the percent activity with respect to the uridyltransferase activity of 0.75 pM conc
GImU,, in the presence of 5% DMSO (vehicle). IC,  value was calculated by plotting
percentage activities against different log,, values of inhibitor concentrations (uM).
(B) Isothermal titration calorimetry results of Oxa33 with GImU,, . Released heat
increased over the period of time (pcal/sec) is presented in upper panel while corre-
sponding binding isotherm (fitted for one site) presented in lower panel. (C) Differen-
tial Scanning Fluorimetry (DSF) results of Oxa33 with GImU,,, . Upper panel repre-
senting melting curve of GImU,, in presence of 5% DMSO. While lower graph is

showing -3°C T _ shift upon Oxa33 incubation with GImU, = protein.
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Figure 7.5. Molecular dynamics simulation study of Oxa33 with GImU  : (A) Lower

left panel depicts docking surface representation of the allosteric site on the of the
GImU,, =~ allosteric site in complex with Oxa33. Right panel represents ribbon cartoon
showing the amino acids residues of allosteric site and hinge region interacting with
Oxa33 (in ball and stick model). Tyr150, Glu250 and Arg 253 were found to be in hydro-
gen bonding with carbonyl oxygen over the oxazole ring. While Leul44, Pro147, Phe148,
Tyr150, Ala233, Ala236 and Leu247 participate in strong hydrophobic interactions with
Oxa33. (B) Superimposed view of GImU, -Oxa33 complex before (green) and after
(orange) the simulation time period. (C) Two dimensional representation of binding
pattern of Oxa33 at GImU | allosteric site. Green line represents the n-w stacking interac-
tion of Oxa33 with Tyr150. Hydrophobic residues are coloured in green, polar residues in
blue, negatively charged residues in red, positively charged in purple.

117



Inhibitors against GImUyy,

of Oxa33 against GlmUyy. Oxa33 binding upon GImUpyy might result in
conformational changes and structural rearrangement of the uridyltransferase site in
order to accommodate Oxa33. As a result, there might be a partial closure of uridyl
site (decreased volume) thereby making it unavailable for its substrates for catalysis
(Fig 7.5B).

7.2.1.5 H-bond analysis.

Hydrogen bonding, being one of the crucial inter atomic interactions, helps in
retaining the bound molecule at the protein active site thereby accounting for its
bonding affinity towards the protein. In order to study the hydrogen bond network of
GlmUypyy, -Oxa33 complex and its stability during simulation, hydrogen bond analysis
for the trajectory was carried out, which can in turn be correlated to the GImU
inhibitory activity. Oxa33 was found to be in hydrogen bonding with Tyr150,
Glu250 and Arg253 residues. The inter-atomic distance fluctuations between the
compound and these residues were monitored during the simulation and were plotted
against time (Fig 7.6B). From the plot, it can be inferred that the hydrogen bonding
with Glu250 was found to be stable as there were least fluctuations observed when
compared to the remaining two. The bonding with Tyr150 and Arg253 continued to
be stable throughout the simulation period in spite of some minor fluctuations. These
fluctuations of the residues can be well correlated with respect to their
crystallographic B factor whose values are ~26, ~21 and ~31 for residues Tyr150,
Glu250 and Arg253 respectively. The stability of Glu250 during simulation can be
well explained by its lower B factor.
7.2.1.6. Mutational analysis of GlmUyy, to determine the residues critical for
interaction with Oxa33

The GlmUyy, allosteric site residues interacting with Oxa33 were mutated
and the mutated GlmU\y, activity was studied in the absence and presence of Oxa33.
Residues Tyr150 which was found to be involved in both polar and non-polar
interactions with Oxa33 was mutated to phenyl alanine (aromatic amino acid) and
alanine. Similarly, GIn253 was mutated to glutamine and alanine. Leul44, GIn243
and Leu247 involved in hydrophobic interactions were mutated to alanine. The
conventional GlmUyy activity, in the absence of Oxa33, was found to be unaffected

by these mutations with an exception of GlmUj,474 which resulted in increase in
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Figure 7.6. RMSD plot and mutation study from MD simulations: (A) rmsd
plot for GImU, -Oxa33 complex simulated for a period of 20ns. The complex
was found to be unstable during the initial time period which can be owed for its
relaxation. After 8 ns, the complex was observed to be stable indicating the
strong binding affinity of Oxa33 towards GlmU,, (B) Hydrogen bond analysis
of Oxa33 analyzed during the simulation time period. (C) Purified GImU
mutants (single band) specified by the docking studies of Oxa33. (D) Based on
the above data GImU,, allosteric site mutants were created, proteins were
purified and the uridyltransferase activity of GImU,,  mutants was determined.
Wild type and mutant GImU,,, proteins show almost comparable activity. (E)
IC,, values in uM were determined as described above for the wild type and the
mutant GImUMLtb proteins. Tables shows the values obtained for wild type and
mutant enzymes.
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activity by 50% (Fig 7.6D). Interestingly while the GlmUy 50, mutant showed
slightly reduced activity, GlmUy sor activity remained unaltered, signifying the
importance of an aromatic amino acid at 150™ position. Determination of mutant
GImUyy uridyltransferase activity in the presence of Oxa33 resulted in quite
interesting and significant result (Fig 7.6E). Mutations at Y150F, Y150A and L247A
resulted in complete loss of Oxa33 mediated inhibition with ICs, values greater than
500 uM (compare with ICso ~10 uM for the GlmUyyy,). This loss in Oxa33 activity is
most likely to due to its inability to interact with the mutant protein at the allosteric
site. Mutations at R253A to glutamine or alanine resulted in ~8-9 fold decrease in
ICs¢ values. Other mutations, Q253A and L144A, did not impact the ICsy values
suggesting that they play minimal role in Oxa33 binding (Fig 7.6E).

7.2.1.6 Effect of Oxa33 on in vitro growth of M.tb.

We investigated the ability of Oxa33 to inhibit the in vitro growth of M.tb.
H37Rv. Oxa33 inhibited the in vitro growth of M.tb. H37Rv with a minimum
inhibitory concentration (MIC) of ~75 pM. To ascertain if this inhibitory effect was
due to inhibition of GlmUyy, activity we over-expressed GImUy, (Fig 7.7A) in the
cells (by addition of ATc in Rv::glmU) prior to drug treatment and determined the
effect of this on the MIC value. Whereas the inhibition of growth in the presence of
INH was similar with or without GImUyy, over expression in the cells (Fig 7.7B,
middle panel), Oxa33 failed to inhibit cell growth even at concentrations as high as
150 pM (Fig 7.7B, upper panel). To check the effect in combination with INH, we
have used a sub lethal dose of Oxa33 (40 uM) along with different concentrations of
INH. Results depicted reduction in MIC values from 32 ng/ml to 16 ng/ml (Fig 7.7B,
lower panel).
7.2.1.7 Ex vivo and in vivo efficacy of Oxa33 on infected THPI cells or mice.

We determined the cytotoxicity of Oxa33 in THP1 cells for a period of 3 days
and found it to be non-toxic up to 100 uM (Fig 7.8E). To determine the ex vivo
efficacy, THP1 cells were infected with Rv or Rv::gImUgron (GImUpg over
expressing strain) and grown in RPMI media containing 400 ng/ml ATc. 24 h post
infection, the cells were provided with either Oxa33 or INH or vehicle for the next
72 h. It is apparent from the data that bacillary load of Rv or Rv::gImUe.on were
similar at 0 and 24 h time points. While both the strains responded similarly to INH
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Figure 7.7. Oxa33 specifically inhibits GImU inside the bacteria: (A) Rv and
Rv::glmU ,  strains were inoculated at an initial A/ of 0.1 in the presence of ATc (2
ug/ml) and grown up to 5 days. WCLs were resolved and probed with anti-GlmU and
anti-GroEL1 antibodies. (B) Rv and Rv.:gimU,,  cultures were grown in presence of 1
pg/ml ATc and different concentrations of Oxa33 or INH (as indicated). 0.02%
resazurin dye was added on day 7. Pink colour indicates viable bacteria while blue
colour indicates dead bacteria. ‘C’ denotes culture media control. Lowest set of wells
are showing Rv culture treated with sub lethal dose of Oxa33 (40 uM) and variable
concentrations of INH for 6 days followed by resazurine addition. Results show
decrease in MICs of INH from 32 ng/ml to 16 ng/ml.
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Figure 7.8. Oxa33 specifically inhibits GImU,  in ex vivo conditions: (A) CFU
results of infected THP1 cells with Rv strain and treated with Oxa33. Decrease in CFU
counts was observed (**p<0.005, two tailed non parametric t-test, mean, s.e.m., n=3)
(B) Bar graph showing the CFUs of Rv::.gimU,, infected THPI cells. No decrease in
bacterial counts were observed (**p<0.005, two tailed non parametric t-test, mean,
s.e.m., n=3) (C) & (D) CFU counts in above mentioned experiment upon INH treat-
ment. CFU (log, ) per well shows gradual increase in bacterial death with increasing
INH doses. Abundant GImU, = expression in Rv.:glmU  infected THP1 cells (with
ATc) does not affect INH efficacy on Mtb and gives similar results as Rv with increasing
concentration of INH treatment for 3 days. (**p<0.005, two tailed non parametric t-test,
mean, s.e.m., n=3). (E) Bar graph presents the cytoxicity of the Oxa33 on THP1 cells
during the 3 days of treatment. Cell viability was checked with alamar blue based assay
and absorbance at 570nm was plotted with increasing concentrations of Oxa33 inhibitor

(n=3, mean).
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treatment, treatment with Oxa33 only reduced the CFU in Rv infected THP1 cells
but not in the Rv::gImU4.on infected cells (Fig 7.8A to D). These results suggest that
the inhibition of mycobacterial growth by Oxa33 is specifically due to inhibition of
endogenous GlmU

Finally, we analysed the efficacy of Oxa33 in clearing bacilli from infected
lungs using a murine infection model. Oxa33 compound is highly hydrophobic in
nature. After trying many solvents, we could successfully re-suspend it in 2.5%
Tween-80. Prior to performing the experiments we examined the maximum dose
tolerance and survival analysis to determine the toxicity (Fig 7.9A & B). Based on
the data obtained we chose 50 mg / kg as the appropriate dose. Since it was difficult
to predict the fate of Oxa33 during the process of digestion inside the stomach and
intestine, we avoided using the oral administration route. We chose intra peritoneal
route for administering the compound as the intravenous (I/V) injection of Tween80
(solvent) in the animals was known to cause hypersensitivity and anaphylactic shock
[242, 243].

Next, we analysed the efficacy of Oxa33 in clearing bacilli from infected
lungs using a murine infection model. Groups of mice were infected with Rv and we
allowed the infection to establish for 28 days. 28 days post infection mice were
treated with vehicle, INH, or Oxa33, for duration of 56 days. CFUs result show that
compared with the vehicle-treated group where we observed a marginal increase in
bacillary load, a significant reduction in the bacillary load was observed in the lungs
of both, INH- and Oxa33-treated groups (~4 and 2.5 log fold, respectively) (Fig
7.10A). This was also reflected in the gross pathology and histopathology of lungs
(Fig 7.10B, Table 7.1). CFUs from spleen represent almost 10 times reduction of
bacillary load in spleen upon Oxa33 treatment (Fig 7.10C). Although in vitro MBC
values of Oxa33 was ~150 uM (60 pg/ml), it seems to be a relatively more
efficacious in vivo, which could be due to its accumulation in the lungs of infected
mice. To investigate this possibility, uninfected mice were treated with 50 mg/kg
Oxa33 for a period of 3 weeks or 8 weeks. In order to estimate the concentration of
Oxa33 in the lung, we first determined the absorbance spectra for Oxa33, which gave
a clear peak at 401 nm (data not shown). We determined the Ajy; at different

concentrations of Oxa33 and the standard curve was plotted (Fig 7.11A &B). Oxa33
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Figure 7.9 Dose tolerance and mice survival curves: (A) Maximum dose
tolerance graph showing relative change in body weight of mice (4 mice /
group) during the course of Oxa33 administration for 30 days. (B) Survival
curve of mice (4 mice / group) treated with different concentrations of Oxa33
for 30 days.
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Figure 7.10. In vivo efficacy and toxicity of Oxa33: (A) CFUs of Rv infected BALB/c
mice (for 28 days) were administered with Oxa33 or INH for a subsequent period of 56
days. Day 1*'and day 28™ CFUs show successful implantation and establishment of infec-
tion, respectively. 56 days of Oxa33 or INH treatment partially reduces the mean bacillary
load to 2.78 and 1.3 on log, scale. ***p<0.0005 or 0.0006, two tailed non parametric
t-test, mean, s.e.m., n=6 to 11. (B) While the overall pathology of lungs (upper panel)
illustrates robust Mtb infection in untreated mice, relatively smaller and fewer lesions and
granuloma were observed in Oxa33 or INH treated mice. Lower panel exhibit haematoxy-
lin and eosin stained photomicrograph of lungs from Rv, INH treated and Oxa33 treated
mice at 100x magnification. This histopathological analysis shows large or small granu-
loma with lymphocytes and foamy histiocytes in Rv infected mice or Oxa treated mice
respectively G = Granuloma, BL = Bronchial Lumen, AS = Alveolar space. (C) Mtb
bacterial load in the spleen of totally infected mice (for 28 days) and treated with Oxa33
or INH for subsequently 56 days. ***p<0.0007 or **p<0.002, two tailed non parametric
t-test, mean, s.e.m., n=7 to 11. (D) High power (400x) photomicrograph of haematoxylin
and eosin stained spleen, brain, heart, liver and lungs of untreated mice or mice treated
with Oxa33 for 56 days. Spleen is showing usual parenchyma. WP = White Pulp, RP =
Red Pulp. While, section from hippocampus area of brain showing degenerated neurons
in the neuronal layer. Section of heart is showing normal cardiac muscle fibres. Photomi-
crograph of liver depicts typical hepatic parenchyma. PV = Portal Vein, BD = Bile Duct.
Lung section also represents usual lung parenchyma. BL = Bronchial Lumen, AS =
Alveolar space.

125



Inhibitors against GImUyy,

was extracted from the lungs and its concentration was determined. The

concentrations of Oxa33 in the lungs were in the range of ~200-300 pg /lungs at 3

weeks and ~800-1300 pg/lungs at 8 weeks (Fig 7.11C). The accumulation of Oxa33

in the lungs is ~13 to 18 fold higher than the MBC values, which may be the reason

for higher potency of Oxa33 in vivo compared with in vitro experiments. In parallel

to these experiments the lungs, spleen, liver, brain and heart of these uninfected but

treated mice were subjected to histology analysis (Fig 7.10D & Table 7.2). These

results indicate that Oxa33 does not have deleterious side effects on mice. Taken

together, the results presented in this study establish GlmUyy, to be an effective

target against which new sets of inhibitors may be developed.

Table 7.1: Histological analysis of uninfected mice treated with Oxa33
for 56 days.
Group Bacterial strains/ | Organs | No. of Total
(mice) treatment granuloma | granuloma
without score
Necrosis,
Score: 2.5
4™ week | Rv Lungs 3 7.5
12" week | Rv Lungs 4 10
Rv + Oxa33 Lungs 1 2.5
Rv + INH Lungs 1 2.5
Uninfected Lungs 0 0
Uninfected + Lungs 0 0
Oxa33

Table 7.2: Granuloma scores of the infected mice lungs.

Group | Bacterial strains/ | Organs | Any types Damage signs
(mice) | treatment of
granuloma
12" Uninfected Spleen 0 Within normal limits
week | Uninfected + Spleen 0 Within normal limits
Oxa33
Uninfected Brain 0 Within normal limits
Uninfected + Brain 0 Degenerated neurons in dentate
Oxa33 gyrus
Uninfected Heart 0 Within normal limits
Uninfected + Heart 0 Within normal limits
Oxa33
Uninfected Liver 0 Within normal limits
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Figure 7.11 Standard curve for Oxa33 and its estimation in treated mice lungs: (A)
We first determined the absorbance spectra for Oxa33 resuspended in tetrahydrofuran
(THF). It showed a peak at 401 nm (data not shown). Absorbance readings (401 nm;
performed in triplicates; A, B and C) of Oxa33 at different concentrations (B) Standard
curve of Oxa33 showing linear regression with a slope of 0.0497 OD / ug. (C) Table
showing Oxa33 concentrations (pg/lungs) in the lungs of mice treated with 50 mg /kg
(body weight) for 3 or 8 weeks.
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7.2.2 Uridyltransferase active site inhibitors.
7.2.2.1 Computational results.

The crystal structure of GlmUyy, was processed for addition of hydrogen,
bond order correction etc. Water molecules that interact with GIcNAc-1-P and UTP
and which are present around 5 A of these substrates were retained so as to maintain
the thermodynamic stability. GlcNAc-1-P was found to be interacting with many
active site residues such as Argl9, Thr89, Glyl51, Glul66, Asnl81 and Asn239
along with four water molecules and a co-ordinate covalent bond with Mg 496. In
case of UTP, the triphosphate tail was found to be stabilized by polar contacts with
Glyl7, Thrl8, Argl9, one water molecule and three coordinate covalent bonds with
Mg ™1 and one with Mg 496 (Fig 7.12 A). The pyrimidine moiety was found to be
involved in strong hydrophobic interactions with Leul2, Alal4, Val55, Pro86, Leu87
and Ala92 along with polar contacts with Alal4, GIn83 and Gly88. GIcNAc-1-P and
UTP were docked to their respective sites in GlmUyy in order to validate the
docking protocol followed in the present work. GIcNAc-1-P was found with XP
score of 9.96 and an RMDS of 0.46 A with respect to its crystal structure
conformation. UTP docking resulted in 14.32 XP score with an RMDS of 1.06 A
with respect to its crystal conformation. The virtual screening workflow operated
against Asinex database, in search of GImUyy, uridyltransferase site targeting
inhibitors, resulted in many compounds, out of which 25 compounds were selected
against GIcNAc-1-P site and 52 against UTP site based on the interacting behaviour
of the compounds and their docking scores in comparison to the substrates (Fig
7.12B). The final selected compounds were also docked using AutoDockVina and
GOLD. Based on the AutoDockVina predicted binding affinity (in kcal/mol) values
and GOLD score, 5 molecules were shortlisted against GlcNAc-1-P and 22
compounds were selected against UTP site which were further subjected to various
docking algorithms.

The consideration of a rigid receptor, during docking calculations, does not
often results in the precise binding pattern of a compound at the active site. This is
because the protein often undergoes some conformational modifications upon ligand
binding in reality. This can be attributed to the flexibility of the active site residues

mainly corresponding to their side chains. This is considered as induced fit process,
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Figure 7.12. UTP binding pocket and development of uridyltransferase inhibitors
against GlImU , : (A) a. UTP shown at the binding pocket of GImU, uridyltransferase
site. Interaction pattern of compound 4 at UTP binding site using different docking proto-
cols like b. Rigid docking. ¢. Induced Fit Docking (IFD) and d. Quantum Polarized
Ligand Docking (QPLD). (B) Schematic representation of the in silico virtual screening
procedure of small molecules inhibitors against GImU,,  GlcNAc-1-P and UTP binding
sites.
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which plays a vital role while developing inhibitors using structure based design
approach. Hence in this study, the compounds were subjected to induced fit docking
(IFD) so as to study their binding characteristics with protein. Visualizing the IFD
results, the consideration of flexibility of active site residues of GlmUyy, provide
valuable insight for inhibitor design. The molecular docking of GlcNAc-1-P using a
flexible protein (GlmUyy) resulted in minor fluctuations in the residues position at
the active site. The residues Argl9 and Tyrl150 were observed to fluctuate with
RMDS of 0.3-0.4 A and the substrate binding resulted in 0.4 A deviations with an
IFD XP score of -11.88. In contrast, IFD docking of UTP at its binding site revealed
the site to be flexible when compared to that of GIcNAc-1-P. The heavy atoms
present around UTP up to 5A were found to be fluctuating with RMDS of 1-1.3A
with an IFD XP score of -13.37 for UTP. These residues include Prol6, Argl9,
Pro86, and His91 mainly. The most notable difference was found with Mg*1 ion
which was found with deviation around 1.5-2.5 A among various conformations.
These deviations resulted in some additional interactions of Mg ™1 such as a cation-n
interaction with some compounds when docked.

The selected 5 compounds against GIcNAc-1-P were proceeded to induce fit
docking where the results showed two compounds out of five were showing the best
results and were retaining the key interactions with an RMDS of 0.4-0.8A. The
compounds 1 and 2 were found interacting with key residues like Argl9, Glyl51,
Asnl181, Asn239 and were found to be involved in coordinate covalent bond with Mg
496. The induced fit docking of 22 compounds at the UTP site resulted in 9 best
compounds, which were involved in polar contacts with Argl9, Lys26 and were
found to retain interactions with Mg 1.

Current research has proved the importance of accuracy of electric charges of
ligand in the protein-ligand docking, for which the quantum polarized ligand docking
(QPLD) 1is developed. The use of quantum mechanics/molecular mechanics
(QM/MM) method resulted in considerably improved insights about the electronic
interactions of ligand by recalculating its partial charges in static MM charges field
(protein). This includes the polarization effect of protein over the ligand. To validate
QPLD docking procedure, GlcNAc-1-P and UTP were docked at their respective

sites using GlmUyy, crystal structure.
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Table 7.3: Comparative docking scores of selected compounds calculated with GImU
receptor using various docking protocols.
Compounds XP score IFD XP QPLD XP | AutoDockVin | GOLD
score score a binding score
affinity
(kcal/mol)

GIcNAc-1-P* -9.96 -11.885 -11.65 -5.3 21.39
Compound 1 -10.44 -12.39 -9.42 -6.3 32.14
Compound 2 -9.02 -9.39 -8.26 -5.8 25.78
UTP* -14.32 -13.37 -13.64 -6.3 65.61
Compound 3 -14.58 -14.14 -11.98 -5 47.09

Compound 4 -13.37 -12.92 -11.79 -8.6 43.8
Compound 5 -13.16 -11.45 -11.63 -5.9 47.12
Compound 6 12.77 -11.93 -10.74 -7.1 47.38
Compound 7 -12.49 -11.82 -11.44 -6.1 40.86
Compound 8 -12.36 -9.94 -11.25 -7.8 36.32
Compound 9 -12.20 -11.03 -10.48 -6.8 46.48

*The substrates GIcNAc-1-P and UTP were also docked for reference.

The retention of most of the polar contacts at the active site by GlcNAc-1-P,
as that of crystal structure, with an RMDS of 0.59A showed the efficiency and
accuracy of QPLD algorithm. GlIcNAc-1-P was found with QPLD docking score of -
11.65. Similarly, UTP docking results were found to be in correlation when
compared with crystal structure with RMDS of 0.94A and QPLD XP score of -
13.649. The selected compounds from HTVS and XP docking were subjected to
QPLD docking and resulted in good glide score (Table 7.3).

Many compounds were found to preserve important interactions as that found
in crystal structure, based on which 2 compounds from GlcNAc-1-P and 7 from UTP
site directed compounds were selected for further in vitro assays. The selected
compounds were found to be with different scaffolds like quinoline,
triazoloquinoline, benzofuran, benzimidazole, tetrazole, pyrimidine etc., which are

chemically acceptable for drug development. The selected compounds were procured
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Figure 7.13. Structure of all Asinex inhibitors and their activity: (A) Structures of
all nine compounds from Asinex database with their corresponding codes. (B) Plot
showing percentage inhibition of GImU,, when tested with the selected inhibitors.
Percentage inhibition was done at 20 pM.
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from Asinex database which are shown with their corresponding codes (Fig 7.13A).
HPLC analysis showed that all the compounds 95% pure. These compounds were
found to have good human oral absorption values as predicted by in silico
pharmacokinetic property analyzer, QikProp. The results of same will be discussed in

further sections.

7.2.2.2 Binding free energy analysis.

The binding free energies (using Prime-MMGB/SA) of all the selected
compounds were carried out by using their protein-ligand complexes obtained from
docking studies (Table 7.4). Considering the free energy of binding (AGginding)
values, compound 8 (-23.305 kcal/mol) and compound 4 (-25.791 kcal/mol) were
found to be ligands with good binding affinity when compared to the rest. Mostly the
binding ability of these two compounds can be attributed to their solvation energy
due to surface area (AG bind Solv GB of 36 kcal/mol and 31.95 kcal/mol for
compound 4 and compound 8 respectively). AG bind coulomb and AG bind vdW
correspond to the non bonded binding energies due to coulomb and van der Waal
interactions respectively. The van der Waals energy of binding is almost the same for
both the compounds. The remaining compounds were found to possess less binding
energy falling in the range from -31 kcal/mol to -52 kcal/mol. Of the selected 9

compounds, compounds 2, 5 and 9 were found to have least affinities (Table 7.4).

Table 7.4: Thermodynamics parameters computed using Prime-MMGB/SA for all

the selected molecules.
Compounds | AGHIM | Coutomp | AGbind vaw | £ PO

(kcal/mol) (kcal/mol)

Compound 1 -44.86 65.07 -25.09 -74.75
Compound 2 -52.66 -75.58 -15.23 52.26
Compound 3 -31.25 9.24 -43.34 15.33
Compound 4 -25.79 6.19 -45.12 36.00
Compound 5 -50.86 11.48 -52.39 19.28
Compound 6 -38.55 10.96 -46.51 17.32
Compound 7 -51.59 1.07 -42.12 11.86
Compound 8 -23.30 1.69 -41.50 31.95
Compound 9 -50.42 -2.99 -41.26 18.29
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7.2.2.3 ADMET analysis.

Apart from the binding studies of the compounds and the protein, it is also important
to analyze the pharmacokinetic properties of compounds. This is essential for
determining their physical characteristics which are further significant in
pharmaceutical studies. Hence, the selected 9 compounds were subjected to in silico
ADMET analysis using QikProp v3.5. The compounds were computationally tested
for many criterias such as Lipinski rule of five, percentage solubility, partition
coefficient, permeability prediction of compounds through various cell lines etc. All
the compounds fall in the acceptable ranges for most of the examined criteria (Table
7.5). The compounds were found to have poor permeability with MDCK cell line,
which accounts for their poor blood brain barrier passage. All the compounds were

found to possess adequate human oral absorption (67% - 78%).

Table 7.5: In silico predicted ADMET properties of the selected 9 compounds.
%
Compo | SASA | QPlo | QPlogH | QPPC | QPPMDC Human | QPlo
und gBB ERG aco K Oral gKp
Absorptio
n
1 41248 | -0.92 -2.20 69.63 35.31 67.78 -3.79
2 396.97 | -0.48 -1.81 147.19 148.90 76.19 -3.26
3 533.82 | -2.91 -2.94 2.06 0.79 29.80 -6.54
4 496.08 | -0.94 -2.86 85.49 58.10 77.89 -3.37
5 667.69 | -1.80 -5.90 104.38 158.62 74.70 -4.14
6 528.28 | -1.54 -2.64 31.76 18.90 62.68 -4.38
7 559.20 | -1.44 -5.56 134.54 220.30 74.25 -3.89
8 440.98 | -0.96 -1.95 51.87 38.56 69.16 -3.92
9 497.88 | -1.05 -2.60 87.93 74.92 77.37 -3.52

Properties and Ranges: SASA — Predicted Solvent Accessible Surface Area in A® (300-
1000). QPlogBB — Predicted brain/blood partition coefficient (-3.0 to 1.2). QPlogHERG —
Predicted IC50 value for HERG K+ channels (concern below -5). QPPCaco — Predicted
apparent Caco-2 cell (model for gut-blood barrier) permeability in nm/s (<25 — poor, >500 —
great). QPPMDCK - Predicted apparent MDCK cell (model for blood-brain barrier)
permeability in nm/s (<25 — poor, >500 — great). QPlogKp — Predicted skin permeability (-
8.0 to -1.0).

7.2.2.4 In vitro analysis.

In order to check the enzymatic activity of selected molecules, GlmUy, was
purified with Hisg tag purification method. Malachite green based inorganic
phosphate detection kit was used for inhibition studies. Substrate concentration was

chosen based on Ky, values of published data [3, 99]. A range finding assay was
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performed to determine the enzyme concentration (limiting concentration of enzyme
where it follows Michaelis—Menten kinetics) at which it converts only 30% to 40%
substrate into product. Inhibition studies were performed at 20 uM of compound
concentration and percent inhibition was calculated with reference to the activity of
GlmUypy, protein in the presence of buffer containing 5% DMSO only (Fig 7.13B).
Results show that inhibition was ranging from 22% to 54% in the enzyme activity.
The ICsg value for compound 4 was determined as only this compound showed better
ITC results. The compound was found with an ICsy of 42.07 uM against GImU ¢
(Fig 7.14A).

ITC experiments were performed to calculate different binding parameters of
GImUyy with lead inhibitor out of all nine selected compounds. Compound 4
showed better solubility and gave stable ITC binding isotherm. Therefore, we chose
to determine various thermodynamic parameters of compound 4 interaction with
GlmUypyp. Analysis of binding isotherm (Fig 7.14B) suggests that compound 4 is
showing same two site pattern of binding as it was observed for UTP (K4 = 5.8x10™
uM) (data not shown). This compound was found to bind GlmUyy, with sufficiently
high binding affinity with K, = 1.34 x 10’ M"' (Kq = 7.46x10” uM) and binding
stoichiometry was found n = 0.876. This binding was majorly entropy driven with
TAS = 9268 cal/mol and exothermic enthalpy change AH = -444.0 cal/mol. All
thermodynamic parameters for compound 4 showed a better binding pattern than that
of UTP. This observation was found to correlate with in silico binding energy data of
compound 4 which was found with considerably high binding energy (-25 kcal/mol)
towards uridyl site of GlmUyp. This observation can be considered as one of the
support for the use of computational study as a valid starting point in the drug
discovery process.
7.2.2.5 Molecular Dynamics Analysis.

Based on the outcome of ITC experiments, compound 4 which showed a
better binding pattern than the substrate UTP was considered for further
computational elucidation using molecular dynamics simulations. The binding
pattern of compound 4 using rigid docking induced fit docking and QPLD docking
are shown in fig 7.12b, ¢ and d respectively which also support the above results. A

simulation of 10 ns was run for compound 4 bound GlmUy, complex in an attempt
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Figure 7.14. Characterization of compound no. 4 : (A) IC, value determination of
compound no. 4 against GlImU,, . Percentage activity is plotted against log , value of
inhibitor concentrations. (B) Isothermal titration calorimetry experiment for compound
4 with GImU ,, (K, = 7.46x10 uM). Released heats at different time points are plotted
on the top and representative fitted two-site binding isotherm is depicted at the bottom.
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to analyze its stability in dynamic circumstances. The crystal structure of GImU,
with both the substrates (GIcNAc-1-P and UTP) was also run for 10 ns simulation,
with the aim of comparing the active site dynamicity and fluctuations.

Fig 7.15A shows the RMDS plot of compound 4 bound GlmUy, complex in
comparison with GlmUyy, crystal structure with substrates considering different
atoms for analysis. Root mean square deviation (RMDS) is a parameter which
explains the deviation of one object to another. In compound 4-GlmUyy complex,
the side chain and backbone atoms of protein were found to comprise similar
fluctuations which can be observed through their RMDS plots. The crystal structure
was also found to have same behavioural pattern particularly at the uridyltransferase
site, which can be depicted clearly from the plots, elucidating that the compound 4
was bound in similar fashion as that of UTP. Early jump in RMDS of both the
GlmUyp, complexes during the initial time scale of simulation shows the relaxation
of the protein complexes. Though there were fluctuations during 2-4 ns simulation,
the complex was found to be stabilized after that and remained stable till 10 ns. The
protein-ligand complexes from the GlmUpy, compound 4 simulation trajectories
were collected at regular intervals of time so as to analyze the active site fluctuations.
These protein structures when superimposed showed RMDS in the range of 1.1 - 1.7
A (Fig 7.15B a). The active site analysis showed some positive indications which can
support the compound 4 binding efficiency. In all the complexes collected, the
crucial residues of uridyl site such as Argl9, Lys26 and GIn83 were found to be
stable with least fluctuations. The compound was found to be consistently
participating in hydrogen bonding with Argl9 and Lys26. Interestingly, another
important observation found was that Mg®" 1 was involved in metal ion coordination
with one of the oxygen atom of carboxyl group of ligand. Also Mg>" 1 was found to
be involved in cation-m interaction with the triazole ring of ligand throughout the
simulation time period. The position of Mg>" 1 was found to be fluctuating with an
RMDS of 1.1 - 1.5 A and was seen close to the carboxyl group of ligand in all the
conformations which shows the continuous binding of ion to the ligand. Tight
binding of compound 4 with Mg>" 1 is one of the crucial processes to make the

GImUyy protein unavailable for its biological catalysis.
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Figure 7.15. Molecular dynamic simulation study of compound 4 with GImU . : (A)
RMSD plot for GImU,,, in its bound state with substrates (GIcNAc-1-P and UTP) and
with compound 4 at its uridyltransferase site. (B) a. Superimposition of GlmU
compound 4 protein complex structures collected at different time intervals during simula-
tion showing crucial active site residues of uridyltransferase active site. HL represents the
hydrophobic loop at the active site. b. The superposition of protein structures showing the
fluctuations of compound 4, active site residues, hydrophobic loop (represented in grey
colour) and Mg*" 1 during simulation. Different colours indicate different protein-ligand
complex structures collected during simulation. (C) a. RMS fluctuations for each amino
acid residue for a GlmU, protein complex with substrates. b. GImU,,, protein bound
with compound 4. ¢. Experimental B factor of GImU,,, which can be compared with the
rms fluctuation of protein.
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Another important force is the hydrophobic interactions of compound 4 at the
active site which accounts for better binding efficiency of compound compared to
UTP. The compound was observed to be binding non-polarly with the hydrophobic
loop (HL) containing the residues LVLAAGPG (residue number 10 - 17), mainly
Leul2, Alal4, Prol6. It was also seen interacting with Pro86 and Ala92. The loop
was observed to be least fluctuating during the simulation (Fig. 7.15B b).
Particularly, Leul2 was seen to be interacting consensually during the simulation.
Overall analysis of RMDS data shows that the behaviour of compound 4 GImUy,
complexes was comparable to that of the GlmUyy, crystal structure, accounting for
the stabilization effect of compound 4 over GImUyy. This compound was also found
to possess similar contacts at the active site as that of UTP.

In order to study the dynamic behaviour of protein ligand complex, the root
mean square fluctuation (rmsf) analysis of protein complex with compound 4 was
carried as a function of residue number (Fig 7.15C b). The rms fluctuation of
GlmUpy, crystal structure over 10 ns simulation was also analyzed as for
comparative studies (Fig 7.15C a). The magnitude of fluctuation was found to be
high at the C-terminal region of GlmUy corresponding to terminal 20 residues.

The first 100 residues at the N-terminal region were closely analyzed as most
of them form the binding pocket for UTP. This region was found to be stable except
at residues ranging from 65-80, where low magnitude fluctuations were observed.
This observation was found to be in correlation with the UTP bound GImUyy,
complex. This shows that the compound 4 binding at the uridyl site has same
properties in terms of rmsf as that of UTP binding at the active site. Most of the
important residues fall under the residue range of 10 — 30 and 83. These regions were
found to be stable with least fluctuations. The plot of experimental B factor of
GlmUpy, crystal as a function of residue number was also considered for comparison
with rmsf data (Fig. 7.15C c). This data showed many similarities with the rms
fluctuation during the simulation time period. The residues region with more
fluctuations corresponded to the loops of the protein. These observations account for
the good binding ability of compound 4. Hence, it can be elucidated that the
compound 4 serves as an initiative in the path of drug discovery against tuberculosis

particularly towards the inhibition of GImUy. It can also be considered that
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computational resources can be well utilized for the drug discovery and optimization
purposes as most of the results obtained from in silico studies were in correlation
with the in vitro data in the present study.

7.3 Discussion.

In this chapter we demonstrated GlmUyy, is a promising drug target for
therapeutic intervention against TB. Having core function in M.th. cell wall
synthesis, GImUyy, 1s crucial both in normoxic and hypoxic growth stages (chapter
6). Both first line and second line of drugs from current tuberculosis regimen are
recognized to target some cell wall synthesis enzymes. These include Isoniazid
(targeting enoyl-[acyl-carrier-protein] reductase and inhibiting mycolic acid
synthesis, Ethambutol (targeting arabinosyl transferase, inhibiting arabinogalactan
biosynthesis), Ethionamide (targeting enoyl-[acyl-carrier-protein] reductase, inhibits
mycolic acid synthesis) and Cycloserine (targets D- alanine recemase and ligase,
inhibits peptidoglycan synthesis). But most of these drugs are unable to act against
dormant or latent bacterial stages of tuberculosis. A long time treatment is required
to eradicate the persistent form of the pathogen. Hence targeting GImUyy (non-
differentially regulated at any stage of growth) would be central to the next
generation of therapeutic interventions against TB.

As described earlier, uridyltransferase site of GlmUyy, was thought to be a
good target site due to feedback inhibition by the product UDP-GIcNAc [171].
Earlier competitive, non-competitive and allosteric inhibitors targeting either activity
of GlImU were reported in various organisms including E.coli, H. influenza, S.
pneumonia, X. oryzae [162, 163, 170, 179, 180, 239-241]. UAP protein (final protein
in UDP-GIcNAC synthesis) of Trypanosoma brucei was also targeted by allosteric
site inhibitors [239]. But the specificity and the efficacy of these inhibitors, both in
ex Vvivo or in vivo systems has never have been established. Here we have developed
two different categories of inhibitors, one against the allosteric site and the other
against substrate binding active site, impacting the uridyltransferase activity of
GImUpwp.

Allosteric inhibitors were designed and developed based on allosteric site
inhibitor of H. influenzae GImU [162]. Initially shape based inhibitor designing was

used to procure 43 molecules from Asinex database and further one lead inhibitor
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was selected to generate 53 different derivatives. From these, Oxa33 was used as
final inhibitor to study in advance. We have confirmed its binding site on GlmU s,
by MD simulations followed by mutational studies (Fig 7.5 & 7.6) and showed that
Oxa33 is perturbing the conformation of the uridyltransferase active site by binding
at the allosteric site and inhibiting it (Fig 7.6B & 7.4C). In order to demonstrate the
specificity, GImUyy, was over-expressed in Rv (to generate Rv::glMUet.on) and MIC
values for Oxa33 were determined both in vitro and ex vivo (Fig 7.7 & 7.8).
Increased MICs in Rv::gImMUton strain compared with Rv suggests that Oxa33
specifically interacts and inhibits GImUpyyp. Administrating the Oxa33 to fully
infected (28 days) mice resulted in partial ablation of pathogen load in the lungs.
Most interestingly it was found that amount of Oxa33 accumulating in lungs is much
higher (12 to 18 fold) as compared to MBC (150 uM i.e. equal to 60.75 pg/ml) of
Oxa33 and this could be the reason behind efficacy of Oxa33.

Substrates of uridyltransferase domains have better affinity for the active site
(chapter 5). Apo and product bound structures of GlmUyw, have been described
[161]. Considering these two aspects we sought to target the uridyltransferase
domain. We have performed in silico studies and validated it with the help of
different methodologies of docking like induced fit docking (IFD), quantum
polarized ligand docking (QPLD), taking into account the flexibility of the active site
residues and their partial charges. Various small molecules were characterized and
confirmed the binding parameters with the help of ITC. Different thermodynamic
factors were also determined with computational based methodology. Compound 4,
[(4-methyl[1,2,4]triazolo[4,3-a]quinolin-1 yl)sulfanyl]acetic acid was found to be
one of such kind which showed a better binding affinity at UTP site over the
substrate. This can serve as a valid starting point in development of novel GImU
inhibitors. Taken together we have identified lead compounds that would inhibit
uridyltransferase activity of GImUyy, at different sites (active and allosteric sites).
We have demonstrated the in vitro and ex vivo specificity of allosteric site inhibitor
Oxa33 and identified the possible binding site. In vivo efficacy authenticates

GlmUpyy, as a promising target for future therapeutic interventions against M.th.
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7.4 Conclusion.

In addition to the acetyltransferase and uridyltransferase active site pockets,
GImUyy also contains an allosteric site. Binding of any suitable molecule/inhibitor
to the allosteric site would prevent the conformational change essential for GImU y,
uridyltransferase catalytic activity. To target the allosteric site on GlmUy, we drew
on crystal structure data of H. influenza GImU (GImUy;) bound to its allosteric small
molecule inhibitor. The Asinex database was screened against shape as described and
the resulting 43 hits were biochemically characterized for their ability to inhibit
GlmUyyy, uridyltransferase activity. One of the promising molecules was used for
further structural optimization. Of the 53 structurally optimized compounds one
molecule, namely (4Z)-4-(4-benzyloxybenzylidene)-2-(naphthalen-2-yl)-1,3-oxazol-
5(4H)-one (Oxa33), was found to be an efficient inhibitor of GlmUyy, activity with
an ICsp 0f 9.96 = 1.1 uM. Docking and MD simulation studies revealed polar, non-
polar and hydrophobic interactions between Oxa33 and the allosteric site residues.
Oxa33 inhibited the in vitro growth of M.tb. H37Rv with a minimum inhibitory
concentration (MIC) of ~75 uM (~30 pg / ml). To ascertain if this inhibitory effect
was due to inhibition of GlmUyy, activity we overexpressed GlmUyy, in the cells
prior to drug treatment and determined the effect of this on the MIC value. In
concurrence with the in vitro growth data, overexpression of GImUyy, alleviated
Oxa33-mediated clearance of M.th. from THP-1 cells. Finally, we analysed the
efficacy of Oxa33 in clearing bacilli from infected lungs using a murine infection
model. The administration of Oxa33, a novel oxazolidine derivative that specifically
inhibits GlmUyp, to infected mice resulted in significant decrease in the bacillary
load.

Inhibitors were also developed based on the substrates of uridyltransferase
activity of GlmUyyp. Crystal structure information was used to design 9 compounds
against UTP and GlcNAc-1-P. Extensive computational analysis and docking were
performed to determine the various parameters of these compounds. Out of these 9
inhibitors, compound no 4 was showing ICsy of 42.02 uM with a better K, value
(1.34 X 10"). Compound no. 4 can be pursued as a lead molecule which needs to be

developed further to improve its efficacy.

142



Chapter 3.

Recapitulation and future perspectives



Chapter 8.

Recapitulation and future perspectives

Constant increase in occurrence of tuberculosis cases alarms us to start
identification of new generation of inhibitors, drug targets and therapeutic
approaches. Currently running DOTs therapy is not able to cure MDR and XDR
strains of TB. The relative rate of increasing incidences of tuberculosis and discovery
of new inhibitors; are on the flip side of the coin. Considering the crucial role of cell
wall in bacterial pathogenesis and survival, targeting it would be effective for
remedial approaches against tuberculosis. Therefore, the cell wall of mycobacteria is
targeted by various drugs.

In this work we have validated the biochemical and biological importance of
M.th. GImU and established it as a potential drug target. We have solved the crystal
structure of M.tb. GImU and determined its different biochemical and biophysical
parameters. For biological studies, conditional gene mutant of GImU in M.th. was
generated and its essentiality was checked by depleting it at various phases of growth
and infection. Our study also established that both reactions of GImUyy, are essential
and UDP-GIcNAc is required to maintain the dormancy. Next a new allosteric
inhibitor, Oxa33, targeting M.th. GImU was also generated and the possible allosteric
sites of binding were determined by MD simulation and mutational studies.
Specificity of the Oxa33 towards GlmUyy, was also confirmed followed by its
efficacy in mice TB infection model.

Interestingly, possibility of any other salvage pathways assimilating GIcNAc
from host or from cell wall recycling is an important question to address (Fig 8.1).
After comparison with other bacterial salvage pathways we found that M.th. also
contains some important genes for GIcNAc reutilization and these can be mutated by
genetic recombineering to further study their role (Fig 8.1). The exact mechanism of
feedback inhibition of GlmUpygw, role of T156 and T418 phosphorylations in
mycobacterial metabolism are important details to explore (Fig 8.1). Further, detailed

QSAR study is also required to improve Oxa33 as a potential drug candidate.
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GlcNAc

Arabinogalactan

Fructose-6P

Mycothiol biosynthesis

Figure 8.1. Model for the UDP-GlcNAc synthesis pathways in M#h. Model shows de
novo pathway for UDP-GIcNAc synthesis is mediate by GImS, GImM and GlmU
enzymes. Shaded pathway is conserved in Mth. UPD-GIcNAc can inhibit uridyltransfer-
ase activity by feedback inhibition mechanism. Also GlcNAc from host resources or
from cell wall recycling can be transported inside the bacteria and further metabolized
and feeded into the de novo pathways through GImS/ GImU mediated reactions. Ques-
tion marks show that these pathways are still not characterized in Mtb. Dashed lines
shows possible input of substrates or unknown pathway while complete lines shows
established and known pathways for UDP-GIcNAc synthesis.
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Table Al: List of bacterial strains, plasmids and phages used in the study.

Plasmid constructs Description Source

pQE2 E. coli expression vector, T5 promoter, Amp" | Qiagen

pQE2-Hisg-gImUp Hisg tag gImUyy, cloned into Ndel/HindlII This study
sites of MCS

pQE2-Hiss-gImU 5, Hisg tag gImU 35, cloned into Ndel/HindllI This study
sites of MCS

PQE2-Hiss-gImU 50.495 Hisg tag gImU 50495 cloned into Ndel/Hindlll | This study
sites of MCS

pPQE2-Hisg-gImUyo64 Hisg tag gImUgo64 cloned into Ndel/HindlIl11 This study
sites of MCS

pPQE2-Hisg-gImUy3744 Hisg tag gImUy3744 cloned into Ndel/Hindll| This study
sites of MCS

pQE2-Hisg-glmUpy, Hisg tag gImUpy cloned into Ndel/HindllI This study
sites of MCS

PQE2-Hiss-gImU go(a15) Hisg tag gImU, 450 cloned into Ndel/HindllI This study
sites of MCS

pPQE2-Hiss-gImU ;470 (a25) Hisg tag gImU, 479 cloned into Ndel/HindllI This study
sites of MCS

PQE2-Hiss-gIMmU 465(a30) Hisg tag gImU,_445 cloned into Ndel/HindllI This study
sites of MCS

pQE2-Hiss-gIMmU 4s5(a37) Hisg tag gImU, 455 cloned into Ndel/HindllI This study
sites of MCS

pQE?_-HiS6-g|mUM[ (A434)- HiSé tag gImUMI (A434)-Ec(G424)Chimera cloned into This Study

Ec(G424)Chimera Ndel/Hindlll sites of MCS

pQE2-His6-g|mUEC(A423)_ HiSé tag gImUEC(A423)_M[(G435)Chimera cloned into This Study

Mt(G435)Chimera Ndel/Hindlll sites of MCS

pQE2-Hiss-gImUg4307 Hisg tag gImUg430t cloned into Ndel/Hindlll This study
sites of MCS

PQE2-Hisg-gImU s4511 Hisg tag gImU a451r cloned into Ndel/HindllI This study
sites of MCS

PQE2-Hisg-gImUwy4604 Hisg tag gImUyu4604 cloned into Ndel/Hindll1 This study
sites of MCS

pPQE2-Hisg-gImMUy464a Hisg tag gImUg4e4a cloned into Ndel/Hindll| This study
sites of MCS

PQE2-Hisg-gImUgy164 Hisg tag gImUgg4 64 cloned into Ndel/Hindll1 This study
sites of MCS

PQE2-Hisg-gImUy;z974 Hisg tag gImUy3974 cloned into Ndel/Hindll| This study
sites of MCS

pPQE2-Hisg-gImUrg5a Hisg tag gImUry4 54 cloned into Ndel/HindlI11 This study
sites of MCS

pQE2-Hisg-glmUry 5 Hisg tag gImUry, gk cloned into Ndel/HindllI This study
sites of MCS

pQE2-Hisg-glmUrygs Hisg tag gImUry;55 cloned into Ndel/Hindll| This study
sites of MCS

pQEz-HiS6-gImUR455T+[457K HiSé tag gImUR455T+]457K cloned into This study
Ndel/Hindlll sites of MCS

PQE2-Hiss-gImUwy4494 Hisg tag gImUw4404 cloned into Ndel/HindllI This study
sites of MCS
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pQE2-Hisg-gImUgp (S. Hisg tag gImUsp cloned into Ndel/HindllI This study

pneumoniae) sites of MCS

pQE2-Hiss-gImUcq ( C. Hisg tag gImUcg cloned into Ndel/HindllI This study

glutamicum) sites of MCS

pQE2-Hiss-gImUgc (E.coli) Hisg tag gImUgc cloned into Ndel/HindllI This study
sites of MCS

pQE2-Hiss-gImUys (M. Hisg tag gImUys cloned into Ndel/Hindll11 This study

smegmatis) sites of MCS

pQE2-Hiss-gImUg 9a Hisg tag gImUg 04 cloned into Ndel/Hindll1 This study
sites of MCS

pQE2-Hiss-gImUqgss His, tag gImU g5 cloned into Ndel/Hindl11 This study
sites of MCS

pQE2-Hiss-gImUqgg3a Hisg tag gImUgs3 4 cloned into Ndel/Hindlll This study
sites of MCS

PQE2-Hisg-gImUy;304 Hisg tag gImUn»304 cloned into Ndel/Hindll| This study
sites of MCS

pQE2-His6-g|mUMt (1389)- HiS6 tag gImUMt (1389)-Ec(G379)Chimera cloned into This study

Ec(G379)Chimera Ndel/Hindlll sites of MCS

pQE2-His6-g|mUEC(I378)_ HiS6 tag g|mUEc(1378)_Mt(G390)Chimem cloned into This study

M(G390)Chimera Ndel/Hindlll sites of MCS

pPQE2-Hisg-gImUy 504 Hisg tag gImUy 504 cloned into Ndel/HindllI This study
sites of MCS

pQE2-Hisg-gImUysor Hisg tag gImUy50r cloned into Ndel/Hindlll This study
sites of MCS

pPQE2-Hisg-gImUy 474 Hisg tag gImUj 2474 cloned into Ndel/HindlI11 This study
sites of MCS

pQE2-Hisg-glmUgos34 Hisg tag gImUgs,s34 cloned into Ndel/HindllI This study
sites of MCS

pQE2-Hiss- glmUgas30 Hisg tag gImUg,s3q cloned into Ndel/HindllI This study
sites of MCS

pQE2-Hiss-gImUqgo40 Hisg tag gImUqgo424 cloned into Ndel/HindlIl This study
sites of MCS

PQE2-Hisg-gImUy 1442 Hisg tag gImU 1444 cloned into Ndel/HindlI11 This study
sites of MCS

pQE2-Hiss-garA Hisg tag garA cloned into Ndel/HindlIl sites | This study
of MCS

pET28b-Hisg-pknBi_339 Hisg tag pknBj.33 cloned into Ndel/HindllI [200]

(KD2) es of MCS

pTC28S15-0X Contains reverse tetracycline repressor. Addgene

pST-KirT Integrative (for attB site) M.th. expression This study
vector with N-terminal FLAG tag and reverse
tetracycline repressor gene (rtetR).

pST-KirT-gImUp, GImUyy, cloned into Ndel/Hindll1 sites of This study
MCS of pST-KirT under P,.;tetO promotor.

pSTKT-gImUeq.on FLAG tag gImU cloned into Ndel/HindllI This study
sites of MCS under P,,,.;tetO promotor.

pYUB1474 Containing the hng antibiotic marker cassette | [202]
and OriE + cosA

pNIT M.tb. expression vector, nitA promoter, ChI¥, | [162]
IVN inducible

pNIT-gImUpy, gImUpy, cloned into Ndel/HindlIl sites of This study

pNIT vector.
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pNIT-glmUj 35, glmU .35, cloned into Ndel/HindlIl sites of This study
pNIT vector.

pNIT-gImU 50405 glmU 50495 cloned into Ndel/HindlIl sites of | This study
pNIT vector.

PNIT-gImUgo64 gImUxko¢a cloned into Ndel/Hindlll sites of This study
pNIT vector.

pNIT-gImUy3744 gImUy3744 cloned into Ndel/Hindlll sites of This study
pNIT vector.

pNIT-gImUpy glmUpy cloned into Ndel/HindlIl sites of This study
pNIT vector.

pNIT-gImU1_4gO(A15) gImU1_4gO(A15) cloned into Ndel/HindlIl sites This Study
of pNIT vector.

pNIT—glmU1_470 (A25) gImU1_470 (A25) cloned into Ndel/Hindlll sites This Study
of pNIT vector.

pNIT—glmU1_465(A30) gImU1_465(A30) cloned into Ndel/Hindlll sites This Study
of pNIT vector.

pNIT—glmU1_458(A37) gImU1_458(A37) cloned into Ndel/Hindlll sites This Study
of pNIT vector.

PNIT-gImUy460a gImUy460a cloned into Ndel/Hindlll sites of | This study
pNIT vector.

pNIT-gImUsp (S. gImUgp cloned into Ndel/HindlIl sites of This study

pneumoniae) pNIT vector.

pNIT-gImUcg ( C. gImUcg cloned into Ndel/Hindlll sites of This study

glutamicum) pNIT vector.

pNIT-gImUgc (E.coli) gImUgc cloned into Ndel/HindIIl sites of This study
pNIT vector.

pNIT-gImUys (M. glmUys cloned into Ndel/HindlIl sites of This study

smegmatis) pNIT vector.

pNIT-gImUr454 gImU~4;34 cloned into Ndel/Hindlll sites of This study
pNIT vector.

pNIT-gImUr45e gImU~y;5e cloned into Ndel/Hindlll sites of This study
pNIT vector.

pNIT-gImUr455 gImU~y;5s cloned into Ndel/Hindlll sites of This study
pNIT vector.

Bacterial strains

DH5a E. coli strain, for cloning experiments Invitrogen

BL21 (DE3) codon plus E. coli strain, for protein expression Stratagene

mc®155 or Ms Wild type M, smegmatis strain ATCC, 700084
H37Rv or Rv Wild type M. tuberculosis strain ATCC
Rv::gImU (merodiploid H37Rv electroporated with integrative This study
strain) construct pST-KirT-glmU.
Ms::gImU (merodiploid mc155 electroporated with integrative This study
strain) construct pST-KirT-glmU.
Rv::gIMU¢et-on H37Rv electroporated with episomal This study
PSTKT-gImUe.on, containing ATc
inducible GlmUyyy, Kan®.
RvAgImU H37Rv glmU conditional mutant. glmUy, This study
gene expression is under the regulation of
ATec inducible Tet promoter, Kan®.
MsAgIimU mc?155 glmU conditional mutant. glmUyys This study

gene expression is under the regulation of
ATc inducible Tet promoter, Kan".
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RvAgIMU::pNIT H37Rv glmU conditional mutant strain This study
complimented with pNIT vector only, ChI®.

RvAgImU::gimUyr H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImUyp, ChI®.

RvAgIimU::gimU 35, H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImU 35,, ChI®.

Rv AgimU:: glmU 50.495 H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImU 5405, ChI®.

Rv AgimU:: glmUx564 H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImUyg,¢a, ChI®.

Rv AgimU:: glmUyi3744 H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImUy;3744, ChI®.

Rv AgimU::gimUpy H37Rv glmU conditional mutant strain This study
complimented with pNIT-glmUpy,, ChI}.

Rv AglmU::gImU _ss0a15) H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImU; 4so(a15),
Chl®.

Rv AglmU::gImU 479 (a25) H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImU; 479 (a25),
Chl®.

Rv AglmU::gImU 46530 H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImU; _465(a30),
Chl®.

Rv AglmU::gImU _sssa37) H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImU 455437,
ChI®.

Rv AgimU::gImUwae0a H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImUy4604, ChI®.

Rv AgimU::gImUgp H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImUsp, ChI®.

Rv AgimU::gImUcg H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImU¢g, ChI®,

Rv AgimU::gImUgc H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImUgc, Chl®.

Rv AglmU::glmUys H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImUys, ChI®.

Rv AgimU::gImUr418 H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImUr416a, ChI®.

Rv AgimU::gImUr416e H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImUr416¢, ChI®.

Rv AgimU::glmU~41g5 H37Rv glmU conditional mutant strain This study
complimented with pNIT-gImUr41es, ChI®.

Phages

pHAE159 Temperature sensitive shuttle phagemid [203]

pHAE159:: glmUpy, AES GImUy, AES constructs were cloned into This study

Pacl site and used for specialized
transduction to replace gimUyy with
hygromycin resistance gene in M.tb.

Hisg: 6 Histidine tag; MCS: Multiple cloning site; AES allelic exchange substrate; DM:

Double mutant (K264 + H374A4); IVN: Iso valeronitrile; ATc: anhydrotratracycline.
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Table A2: Primers used in the study

Primer Name Sequence
code

VK643 GlmUyyq F 5’CACCGAATTCCATATGACGTTTCCTGGTGACACC3’

VK413 GlmUp R 5’ GGAAGCTTATCTAGATGGTGTCTGATCAGCGTCGGG3’

VK924 E.coli GImU F 5’CACCCATATGTTGAATAATGCTATGAGC3’

VK925 E.coli GImU R 5’ GCGCCCAAGCTTTCACTTTTTCTTTACCGG3’

VK596 GlmUpy:1-352 R 5’GGAAGCTTATCTAGAGTCGGCACCCAACGCGGTTC3’

VK597 GlmUyy,: 150-495 R 5’CACCCATATGTACGGCCGTATCCTGCGCACC3’

VK964 GlmUyyq,: 1-480 R 5’ GGGAAGCTTCATTTCGGAGGCTCTTTTTGAGGC3’

VK963 GlmUyyq,:1-470 R 5’ GGGAAGCTTCGCGGGGCTGCCGGGGCGTTTGCG3’

VK505 GlmUyyq,: 1-465 R 5’ TCTAGAAGCTTACTCGATGTTGCGTTGCGGACC3’

VK962 GlmUyyq,: 1-458 R 5’CCCAAGCTTGCGTTTGCGTTGCACCCAGTTCTC3’

VKN215 | GImUy (a434)-Ec(Gazs) F 5’CGGCGCGTATACCGGGGCCGGTACAACTGTGACGCGT

AAT3’

VKN216 | GImU wi (aa34)-Ee(Gaze) R 5’ ATTACGCGTCACAGTTGTACCGGCCCCGGTATACGCG
(Mtb-Ec Chimera) CCGT3’

VKN217 | GImUgea43)miGazs) F 5’AAAGGCGCGACCATTGCTGCGGGCACAGTGGTGCGGG

AGGAT3’

VKN218 | GImUge(aq23mia35) R 5’ATCCTCCCGCACCACTGTGCCCGCAGCAATGGTCGCG
Chimera Ec-Mtb CCTTT3’

VKN207 | GlmUy,:R439T F 5’CCGGCACAGTGGTGACCGAGGATGTCCCGCC3’

VKN208 | GlmUy:R439T R 5’ GGCGGGACATCCTCGGTCACCACTGTGCCGG3’

VKN209 | GlmUygy:A451R F 5’CGCTGGCAGTGTCGCGGGGTCCGCAACGCAAC3’

VKN210 | GlmUy:A451 R 5’ GTTGCGTTGCGGACCCCGCGACACTGCCAGCG3’

VKN211 | GlmUy,:W460A F 5’CGCAACATCGAGAACGCGGTGCAGCGC3’

VKN212 | GlmUy,:W460A R 5’ GCGCTGCACCGCGTTCTCGATGTTGCG3’

VKN213 | GlmUyy: K464A F 5’ GGTGCAGCGCGCACGCCCCGGCAGCCCAGC3’

VKN214 | GlmUy: K464A R 5’GCTGGGCTGCCGGGGCGTGCGCGCTGCACC3’

From IITK | GlmUy:S416A F 5’CACGTACGGACCGGGGCCGACACCATGTTCGTG3’
GlmUy:S416A R 5’CACGAACATGGTGTCGGCCCCGGTCCGTACGTG3’

From IITK | GlmUy,:N397A F 5’TCC AGCGTGTTCGTCGCCTACGACGGTACGTCCAAA3’
GlmUy,:N397A R 5’ TTTGGACGTACCGTCGTAGGCGACGAACACGCTGGA3’

From IITK | GlmUy,:H374A F 5’GGCACCAAGGTGCCGGCCCTGACCTACGTCGGCGAC3’
GlmUy:H374A R 5’ GTCGCCGACGTAGGTCAGGGCCGGCACCTTGGTGCC3’

VK601 GlmUy,: T418A F 5’ACCGGGTCCGACGCTATGTTCGTGGCC3’

VK602 GlmUy: T418A R 5’ GGCCACGAACATAGCGTCGGACCCGGT3’

VK828 GlmUyq,: T418E F 5’ACCGGGTCCGACGAAATGTTCGTGGCC3’

VK829 GlmUyy,: T418E R 5’ GGCCACGAACATTTCGTCGGACCCGGT3’

VK960 GlmUyyq,: T418S F 5’ACCGGGTCCGACTCCATGTTCGTGGCC3’

VK961 GlmUyy: T418S R 5’ GGCCACGAACATGGAGTCGGACCCGGT3’

VKN428 | GImUy,:R455T+1457F | 5°CCGCAAACCAACAAGGAGAACTGG3’

VKN429 | GlmUy:R455T+I457R | 5>CCAGTTCTCCTTGTTGGTTTGCGG 3’

VKN422 | GlmUg.: W449A F 5’CTCAGAAAGAAGGCGCGCGTCGTCCGGTAAAG3’

VKN423 | GlmUg: W449A R 5’CTTTACCGGACGACGCGCGCCTTCTTTCTGAG3’

VK890 S. pneumoniae GIMUF | 5>CACCGAATTCCATATGTCAAATTTTGCCATTAT3’

VK891 S. pneumoniae GIMU R | SGATATCCTACTGCAGCTGGTTCTTAGGATGATGAGG3’

VK892 C. glutamicum GImU F | >CACCGAATTCCATATGAGCGCAAGCGATTTCTCG3’

VK893 C. glutamicum GImUR | 5’ GATATCTTAAAGCTTGCCTTCCTGGTTGTGGACGTT3’

VK894 E.coli GImU F 5’CACCGAATTCCATATGTTGAATAATGCTATGAGC3’

VK895 E.coli GImU R 5’ GATATCTCAAAGCTTTTTCTTTACCGGACGACG3’

VK896 M. smegmatis GlmU F 5’CACCGAATTCCATATGACCGCATCAACCGAGGCC3’

VK897 M. smegmatis GlmU R 5’ GATATCTCAAAGCTTGCTCTCGTCGCCCAACGCCTT3’

VK990 GlmUy,:R19A F 5’GGGCCCGGGACCGCGATGCGTTCGGACACC3’

VK991 GlmUy,:R19A R 5’ GGTGTCCGAACGCATCGCGGTCCCGGGCCC3’
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VK992 GIlmUypy,: K26A F 5’GTTCGGACACCCCCGCGGTGCTGCACACACS’

VK993 GlmUy;;,:K26A R 5’GTGTGTGCAGCACCGCGGGGGTGTCCGAACS’

VK994 GImUy;,:Q83S F 5’CGACGTCGCCCTGTCGGATCGACCGCTAGG3’

VK995 GlmUyp;,:Q83S R 5’CCTAGCGGTCGATCCGACAGGGCGACGTCG3’

VK996 GImUyp;,:Q83A F 5’CGACGTCGCCCTGGCGGATCGACCGCTAGGS’

VK997 GImUyp,:Q83A R 5’CCTAGCGGTCGATCCGCCAGGGCGACGTC3®’

VK998 GImUyp;,:N239A F 5’GGTGGCCGGCGTCGCCAATCGCGTCCAGC3’

VK999 GImUyp;,:N239A R 5’GCTGGACGCGATTGGCGACGCCGGCCACCS’

VKNS87 GIlmUy, KO AES S’ TTTTTTTTCCATAAATTGGATCGGCCTCCAGGTGGGTC
Product 1 F AG3’

VKNS8S8 GIlmUy, KO AES S’TTTTTTTTCCATTTCTTGGACCGACTAGCGGCGCGATG
Product 1 R CG3

VKN89 GlmUy, KO AES S’TTTTTTTTCCATAGATTGGGTGGCCCCAGTAACCATCG
Product 2 F GC3’

VKN90 GIlmUy, KO AES S’ TTTTTTTTCCATCTTTTGGACGCGGTTGGACACCACTT
Product 2 R GG3’

VKN160 GlmUy;s KO AES S’TTTTTTTTCACAAAGTGGTACAACGGCGCGAGATCGG
Product 1 F G3

VKNI161 GlmUy;s KO AES S’TTTTTTTTCACTTCGTGTCCTGCACGGCGACGTCGA
Product 1 R TC3’

VKN162 GlmUy;s KO AES S’ TTTTTTTTCACAGAGTGTGTCTTCGTCAACTACGAC
Product 2 F GG3’

VKN163 GIlmUys KO AES S’ TTTTTTTTCACCTTGTGGGCGATGATGACGTCCTTG
Product 2 R GC3

VKN424 GImU v 1389)-Ec(G379) F 5’ATCGGCGAGTACAGCAACATCGGTGCGAATAAATTTA

AGACCAY

VKN425 GImU w; 1389)-Ec(G379) R 5’TGGTCTTAAATTTATTCGCACCGATGTTGCTGTACTCG
Chimera Ec-Mtb CCGAT3’

VKN426 GImUEg378)-miG390) F 5’ATTGGCGATAACGTTAACATCGGCGCCTCCAGCGTGT

TCGT3’

VKN427 GImUE(1378)-m1G390) R 5’GACGAACACGCTGGAGGCGCCGATGTTAACGTTATCG
Chimera Ec-Mtb CCAAT?’

VKN1195 | GImUyy,: L144A F 5’GACCACGACGGCGGATGATCCCT3’

VKN1196 | GImUyy: L144A R 5’AGGGATCATCCGCCGTCGTGGTC3’

VKN1197 | GlmUyy,: Y150F F 5’TCCCTTCGGCTTCGGCCGCATCC3’

VKN1198 | GlmUyy: Y150F R 5’GGATGCGGCCGAAGCCGAAGGGA3’

VKN1199 | GImUyy,: Y1I50A F 5’TCCCTTCGGCGCCGGCCGCATCC3?

VKN1200 | GlmUy: YI50A R 5’GGATGCGGCCGGCGCCGAAGGGA3’

VKNI1201 | GlmUyy: Y156A F 5’CATCCTGCGCGCCCAGGATCACG3’

VKN1202 | GlmUpyy,: YIS6A R 5’CGTGATCCTGGGCGCGCAGGATG3’

VKN1203 | GImUyy,: Y156E F 5’CATCCTGCGCGAACAGGATCACG3’

VKN1204 | GlmUyy,: YIS6E R 5’CGTGATCCTGTTCGCGCAGGATG3’

VKNI1205 | GlmUyy,: Y156S F 5’CATCCTGCGCTCCCAGGATCACG3’

VKN1206 | GlmUpyy,: Y156S R 5’CGTGATCCTGGGAGCGCAGGATG3’

VKN1207 | GlmUyy,: Q243A F 5’CAATCGCGTCGCGCTGGCCGAGC3’

VKNI1208 | GlmUyy,: Q243A R 5’GCTCGGCCAGCGCGACGCGATTG3’

VKN1209 | GImUyy,: L247A F 5’GCTGGCCGAGGCGGCCTCCGAACS’

VKNI1210 | GlmUyy,: L247A R 5’GTTCGGAGGCCGCCTCGGCCAGC3’

VKNI211 | GlmUyy,: R253A F 5’CGAACTCAACGCGCGGGTGGTGG3’

VKNI1212 | GlmUyy: R253A R 5’CCACCACCCGCGCGTTGAGTTCG3’

VKNI1213 | GlmUyy,: R253Q F 5’CGAACTCAACCAGCGGGTGGTGG3’

VKNI1214 | GlmUyy,: R253Q R 5’CCACCACCCGCTGGTTGAGTTCG3’

VK17 pQE2 forward 5’ TCATTGTGAGCGGATAACAATTTC3’

sequencing primer binds
139 bpsbefore the
promoter
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VK459

PQE2 reverse sequencing
primer binds 543 bps
after Hindll| site

5’GAAACTGCCGGAAATCGTCGTGG3’

VK309

PQE2 reverse sequencing
primer binds 75 bps after
Hindlll site

5’GGCGGCAACCGAGCGTTCTGY

VKN104

Forward sequencing
primer (OL) of
pYUB1474

5’CGGCCGCATAATACGACTCA3’

VKN105

Reverse sequencing
primer (HL) of
pYUB1474

5’AGGATACAGGACCTGCCAAT3’

VKN106

Forward sequencing
primer (HR) of
pYUB1474

5’CTTCACCGATCCGGAGGAAC3’

VKNI107

Reverse sequencing
primer (OR) of
pYUB1474

5’CTGACGCTCAGTCGAACGAAY

VK307

M13 forward primer and
pENTR forward primer

5’GTA AAACGACGGCCAG3’

VK308

M13 reverse primer

5’CAGGAAACAGCTATGAC3’
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Vectro Map:

Scal
Bbvs{n % FLA,:G tag Ndel

Scal FLAG tag
S Ndel

Cy J.”"HdeII
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