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Abstract

Antibacterial Resistance (ABR) has been a global challenge. The abusive use of
antibiotics stimulates natural selection of bacteria and results in loss of activity against
their targets. Peptidoglycan glycosyltransferase (GT), an enzyme which is essential
for cell wall biosynthesis, is a potential novel drug target. It offers several advantages
as a drug target: (i) it is absent in human cells; (ii) its sequence is highly conserved
among bacteria; (iii) it is easily accessible on the surface of the cell; and (iv) its ABR
is not significant. However, research on GT is hindered by its membrane-bound nature,
which increases the difficulty to obtain crystallographic structures. Moreover, the
activity assay of GT is also limited by the extremely low yield in the production of its

substrate, lipid Il. These factors all limited the development of GT inhibitors.

With the aid of computational virtual screening on a library of 3,000,000
compounds, our research group previously discovered a potential isatin-based GT
inhibitor, 2-(3-(2-Carbamimidoylhydrazone)-2-oxoindolin-1-yl)-N-(3-nitrophenyl)
acetamide (10b-27), which has moderate antibacterial activity. Competitive
saturation-transfer difference (STD)-NMR suggested that it binds to GT and shares
the same active-site pocket with the known inhibitor moenomycin A.



In this thesis, the structure-activity relationship (SAR) of the isatin-based

inhibitors was studied by further modifying the structure of 10b-27 with reference to

the binding pose revealed by the GT crystal structure (PDB ID 20LV). To achieve this

goal, 20 new isatin derivatives with the aminoguanidinyl group conserved were

designed and synthesized. The antibacterial activity (in terms of S. aureus MIC)

showed a 4-fold enhancement when the nitrophenyl substituent was replaced by a

m,p-naphthyl group. The best derivative (10-32), with the methanediylamidyl linkage

removed and the substituent replaced by butyl, showed an overall 8-fold enhancement

compared to 10b-27.

The interaction between 10-32 and GT was confirmed by competitive

saturation-transfer difference (STD)-NMR experiments. STD-NMR is one of the

excellent alternatives to activity assay since it detects small molecules binding to

macromolecules and does not consume the lipid Il substrate. Upon addition of 10-32

into GT (100:1 ratio), strong STD-NMR signals of 10-32 were detected, suggesting

that 10-32 and GT were in close contact (< 5 uM). Further addition of moenomycin A

displaced the STD signal intensities, suggested that 10-32 shares the same active-site

binding pocket of GT as moenomycin A.



Surprisingly, the clinically significant MRSA (ATCC® BAA-41™) did not show
any detectable resistance to 10-32, revealing its potential to be a promising antibiotic
candidate. Taking into account that there are currently no GT inhibitors being used
clinically, the studies of 10-32 opened up a new direction on novel antibiotic drug

development.
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Chapter 1

Introduction



1.1 The emergence of antibacterial resistance (ABR)

Antibacterial resistance (ABR) is a challenging and alarming problem worldwide.

Antibiotics that have been effective in treating infections become less effective

because of the development of ABR [1]. Antibacterial resistance is in general much

more severe than the resistance developed against the antifungals and antivirals [2].

Bacteria with multi-drug resistance are termed "superbugs"”. The development of ABR

is a natural selection process for bacteria to overcome environmental pressure, and it

has been accelerated due to the overuse of antibiotics in medical treatments and

farming of food-producing animals [1].

According to the "Antimicrobial Resistance Global Report on Surveillance

2014" by World Health Organization, around 23,000 people per year died of ABR in

the United States, with an overall annual societal cost of $35 billion US dollars [1].

The figure was just the tip of an iceberg as the problem can be more serious in other

countries. Besides the conventional pB-lactams such as penicillin, resistance has also

been developed against the less popular non-B-lactam antibiotics such as vancomycin

[3] and colistin [4].



Table 1.1

from reference [1] ).

Bacteria with

detectable ABR and its associated diseases (Adopted

Bacterium Drug(s) with reduced Corresponding disease(s)
susceptibility (excerpt)
Escherichia coli 3" generation cephalosporins, Peritonitis,

fluoroquinolones,

colistin

meningitis in neonates,

urinary tract infections

Klebsiella pneumoniae

3" generation cephalosporins,

Urinary and respiratory tract

carbapenems, infections,
colistin bloodstream infections
Staphylococcus aureus Methicillin, Skin, soft tissue, bone and
vancomycin bloodstream infections,
postoperative wound
infections
Streptococcus pneumoniae Penicillin Acuteotitis media, meningitis

Nontyphoidal Salmonella

Fluoroguinolones

Gastroenteritis,

(Nontyphoidal) enteric fever
Shigella species Fluoroguinolones Diarrhoea,
dysentery

Neisseria gonorrhoeae 3" generation cephalosporins Gonorrhoea




1.2 Mechanisms of antibacterial agents

Antibacterials (or antibiotics) are substances which kill or inhibit the growth of
bacteria. They are commonly used to treat bacterial infections. The concept of
"antibacterials™ can be traced back to the visualization of bacteria by Anton van
Leeuwenhoek in the 1670's [5] and the experimental proof of the "germ theory of
disease” by Louis Pasteur in 1880 [6], when people realized that bacteria are the
causes of many infections. After the introduction of penicillins in 1942 [5], the
successful story of this "magic bullet" continued and many new antibacterial agents
were discovered, including bacitracin in 1945 [7], chloramphenicol in 1947 [8],

chlortetracycline in 1948 [9], and colistin in 1950 [10].

The mechanisms of antibacterial agents can be broadly classified into five major
categories : (i) inhibition of cell-wall biosynthesis; (ii) inhibition of DNA precursor
(folate) biosynthesis; (iii) inhibition of DNA/RNA biosynthesis; (iv) inhibition of

protein biosynthesis; and (v) obstruction of cell membrane scaffold (Fig. 1.1) [11-12].



(i) Inhlilb;’Fion ofhcel!- ..-_-_-_-_-_'_‘_‘_‘_':_ "jj_‘_‘_‘_-_-_-___ ~ (iv) Obstruction of
wall biosynthesis i cellmembrane

e.g. B-lactams scaffold
vancomycin e.g. daptomycin

protein
synthesis
(ribosomes)
e.g. tetracycline

gyrase

—_ 5 AT 11
m oNa StUlli’e [
polymerase RMA .-/-‘ [

dTMP dUMP

<

(iii) Inhibition of
DNA/RNA
synthesis

e.g. quinolones

(ii) Inhibition of DNA
precursor (folate)
synthesis

e.g. sulfonamides

Fig. 1.1 Mechanisms of antibacterial agents.



1.3 Mechanism of antibacterial resistance (ABR)

ABR may exist naturally in some bacteria, such as the expression of penicillinase,
to allow their survival under the natural antibiotic environment produced by other
micro-organisms, or even by the bacteria themselves (so called producer immunity)
[12-13]. The extensive therapeutic use of antibiotics not only encourages the spread of
producer immunity, but also induces the development of acquired resistance: random
mutation (which happens once per 10’ bases) of one or a few bacteria can confer
resistance to certain antibiotics. Because the bacteria population is controlled by
factors such as nutrients and space, those resistant bacteria that survive under a harsh
environment replenish the dead (or dormant) sensitive population, resulting in the
acquisition of ABR to the entire population [12]. Some bacteria can also share ABR
by transferring their resistance gene(s) via plasmids, bacteriophages or free DNA
released during cell lysis [11]. The clinically important S. aureus with both methicillin
and vancomycin-resistant phenotypes are typical examples of bacterial gene transfer.
ABR can be classified into 4 major mechanisms, individual bacterium may reveal one
or more at any one time [12]. Details of the mechanisms of antibacterial resistance are

given below.



1.3.1 Modifications or inactivation of the antibiotics

Most antibiotics bind to a specific target and interfere with the corresponding

biochemical reaction essential for the survival of the bacteria. For example, the

B-lactam antibiotics bind to the penicillin-binding proteins (PBPs) and the

aminoglycoside antibiotics bind to the 16S ribosomal RNA on the 30S ribosome.

Bacterial modification of the chemical structure of these antibiotics lead to a reduced

affinity toward the corresponding drug targets, resulting in the weakening of the

antibacterial activities. For example, the functional azetidinyl group of B-lactam

antibiotics can be hydrolyzed into PBPs-inactive carboxylic acids by the clinically

significant enzyme [-lactamase while the nucleophilic groups (e.g. hydroxyl and

amino groups) of aminoglycosides can be modified into bulky, less nucleophilic

derivatives either by acetylation, adenylation or phosphorylation. These derivatives

can no longer bind to their corresponding drug targets, hence the antibiotics are

inactivated [12].

1.3.2 Efflux pumps

Some transmembrane proteins may actively efflux toxic substances out of the



cytoplasm, including antibiotics. Bacteria can survive when the apparent drug
concentration inside the cell is lower than the lethal dosage. For the 4 transmembrane
protein efflux pump families, 3 of them (the major facilitator subfamily, the small
multidrug regulator family and the resistance / nodulation / cell division family) efflux
foreign substances by proton motive force while the fourth one (the ATP-binding
cassette family) consumes energy from ATP hydrolysis for the active transport of
foreign compounds. For example, the tetracycline pump TetA has a high affinity to the
Mg**-tetracycline complex and the complex within the inner cell membrane is being

exchanged against protons outside the cell membrane [12].

1.3.3 Modifications of the antibacterial targets

For antibiotics which bind to a specific drug target, bacteria can reduce the
binding affinity by modifying or replacing the target. The altered target resumes the
biological cell functions and thus diminishes the antibacterial activity. For example,
the methicillin-resistant S. aureus (MRSA) has a modified penicillin-binding protein
(PBP2a) which possesses a non-penicillin binding domain, modifying the scaffold of
the transpeptidase domain resulting in a lower affinity towards methicillin [14]. S.

aureus may also exhibit vancomycin resistance by modifying the p-Ala-p-Ala group



of the bacteria murein precursor lipid Il into p-Ala-p-lactate, resulting in poor binding

affinity towards vancomycin but conserved cross-linking capability [12].

1.34 Reduction of membrane permeability

Small molecules diffuse into bacterial cells through porins located in the outer

membrane, the rate of permeation is determined by its particle size and charge.

Gram-negative bacteria can actively restrict the inward diffusion of small-molecule

antibiotics by controlling the expression of porins. Examples include the

carbapenem-resistant P. aeruginosa showing loss of outer membrane porin (OprD)

[15] and the deletion of outer membrane proteins (OmpF) in multi-drug resistant E.

coli [16].



1.4 The B-lactam antibiotics and its resistance

Before the discovery of penicillin G, the first clinically used pB-lactam antibiotic,

antibacterial chemotherapy was not prevalent, and people relied on serotherapy with

little efficacy [17]. After treatment of the first patient with penicillin in 1941, more

B-lactam antibiotics were discovered, either by isolation or chemical synthesis, with

conservation of the core azetidinyl ring. Currently, B-lactam antibiotics are still the

most effective antibacterial agents for many infections [17]. The exceptional

performance largely relies on the unique antibacterial mechanism - the inhibition of

bacterial cell wall (peptidoglycan) biosynthesis.

1.4.1 The bacterial peptidoglycan biosynthesis

Peptidoglycan (also known as murein) is the fundamental structural material of

bacterial cell wall responsible for maintaining the architecture of the cells. The rigid

structure allows bacteria to keep a stable scaffold under different osmotic pressures.

Since the cell wall is highly conserved in most bacteria, yet absent in eukaryotic cells,

inhibition of murein synthesis becomes extremely important for the development of

antibiotics as it will lead to least side effects in mammals. Peptidoglycan synthesis

10



involves a series of biological reactions with more than ten enzymes [18-19]. The

initial reactions of peptidoglycan synthesis occur within the cytoplasm, while the

latter reactions occur in the plasma membrane.

In the beginning, the simple molecule uridine diphosphate-N-acetylglucosamine

(UDP-GIcNAC) in the cytoplasm is converted to uridine

diphosphate-N-acetylmuramic acid (UDP-MurNAc) by enzymes MurA and MurB

(Fig. 1.2). Amino acids _-alanine, y-p-glutamic acid, _-lysine (or m-diaminopimelic

acid) and p-alanine-p-alanine are attached to UDP-MurNAc by the enzymes MurC-F,

giving a water-soluble product UDP-MurNAc pentapeptide. The lipid Il of S. aureus

has five extra glycines attached to the -lysine residue [18-19].

The UDP-MurNAc pentapeptide then diffuses to the internal surface of plasma

membrane and reacts with undecaprenyl phosphate (anchored in the membrane)

catalyzed by a membrane-bound enzyme MraY, forming the lipid-soluble compound

lipid 1. Lipid Il is further produced when an extra N-acetylglucosamine is coupled to

the N-acetylmuramic part of lipid I. This reaction is catalyzed by another

membrane-bound enzyme MurG (Fig. 1.3) [18-19].

11



After lipid Il is transferred from the internal surface of plasma membrane to the

external surface by an unknown flippase (hypothetically FtszW [20] or MurJ [21]), it

is polymerized into the final murein scaffold by the penicillin-binding protein (PBP).

Some PBPs are membrane proteins containing 2 catalytic domains:

glycosyltransferase domain (GT) and transpeptidase domain (TP). GT first

polymerizes lipid 1l into a single-chain polysaccharide of repeating units of the

GIcNAc-MurNAc pentapeptide, the polysaccharides further cross-link between each

other by elimination of a p-Ala group within the peptide portion of the murein chain

catalyzed by the TP domain (Fig. 1.3) [22].

1.4.2 The B-lactam antibiotics inhibit bacterial transpeptidation

-Lactam antibiotics are antibacterial agents which can effectively inactivate the

final step of bacterial peptidoglycan synthesis (i.e. transpeptidation) leading to the

death of the bacteria. B-Lactam contains a closed-loop azetidinyl group capable to

bind to the transpeptidase domain of PBPs, forming a stable acyl-enzyme complex,

thus inhibiting the transpeptidase activity as suicide substrate. The high binding

affinity is largely due to its structural similarity to its substrate, the acyl-p-Ala-p-Ala

portion of the peptidoglycan strand [22-23].

12



1.4.3 Overdependence and resistance to p-lactam antibiotics

Because of its incomparable effectiveness, broad-spectrum activity, low

production cost and minimal side effects, p-lactam antibiotics are the preferred

clinical prescription in the treatment of infections. The overdependence of -lactam

antibiotics, however, has already caused an imbalance in the bacterial ecosystem [24].

They are pressed to develop resistant mechanisms. Structure-based modifications of

B-lactams help at the early stage, but bacteria soon become resistant to the

modifications. The recently discovered resistance mechanism, the expression of New

Delhi metallo-beta-lactamase 1 (NDM-1) carbapenemase [25] which can hydrolyze

most of the new-generation B-lactam antibiotics, allows the bacteria to be susceptible

only to some non-B-lactam antibiotics [26]. Table 1.2 summarizes some typical

-lactam antibiotics and their corresponding resistance mechanisms.

13
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Fig. 1.2 Bacterial biosynthesis of UDP-MurNAc pentapeptide. The 5 blue small
circles in UDP-MurNAc pentapeptide represent amino acids (from left to right)
L-alanine, y-p-glutamic acid, _-lysine (or m-diaminopimelic acid), p-alanine and
p-alanine. The lipid Il of S. aureus has 5 extra glycines attached to the |-lysine

residue.
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Fig. 1.3 The bacterial biosynthesis of murein (peptidoglycan) [19]. Red hexagons = hexoses; blue circles = phosphates; deep blue circle =

amino acids (refers to Fig. 1.2); purple circle = uridine; orange zigzags = undecaprenyl lipids. The protein crystal structure at outer plasma

membrane refers to S. aureus PBP2 (PDB ID 20LV).
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Table 1.2 Summary of some typical B-lactam antibiotics and their corresponding

resistance mechanisms.

-lactams Corresponding resistance mechanisms References
Penicillin Penicillinase [13]
Methicillin PBP2a [27]
Ampicillin Penicillinase (TEM-1)? [28]
Cephalothin Cephalosporinase (AmpC)® [29]
Clavulanic acid Inhibitor-resistant TEM (IRTs)* [30-31]

(non-antibacterial)

Cefotaxime Cefotaximase (CTX-M)® [32]

Imipenem Carbapenemase (NDM-1)° [25-26]

& The designation of TEM refers to Temoneira, the first patient where the resistant E. coli strain was isolated; b

AmpC refers to the expressing gene ampC; ¢ IRT refers to Inhibitor-resistant TEM; ¢ CTX refers to the hydrolytic

activity against cefotaxime, and ®* NDM refers to New Delhi metallo-beta-lactamase.

16




1.5 GT as novel antibacterial drug target

The development of resistance (Table 1.2) in bacteria has equipped them with
mechanisms to defense against $-lactam antibiotics. The drug companies realized that
continuous modification of p-lactam antibiotics cannot help too much in restoring
their antibacterial activity. At the beginning of the 21% century, they started to pay
attention to non-B-lactam antibiotics to treat those highly resistant bacterial infections.
For example, tigecycline, a third-generation tetracycline [33], was developed for the
treatment of carbapenem-resistant Acinetobacter infections [34]. Despite its
observable side effect and safety concerns [35], approval was still given to tigecycline
by U.S. Food and Drug Administration (FDA) in 2005 [35-36]. However, resistance
to tigecycline was also found within 10 years of administration [37], indicating the

seriousness of antibiotic resistance problem.

As modification of the structure of B-lactam antibiotics is not efficient enough to
fight against the drug resistance problem, scientists are now interested in searching for
new antibacterial mechanisms, especially new drug targets located outside the
cytoplasm. The inhibition of bacterial transglycosylation, the penultimate step of
peptidoglycan synthesis [38], has become a hot topic for the development of novel

17



antibiotics.

151 Mechanism of peptidoglycan transglycoslation and its inhibition

Peptidoglycan glycosyltransferase (GT) is an "inverting" enzyme catalyzing the
Sn2 transglycosylation reaction [39]. Using PBP2 as an example, the E114 residue
first activates the hydroxyl group of acceptor lipid Il, following a nucleophilic attack
to the C1 carbon of the donor lipid chain. The donor phosphate is stabilized by Mg?* -
E171 residue during the transition state and is finally removed from C1. The resulting
product (lipid n) has inverted stereochemistry relative to the original lipid tail (Fig.

1.4) [40].

Moenomycins are the only known natural inhibitors of GT [41]. It occupies both
donor and acceptor sites of GT to stop transglycosylation which is bactericidal.
Potency persists even after it has been discovered for more than 40 years. It has a high
binding affinity towards GT by structurally mimicking its substrate lipid IV (Fig. 1.5).

[22, 40, 42]

Although moenomycin is non-toxic to animals, it has a poor pharmacokinetic

18



property in humans, hypothetically due to its poor absorption from gastrointestinal

tract [42]. Currently there is no clinically available GT inhibitor for human use and

moenomycin can only serve as agricultural food additive (sold as flavomycin) [42].

152 Production of lipid Il is a major barrier in GT inhibitor development

Lipid Il is a central component in bacterial cell wall synthesis [43]. It is the

substrate for peptidoglycan transglycosylation, and also an antibacterial drug target

[44]. Vancomycin is a non-B-lactam antibiotic effective on curing MRSA infections. It

inhibits the bacterial transpeptidation by binding to lipid 1l [44-46], but resistance has

been found for S. aureus after 43 years of administration [3, 47]. Despite the effort on

searching novel antibiotics with similar antibacterial mechanism, other lipid

I1-binding agents, such as nisin [48-50] and teixobactin [51], are complex cyclic

peptides that are extremely difficult to synthesize [52-54].

On the other hand, the progress of development of GT inhibitors is slow. Apart

from the natural inhibitor moenomycins, only a few research groups reported some

potential inhibitors with promising inhibitory properties (refers to Fig. 1.6) [55-56].

The slow progress is primarily because of the absence of an effective assay due to the

19



difficulty in producing lipid 11. Although lipid Il can be obtained by total synthesis or

enzymatic synthesis, both methods require extensive resources and manpower to

achieve, and the product yield is very low. The total synthesis of lipid Il requires 12

complicated reaction steps [57] while the enzymatic synthesis of lipid Il requires 12

purified enzymes to proceed [18]. It is extremely difficult to repeat the procedures in

conventional synthetic laboratory, not to mention in medical laboratories. Without the

lipid 1l substrate (or its derivatives), in vitro transglycosylation assay is difficult to

conduct.

20
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Fig. 1.4 Proposed mechanism of peptidoglycan transglycosylation by PBP2 [40]. The GT of PBP2 catalyses the formation of glycosidic

linkage between 2 lipid Il molecules by removing the phospholipid tail of lipid 11 at the donor site. R = pentapeptide (refers to Fig. 1.2).
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(©)

Fig. 1.5 Structures of (a) lipid 11, (b) lipid IV and (c) moenomycin A. Moenomycin

A structurally imitates lipid IV by conserving a phospholipid tail linked to an

oligosaccharide. R = pentapeptide (refers to Fig. 1.2)
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Fig. 1.6 Examples of novel GT inhibitors. (a) GT inhibitor reported by Gampe et al.

ICs0 = 12 uM [55]; and (b) GT inhibitor reported by Cheng et al. 1Csy = 37.5 uM [56].

S. aureus penicillin-binding protein was used in the transglycosylation activity assays.
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1.6 Methods to screen potential GT inhibitors without using lipid 11

Ligand binding assay is an alternative method to investigate potential GT

inhibitors without using the lipid Il substrate. The interaction between GT and ligands

can be revealed by various detection methods as described below [58-60]. A

conventional means to screen potential structures before assay is computational

virtual screening.

1.6.1 Structure-based virtual screening for GT inhibitors

Structure-based virtual screening is conducted by computer simulation

mimicking the in vitro binding between small molecule ligands and their target

biomolecule in solution. The binding affinities are calculated and visualized as scores

[61]. The top-scoring ligands will be selected as potential binders ("hit compounds")

for further characterization in vitro. In this way, potential hit compounds can be

screened out from numerous non-binders without conducting physical measurements.

Virtual screening is particularly useful in GT inhibitors research when the

peptidoglycan transglycosylation assay is unavailable. By screening out non-binders

24



from a library of usually more than 1 million compounds, the valuable lipid 11 can be

reserved for assays for the top-scoring compounds only. The first batch of GT "hit

compounds™ were found by Yang et al. using Surflex-Dock [62] and FlexX-Pharm [63]

docking programs against the DrugBank [64] and Life Chemical databases of

~174,000 compounds [65], but they were unable to conduct further in vitro

characterizations. Derouaux et al. also found a "hit compound™ using eHiTS 6.0 [66]

against the NCI databases of > 250,000 compounds [67].

Wong and co-workers also reported an isatin structure as hit compound using

ICM docking software (Molsoft L.L.C., San Diego, CA, USA) against a library of ~

3,000,000 compounds [68]. The antibacterial activity was further improved by a

serious of structure-based modifications. The final structure, 10b-27 (Fig. 1.7a), has a

S. aureus MIC of 48 ug/mL [68]. The interaction between GT has been confirmed by

STD-NMR spectroscopy [68].

16.2 Surface plasmon resonance (SPR) spectroscopy

SPR is a powerful tool to detect ligand-biomolecule interactions. It consists of a

ligand-immobilized sensor chip with continuous flow of analyte solution. Binding of
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analytes to the ligand increase the degree of total internal reflection (0) of the sensor

chip surface and the results are detected by a light source [69]. The first SPR-based

GT binding assay was developed by Stembera et al. at 2002 using Biacore 3000 (GE

Healthcare) based on competitive binding with moenomycin A derivatives [70]. Bury

et al. and Cheng et al. also used SPR to confirm the binding affinity of modified

moenomycins [71-72].

1.6.3 Fluorescence anisotropy

Fluorescence anisotropy is a dimensionless measurement of the extent of

polarization of the emission from a fluorescent species [73]. When a fluorescent

species of small size in solution is excited by a polarized light source, only those

absorption dipoles parallel to the light will be excited and disordered, resulting in

reduced population of the parallel dipoles. With sufficient time, all the species with

parallel dipole are disordered so that the measured fluorescence anisotropy

approaches zero. When the fluorescent species is bound to a macromolecule (for

example, GT), it has a slower rate of rotational diffusion and the excited molecules

become less disordered. The measured fluorescence anisotropy becomes higher than

that without GT binding. In order to test non-fluorescent compounds, scientists
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incubate fluorescent moenomycin A into GT before adding test compounds. Potential
GT inhibitor can displace moenomycin A out of the GT active-site, resulting in

reduction of the fluorescent anisotropy. [55-56, 72]

1.6.4 Saturation-transfer difference (STD)-NMR spectroscopy

STD-NMR is a popular technique in studying protein-ligand interactions. It is a
non-destructive technique as it does not require chemical modification or
pre-treatment of protein or ligands such as immobilization or labeling. It measures the
difference of ligand resonance signals when the nearby protein experiences a selective
signal saturation. In a mixture of solution containing protein and weak ligand, there is
an equilibrium between bound and unbound state. When the *H NMR signals of the
ligand is measured with additional radiation applied to the protein nuclei, those nuclei
are excited to their high energy state and they will attempt to transfer the energy to the
nearby ligand nuclei. The process is called the Nuclear Overhauser Effect (NOE).
When the ligand nuclei accept the energy and keep at the high energy state, the
resulting ligand resonance signal intensities will decrease. Since NOE happens only
when the two nuclei are within 5 A, a positive STD-NMR result can confirm the
interaction between ligand and protein [74]. Rihl et al. used STD-NMR to study the

interaction between moenomycin derivatives and E. coli PBP1b [75].
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1.7 Aims and objectives

In their effort to develop novel antibacterial agents, Wong's group has identified

a potential GT inhibitor 10b-27 (Fig. 1.7a). It has moderate antibacterial activities

among Gram-positive bacteria (S. aureus MIC = 48 ug/mL), and the STD-NMR

results confirmed the interaction between GT and 10b-27 [68]. The STD-NMR results

also suggested that 10b-27 shared the same active-site pocket with moenomycin A.

The binding pose [constructed by ICM version 3.6-1c (Molsoft L.L.C., San Diego,

CA, USA)] between GT and 10b-27 suggested that the aminoguanidyl group

interacted with the K155 and S160 residues while the 2 phenyl groups interacted with

the 1195, V233 and P234 residues, respectively (Fig. 1.7b) [68].

However, the MIC value of 10b-27 is not good enough to allow it to be an

effective antibiotic. This thesis aims to improve its antibacterial activities by studying

its structure-activity relationship (SAR). To achieve this goal, 20 new derivatives have

been synthesized with reference to the binding pose of 10b-27 to the GT crystal

structure (PDB ID 20LV) [40]. The detailed synthetic procedures will be described in

chapter 2; the SAR studies will be reported in chapter 3 and the interactions between

GT and the new structure will be reported in chapter 4.
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Val233

(b)

Fig. 1.7 (a) Structure of 10b-27 and (b) the binding pose between S. aureus GT

(PDB ID 20LV) and 10b-27. Image adopted from reference [68].

29



Chapter 2
Synthesis and Characterization of Isatin

Derivatives
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2.1 Introduction

Isatin (IUPAC name: 1H-indole-2,3-dione) was first discovered by oxidation of

indigo [76], and later it was found existing in nature including fruits of cannon ball

trees and secretions of Bufo frogs [77]. Isatin and its derivatives are known to display

pharmaceutical activities, including anticancer [77], anticonvulsant [78] and

antibacterial [79], but the mechanisms are not fully understood.

Recently, Wang et al. synthesized an isatin-based derivative 10b-27 (Fig. 1.7a)

targeting at the GT domain of PBP2 [68, 80]. However, the antibacterial activities of

10b-27 are only moderate in comparison to many commonly used antibiotics.

Therefore, lead optimization is required to raise its potency [68, 80]. The isatin core,

R, and R, groups of 10b-27 (Fig. 2.1) were modified in this project. The isatin core

and the Ry group were first modified and tested, experimental MIC results inspired

further modifications of the R, group. The design strategies are explained below.

Previous studies on 10b-27 suggested that the aminoguanidyl group plays an

important role in antibacterial activities and cannot be replaced, but there were no

attempts on the modification of the isatin core [68, 80]. As seen in the binding pose of

10b-27 to the active site of GT domain (Fig. 1.7b), the C5 position of the isatin core
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points to a space in the active site and there is no observable interactions with any GT

residues. By inserting side groups to the isatin C5 carbon, it could create new

interactions with the GT residues. As a result, 10c-27 with 5-methylisatin core was

designed and synthesized.

The binding pose also suggested that the 4-nitrophenyl group of 10b-27

interacted with the GT residues V233 and P234 which are hydrophobic in nature. One

would expect that the interactions will be enhanced if the nitro group was changed to

some hydrophobic groups. Therefore three compounds with hydrophobic side groups

were designed and synthesized (named as 10b-04, 10b-19, 10b-20 respectively). The

measured MICs (refers to Table 3.1) also agreed with the prediction that compound

10b-19 with hydrophobic naphthyl group showed enhanced potency against

Gram-positive bacteria. This result inspired the further removal of the hydrophilic

methanediylamidyl group. Hence, 16 new derivatives were further designed with side

groups of different hydrophobicities, including alkyl, aryl, alkoxyl and hydroxyl

groups.

In this thesis, 5-methylisatin derivatives were designated with a letter “c",

derivatives with the methanediylamidyl group conserved were designated with a letter

"b" whereas derivatives with the methanediylamidyl group removed were designated
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with no alphabet letters (Table 2.2). Some derivatives were given smaller numbers
than the mother compound 10b-27 because they were previously designated for
docking purpose. This chapter will describe the synthetic pathways and
characterization of the 20 new isatin derivatives. The structures of these derivatives

are shown in Table 2.2.
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NO,

. N__o
Isatin
core N

Fig. 2.1 Chemical modification of 10b-27 [80]. R; refers to the region shown in

cyan; R, refers to the region shown in cyan and red; the isatin core is shown in green.
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Table 2.1 Summary of previous MIC results of the hit compounds. [68, 80]

RisNH
o)\
N
L
HN
>;NH
H,N
MIC (ng/mL)
Ry — :
S. aureus B. subtilis E. coli
ATCC 29213 168 ATCC 25922
§ON02 > 96 > 96 > 96
O,N
% OO > 06 48 > 06
NO,
§@ 48 24 96
(10b-27)
F
§© > 06 > 06 >06
%@F 96 48 96
F
96 48 48
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Table 2.2

Original hit (mother compound)

>;NH

HoN
10b-27

Structures of 10b-27 (mother compound) and its 20 new derivatives.

With methanediylamidyl linkage conserved (designated with a letter "b™)

10b-04

! NH
o)\
v
\,N
HN
>;NH
HoN

10b-19

=
FF

10b-20

Modification of the isatin core (designated with a letter "c")

NO,




With methanediylamidyl linkage deleted (designated with no alphabet letters)

With hydrophobic substituents

N
@_fo N__o
N
N o)
HN N N
>;NH HN HNIN
H,N NH
HN HN>;NH
10-31 z
10-32 10.33
L ®
(3L !
\,N o)
HN
N__o Y=NH : N
H,N HN
(L i
HN'N N
>;NH 10-35
H,N 10-36
10-34

37




With alkoxyl substituents

/\O /O \/o
N0 N_o : i'\‘fo
\
N N \,N
HN HN HN
NH /V/NH /ENH
HzN H2N H2N
10-37
10-38 10-39
\O/\O >‘/O
O
N_o
v 3 H
\
N
\,N \,N HNI
HN HN JFNH
/ENH NH H,oN
H2N HZN
10-46
10-40 10-41
With hydroxyl substituents
OH HO HO

>;NH
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2.2 Experimental

221 Chemicals

Isatin, 5-methylisatin, aminoguanidine HCI, sodium chloride, potassium
carbonate and various phenylboronic acids were purchased from Aldrich. Analytical
grade solvents were purchased from Oriental Chemicals. Chloracetyl chloride was
purchased from International Laboratory. Sodium sulfate was obtained from SciChem.
Silica gel 60 (63-200 um) used as stationary phase in column chromatography was

purchased from Bio-Gene.

222 Instrumentation

2.2.2.1 Liquid chromatography

Liquid chromatography was used for purification of products after reactions.
Silica gel 60 (63-200 um) powder was first added to the appropriate mobile phase
(solvent) and stirred to remove any bubbles. The suspension was loaded into a liquid
chromatography column and allowed to sediment. Samples were first dissolved in a
minimum amount of solvent and some dry silica gel powder was added into the
solution, followed by removal of solvent using a rotary evaporator under vacuum for
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complete adsorption of sample onto the silica gel surface. The silica gel was loaded
into the liquid chromatography column. Mobile phase solvent was added to the
column to elute the sample. The less polar fractions were eluted first and the more
polar fractions were eluted as the polarity of mobile phase increased. Sample fractions
were collected using test tubes and the product in each fraction was identified using

thin-layer chromatography (TLC).

2.2.2.2  H nuclear magnetic resonance (NMR) spectroscopy

All reaction intermediates and products were characterized by 'H NMR
spectroscopy. Purified products were first completely dried under vacuum. The dried
products were dissolved in 600 pL of suitable deuterated solvents, and were added to
NMR sample tubes. The *H-NMR spectra were collected using a Bruker Advance-111

400 MHz FT-NMR spectrometer. The products were re-collected after measurements.

2.2.2.3 Mass spectrometry (MS)

All final products were also characterized by mass spectrometry. Products were

dissolved into suitable solvents with a concentration ~ 1 uM, and solutions were
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injected into a Waters Acquity ESI mass spectrometry with single quadrupole detector

(LRMS) or an Agient 6460 Ultra High Performance Liquid

Chromatography-Electrospray lonization-Triple Quadrupole Mass Spectrometer

(HRMS) at a flow of 200 puL/min.

2.2.3 Synthetic procedures

2.2.3.1 Synthesis of 10b-04, 10b-19, 10b-20 and 10c-27

1 (1.0 g) and potassium carbonate (1.2 g) were dissolved in acetonitrile (10 mL).

Chloroacetyl chloride (700 uL) was added dropwisely and the reaction mixture was

allowed to stir for 3 h at room temperature. Deionized water (20 mL) was added to the

reaction mixture and the mixture was then extracted by ethyl acetate (3 x 20 mL). The

ethyl acetate fractions were collected, washed with concentrated sodium chloride

solution and dried by anhydrous sodium sulphate. The solvent was removed to yield a

white solid 2.

To 10 mL of dimethylformamide in an ice bath, isatin or 5-methylisatin (1.0 g)

and potassium carbonate (1.0 g) were dissolved. The mixture was then stirred for 1 h

at room temperature. 2 (1.0 g) dissolved in minimum amount of dimethylformamide
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was added to the reaction mixture, followed by addition of potassium iodide (0.5 g).
The reaction mixture was stirred overnight at 80°C. Afterwards, 2M hydrochloric acid
(35 mL) was added to the mixture and the product was extracted by ethyl acetate (3 x
20 mL). The ethyl acetate fractions were washed with concentrated sodium chloride
solution and dried by anhydrous sodium sulphate. After removal of solvent by a
rotary evaporator, the product was purified by silica gel liquid chromatography using

a mobile phase of ethyl acetate : petroleum ether (1:4), yielding 3 as a reddish solid.

3 (0.11 g) and aminoguanidine HCI (0.075 g) were dissolved in acetic acid (20
mL) and the reaction was performed under reflux for 2 h. After cooling to room
temperature, diethyl ether (200 mL) was added to precipitate the reaction product. The
product was collected by centrifugation, washed with diethyl ether (2 x 40 mL) and
further purified by silica gel liquid chromatography using a mobile phase of methanol :
dichloromethane (1:4), yielding the final product as a yellowish solid. The synthetic

scheme for 10b-04, 10b-19, 10b-20 and 10c-27 is given in Figure 2.2.

(10b-04). Yield 56 %. 'H NMR (400 MHz, CD;0D) &: 1.23 (t, J = 7.6 Hz, 3H,
CH3CHy), 2.64 (g, J = 7.6 Hz, 2H, CH3CH;), 4.71 (s, 2 H), 7.00 (d, J = 8.1 Hz, 1H,
Ar-H), 7.09 (d, J = 8.0 Hz, 1H, Ar-H), 7.23 (q, J = 7.5 Hz, 2H, Ar-H), 7.38 - 7.43 (m,
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2H, Ar-H), 751 (t, J = 7.9, 1H, Ar-H), 7.82 (d, J = 7.5 Hz, 1H, Ar-H). HRMS

calculated for C19H21NgO2: m/z: 365.17 [M+H]"; found 365.17.

(10b-19). Yield 62 %. 'H NMR (400 MHz, CD;0D) &: 4.78 (s, 2H, NHCOCH,),
7.13 (d, J = 7.9 Hz, 1H, Ar-H), 7.24 (t, J = 7.6 Hz, 1H, Ar-H), 7.41 - 7.54 (m, 3H,
Ar-H), 7.59 (d, J = 8.9, 1H, Ar-H), 7.77-7.87 (m, 4H, Ar-H), 8.20 (s, 1H, Ar-H).

HRMS calculated for C1H19NgO2: m/z: 387.16 [M+H]", found 387.16.

(10b-20). Yield 61 %. *H NMR (400 MHz, CD30D) &: 4.75 (s, 2H, NHCOCH),),
7.10 (d, J = 8.0 Hz, 1H, Ar-H), 7.23 (t, J = 7.6 Hz, 1H, Ar-H), 7.43 (d, J = 7.9 Hz, 1H,
Ar-H), 7.49-7.57 (m, 2H, Ar-H), 7.78-7.84 (m, 2H, Ar-H), 8.01 (s, 1H, Ar-H). HRMS

calculated for C1gH16F3NsO2: m/z: 405.13 [M+H]", found 405.13.

(10c-27). Yield 52 %. *H NMR (400 MHz, CD3;0D) &: 2.40 (s, 3H, Ar-CHs),
4.73 (s, 2H, NHCOCH,), 6.97 (d, J = 8.1 Hz, 1H, Ar-H), 7.31 (d, J = 7.6 Hz, 1H,
Ar-H), 7.59 (t, J = 8.2 Hz, 1H, Ar-H), 7.66 (s, 1H, Ar-H), 7.92 (d, J = 8.1 Hz, 1H,
Ar-H), 8.02 (d, J = 8.1 Hz, 1H, Ar-H), 8.61 (s, 1H). HRMS calculated for C1gH1gN;QOy:

m/z: 396.14 [M+H]", found 396.14.
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Fig. 2.2 Synthetic pathway for compounds 10b-04, 10b-19, 10b-20 and 10c-27.

44



2.2.3.2  Synthesis of 10-31 to 10-46

4 (0.05 g), isatin (0.05 g) and dried Cu(OAc), (0.055 g) were added to
triethylamine (125 upL) in the presence of dry molecular sieves (4A) and
dichloromethane (10 mL). The Cu(OAc), and molecular sieves were previously dried
in an oven overnight at 100°C. The reaction mixture was allowed to stir for 48-72 h at
room temperature. Solid impurities were filtered, and excessive isatin was removed
by silica gel liquid chromatography using a mobile phase of ethyl acetate : petroleum

ether (1:4), yielding 5 as a yellowish solid.

5 (0.03 g) and aminoguanidine HCI (0.03 g) were added to acetic acid (20 mL)
and stirred for 2 h at room temperature. Afterwards, diethyl ether (200 mL) was added
to precipitate the reaction product. The product was collected by centrifugation,
washed with diethyl ether (2 x 40 mL) and further purified by silica gel liquid
chromatography (methanol : dichloromethane = 1:4), yielding the final product as a

yellowish solid. The synthetic scheme for 10-31 to 10-46 is given in Figure 2.3.

(10-31). Yield 55 %. *H NMR (400 MHz, CDs0D) &: 1.29 (t, 3H, J = 7.6 Hz,
CH,CHs), 2.74 (g, 2H, J = 7.6 Hz, CH,CHs), 6.84 (d, J = 8.0 Hz, 1H, Ar-H), 7.20 (t, J
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= 7.5 Hz, 1H, Ar-H), 7.35 - 7.43 (m, 5H, Ar-H), 7.84 (d, J = 7.5, 1H, Ar-H). HRMS

calculated for C;7H1gN5O: m/z: 308.15 [M+H]", found 308.15.

(10-32). Yield 54 %. *H NMR (400 MHz, CDs;OD) &: 0.97 (t, 3H, J = 7.4 Hz,
CH,CH3), 1.40 (sex, 2H, J = 7.4 Hz, CH,CH,CHs), 1.65 (quin, J = 7.4 Hz, 2H,
CH,CH,CH,), 2.70 (t, J = 7.5 Hz, 2H, Ar-CH,CH)), 6.83 (d, J = 8.0 Hz, 1H, Ar-H),
7.20 (t, J = 7.6 Hz, 1H, Ar-H), 7.33 - 7.41 (m, 5H, Ar-H), 7.83 (d, J = 7.5, 1H, Ar-H).

HRMS calculated for C19H2,Ns0: m/z: 336.18 [M+H]", found 336.18.

(10-33). Yield 52 %. ‘*H NMR (400 MHz, CDs;OD) &: 0.94 (t, 3H, J = 6.9 Hz,
CH,CH3), 1.38 (m, 6H, CH,CH,CH,CH,CHs), 1.70 (quin, J = 7.3 Hz, 2H,
Ar-CH,CH,CHy), 2.74 (t, J = 7.7 Hz, 2H, Ar-CH,CH,), 6.89 (d, J = 8.0 Hz, 1H,
Ar-H), 7.23 (t, J = 7.5 Hz, 1H, Ar-H), 7.38-7.46 (m, 5H, Ar-H), 7.85 (d, J = 7.5, 1H,

Ar-H). HRMS calculated for Cy1HosNsO: m/z: 364.21 [M+H]", found 364.21

. (10-34). Yield 46 %. *H NMR (400 MHz, CD;0D) &: 0.90 (t, 3H, J = 6.7 Hz,
CH,CHs), 1.30 - 1.36 (m, 10H, CH,CH,CH,CH,CH,CH,CHs), 1.68 (quin, 2H, J =
7.0 Hz, Ar-CH,CH,CHy), 2.71 (t, J = 7.6, 2H, Ar-CH,CH}), 6.85 (d, J = 8.0 Hz, 1H,
Ar-H), 7.20 (t, J = 7.5 Hz, 1H, Ar-H), 7.38 - 7.42 (m, 5H, Ar-H), 7.83 (d, J = 7.4, 1H,
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Ar-H). HRMS calculated for Cy3H3zoNsO: m/z: 392.24 [M+H]", found 392.25.

(10-35). Yield 55 %. 'H NMR (400 MHz, CDs0D) &: 6.42 (d, J = 7.9 Hz, 1H,
Ar-H), 7.23 (t, J = 7.5 Hz, 1H, Ar-H), 7.34 (t, J = 7.4 Hz, 1H, Ar-H), 7.50 - 7.71 (m,
5H, Ar-H), 7.92 (d, J = 7.4 Hz, 1H, Ar-H), 8.06 (d, J = 8.2, 1H, Ar-H), 8.11 (d, J =

8.2, 1H, Ar-H). HRMS calculated for C1gH16NsO: m/z: 330.13 [M+H]", found 330.14.

(10-36). Yield 50 %. *H NMR (400 MHz, CDs;0D) &: 6.90 (d, J = 7.9 Hz, 1H,
Ar-H), 7.22 (t, J = 7.5 Hz, 1H, Ar-H), 7.40 (t, J = 7.7 Hz, 1H, Ar-H), 7.51 - 7.58 (m,
3H, Ar-H), 7.85 - 8.04 (m, 5H, Ar-H). HRMS calculated for C19H16NsO: m/z: 330.13

[M+H]", found 330.14.

(10-37). Yield 42 %. 'H NMR (400 MHz, CDs0D) &: 1.45 (t, J = 7.0 Hz, 3H,
CH,CHs), 4.14 (g, J = 6.9 Hz, 2H, OCH,CHs), 6.84 (d, J = 8.0 Hz, 1H, Ar-H), 7.12 (d,
J=8.4,2H, Ar-H), 7.22 (t, J = 7.6 Hz, 1H, Ar-H), 7.38 - 7.45 (m, 3H, Ar-H), 7.84 (d,
J = 7.2, 1H, Ar-H). HRMS calculated for C;17H1gNsO,: m/z: 324.15 [M+H]", found

324.15.

(10-38). Yield 41 %. 'H NMR (400 MHz, CD;0D) §&: 3.46 (s, 3H, OCH3), 4.58
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(s, 2H, CH,OCHs3), 6.91 (d, J = 8.4 Hz, 1H, Ar-H), 7.24 (t, J = 7.6, 1H, Ar-H), 7.43 -
7.51 (m, 3H, Ar-H), 7.60 (d, J = 8.4 Hz, 2H, Ar-H), 7.86 (d, J = 7.2, 1H, Ar-H).

HRMS calculated for C17H1gNs02: m/z: 324.15 [M+H]", found 324.15.

(10-39). Yield 41 %. *H NMR (400 MHz, CDs0OD) &: 1.28 (t, J = 7.0 Hz, 3H,
CH,CHs), 3.64 (g, J = 7.0 Hz, 2H, OCH,CHs), 4.63 (s, 2H, Ar-CH,0), 6.91 (d, J =
8.0 Hz, 1H, Ar-H), 7.24 (t, J = 7.6, 1H, Ar-H), 7.43 - 7.51 (m, 3H, Ar-H), 7.60 (d, J =
8.2 Hz, 2H, Ar-H), 7.86 (d, J = 7.8, 1H, Ar-H). LRMS calculated for C;gH2oNs05:

m/z: 338.16 [M+H]", found 338.10.

(10-40). Yield 35 %. *H NMR (400 MHz, CD;0D) &: 3.52 (s, 3H, OCH3), 5.29
(s, 2H, OCH,0), 6.86 (d, J = 8.0 Hz, 1H, Ar-H), 7.20 - 7.28 (m, 3H, Ar-H), 7.40 -
7.46 (m, 3H, Ar-H), 7.84 (d, J = 7.6, 1H, Ar-H). LRMS calculated for C;7H1gNsO3:

m/z: 340.14 [M+H]", found 340.11.

(10-41). Yield 42 %. '"H NMR (400 MHz, CD3OD) &: 1.35 [s, 9H, C(CHs)s],
4.60 (s, 2H, Ar-CH,0), 6.90 (d, J = 8.0 Hz, 1H, Ar-H), 7.24 (t, J = 7.6 Hz, 1H, Ar-H),
7.43 - 7.48 (m, 3H, Ar-H), 7.59 (d, J = 8.4 Hz, 2H, Ar-H), 7.86 (d, J = 7.6 Hz, 1H,
Ar-H). LRMS calculated for CH24Ns05: m/z: 366.19 [M+H]", found 366.25.
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(10-42). Yield 56 %. ‘*H NMR (400 MHz, CDs;OD) &: 0.90 (t, J = 7.4 Hz, 3H,
CH,CH3), 1.32 (d, J = 7.2 Hz, 3H, CHCHs), 1.70 (quin, J = 7.3 Hz, 2H, CHCH,CH),
2.74 (sex, J = 7.0 Hz, 1H, CHsCHCHy), 6.90 (d, J = 8.0 Hz, 1H, Ar-H), 7.23 (t, J =
7.6 Hz, 1H, Ar-H), 7.41 - 7.47 (m, 5H, Ar-H), 7.86 (d, J = 7.2 Hz, 1H, Ar-H). HRMS

calculated for C19H2,N50: m/z: 366.18 [M+H]", found 336.18.

(10-43). Yield 32 %. 'H NMR (400 MHz, CDs0D) &: 6.83 (d, J = 8.0 Hz, 1H,
Ar-H), 7.00 (d, J = 8.8 Hz, 2H, Ar-H), 7.21 (t, J = 7.6 Hz, 1H, Ar-H), 7.28 (d, J = 8.8
Hz, 2H, Ar-H), 7.44 (t, J = 7.6 Hz, 1H, Ar-H), 7.84 (d, J = 7.2 Hz, 1H, Ar-H). HRMS

calculated for C15H14N502: m/z: 296.11 [M+H]", found 296.12.

(10-44). Yield 29 %. *H NMR (400 MHz, CDs;0D) &: 4.73 (s, 2H, CH,0H), 6.90
(d, J =8.0 Hz, 1H, Ar-H), 7.24 (t, J = 7.5 Hz, 1H, Ar-H), 7.43 - 7.50 (m, 3H, Ar-H),
7.58 - 7.62 (m, 2H, Ar-H), 7.86 (d, J = 7.4 Hz, 1H, Ar-H). LRMS calculated for

C16H16N50,: m/z: 310.33 [M+H]", found 310.24.

(10-45). Yield 36 %. ‘H NMR (400 MHz, CD30OD) &: 1.92 (quin, J = 7.1 Hz, 2H,
CH,CH,CHy), 2.82 (t, = 7.6 Hz, 2H, Ar-CH,CHb,), 3.64 (t, J = 6.2 Hz, 2H, CH,0H),
6.90 (d, J = 8.0 Hz, 1H, Ar-H), 7.24 (t, J = 7.6 Hz, 1H, Ar-H), 7.40 - 7.49 (m, 5H,
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Ar-H), 7.86 (d, J = 7.2 Hz, 1H, Ar-H). LRMS calculated for C,1gH20N50,: m/z: 338.16

[M+H]", found 338.14.

(10-46). Yield 48 %. *H NMR (400 MHz, CD;0D) &: 0.79 [dd, J = 10.16, 6.8 Hz,
6H, CH,CH(CHs)], 1.85 [nonet, 1H, J = 6.4 Hz, CH,CH(CHa).], 3.79 [m, 2H,
CH,CH(CHs).], 6.59 (d, J = 8.0 Hz, 1H, Ar-H), 7.14 - 7.26 (m, 3H, Ar-H), 7.40 - 7.41
(m, 2H, Ar-H), 7.54 (t, J = 8.0 Hz, 1H, Ar-H), 7.84 (d, J = 7.2 Hz, 1H, Ar-H). HRMS

calculated for C19H2,N50,: m/z: 352.18 [M+H]", found 352.18.
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Fig. 2.3 Synthetic pathway for compounds 10-31 to 10-46.
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2.3 Results and discussions

The 20 new isatin derivatives have been synthesized and the structures were
characterized by *H NMR spectroscopy. The number of protons integrated and the
peak multiplicities in each spectrum were consistent with the corresponding structures.
Compounds with the methanediylamidyl linkage conserved (10b-04, 10b-19, 10b-20
and 10c-27) showed extra singlet peaks at &~ 4.7 ppm, assignable to the 2
methanediyl protons. The amino and hydroxyl protons are NMR-inactive since the
protons can exchange between the deuterium in methanol-ds. For MS characterization,
positive electrospray ionization were applied in all measurements. The major [M+1]"
peaks were observed in all the spectra, with some of them contained minor [M+Na]"

and [2M+H]" peaks. All NMR and mass spectra can be found in Appendix I.

Previous MIC results suggested that the aminoguanidyl group of the hit
compounds are essential to the antibacterial activities [68, 80]. Derivatives with R; at
the meta-position of the phenyl ring are more potent than that at the ortho- and para-
positions, in which the meta-nitrophenyl derivative is more effective against
Gram-positive bacteria while the meta-fluorophenyl derivative is more effective
against Gram-negative bacteria (Table. 2.1) [68, 80]. In this regards, 3 more
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derivatives (assigned as 10b-04, 10b-19 and 10b-20) of new R; groups (shown in
cyan, Fig. 2.1) were synthesized. Moreover, a 10b-27 derivative with methylation at
C5 position of the isatin core (named as 10c-27) was also synthesized. The synthetic
procedures were the same except isatin that was replaced by 5-methylisatin. The

yields of the four products were ~ 60 %.

In addition, 16 more isatin derivatives with the methanediylamidyl linkage
removed (shown in red, Fig. 2.1) were designed and synthesized in order to increase
the hydrophobicity of the compounds. The N-phenylisatins were formed by the
Chan-Evans-Lam coupling reactions using copper(ll) acetate as catalyst [81-83].
Although the coupling can also be done by the Buchwald-Hartwig reaction with
palladium as catalyst [84-86], copper(ll) acetate is less expensive and more

environmentally friendly and therefore was preferred.

The reactions between isatin compounds and aminoguanidine are condensation
reactions in the presence of acetic acid. The condensation reaction is accelerated
under reflux [68, 80], but reduced yields were found for alkoxyl and hydroxyl
derivatives. Upon analyzing the unpurified reaction product of 10-44 by mass
spectrometry, an additional mass peak at 352.1 [M+H]" (Fig. 2.4) was found, which
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was assigned as the esterified side product (Fig. 2.5).

To optimize the reaction conditions, the condensation reaction of 10-40 was

performed at room temperature for 4 hours. An overall yield of 35% was obtained.

However, when the reaction was performed under reflux for 4 hours, no 10-40 was

obtained. The hydrolyzed 10-40 was obtained as the major product instead (Fig. 2.5).

These findings suggested that the alkoxy and hydroxyl groups of the compounds

can react with acetic acid and generate side products under high temperature. In order

to minimize the side reaction, it is recommended to conduct the condensation reaction

with alkoxyl and hydroxyl derivatives at room temperature.
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Fig. 2.4 ESI-MS spectrum of the unpurified reaction product of 10-44 after acetic
acid reflux. The mass 310.13 [M+H]" refers to compound 10-44 and the mass 352.14

[M+H]" refers to esterified side product (Fig. 2.5).
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under acetic acid reflux.
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2.4 Concluding remarks

With reference to the binding pose of 10b-27 to the S. aureus GT binding site
(Fig. 1.7b), 20 new isatin derivatives were designed and synthesized. The reactions
conditions involving alkoxyl and hydroxyl groups have been optimized and
considerable yields were obtained for the reactions at room temperature. The products
are methanol-soluble yellowish solid and have been characterized by *H NMR and
ESI-MS (all spectra are available at Appendix 1). The derivatives were dried and
stored at -20°C for further SAR and STD-NMR studies. All of them have a shelf life
of more than 1 month (stored at -20°C) without observable degradation detected by

ESI-MS.
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Chapter 3
Structure-Activity Relationship (SAR) Studies

of the Isatin Derivatives
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3.1 Introduction

Structure-activity relationship (SAR) is the relationship between a chemical

structure and its biological activity [5]. It provides important information for the

structure-based drug design. Since in vitro transglycosylation assay for GT inhibitors

is limited by the availability of lipid I, the SAR study was performed by testing the

MIC values of the 20 derivatives against Gram-positive and Gram-negative bacteria.

Two important observations were obtained in previous studies: the

aminoguanidyl group was important for the exhibition of antibacterial activity, and the

side groups attached to the meta-position showed the best antibacterial activities

(Table 2.1) [68, 80]. The SAR studies of the new isatin derivatives will be reported in

this chapter. The modification strategies have been discussed in Chapter 2.1. Each

side group was designed based on the MIC results of the previous derivatives, and

also with reference to the 2 powerful substituents predicting tools: Craig plot and

Topliss scheme. Craig plot provides information about the hydrophobicity and the

electron-withdrawing or donating ability of a substituent [87] while Topliss scheme

provides guidelines to new substituents based on the SAR results of previous

substituents [88].
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The 20 new derivatives have been designed and synthesized as reported in
Chapter 2, their MIC will be measured against Gram-positive S. aureus, B. subtilis
and Gram-negative E. coli, including the clinically significant MRSA (ATCC®

BAA-41™). The structures of these derivatives are shown in Table 2.2.
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3.2 Experimental

3.2.1 Chemicals and reagents

Bacterial strains were purchased from American Type Culture Collection
(ATCC). Culture media were bought from Oxoid. Ampicillin was obtained from
Sigma, and moenomycin A was isolated from flavomycin purchased from

International Laboratory as described [89].

3.2.2 Minimum inhibitory concentration (MIC)

Procedures were referenced to the standard method M7-A7 [90]. MHB was the
medium for B. subtilis and E. coli while CA-MHB was the medium for S. aureus.
Frozen stock bacterial strains were streaked on a TSA plate and incubated at 37°C for
16 h. A single colony was picked and added to a fresh autoclaved liquid medium at
37°C for 5 h at 250 rpm. It was further diluted by adding 2 uL of the culture solution

into 5 mL of fresh autoclaved medium.

Isatin derivatives were first dissolved in DMSO (9.6 mg/mL) and serially diluted
(concentration by half) to give a serious of solutions with concentrations ranged from
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9.6 mg/mL to 0.075 mg/mL. A solution of each concentration (1 uL) was added into 2
separate wells of a 96-well microplate (as duplicate results), followed by addition of
diluted culture solution (99 pL) in each well, the working isatin derivative
concentrations were ranged between 96 pg/mL to 0.75 ug/mL. Negative control wells
were made by addition of DMSO (1 pL) and bacteria-free medium (99 uL) while
positive control wells were made by addition of DMSO (1 uL) and diluted culture
solution (99 pL). Solutions were well mixed and incubate at 37°C for 18 h, and ODs

of all wells were measured at 600 nm using BioRad 680 Microplate Reader.

MIC is the lowest drug concentration with a calculated bacterial inhibition = 90
% [91]. The percentage bacterial inhibition can be calculated using the following
equation.
0D of positive control — OD of drug solution

% bacterial inhibition = 1009
% bacterial inhibition 0D of positive control — OD of negative control X %
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3.3 Results and discussions

The MIC values of all 20 isatin derivatives were measured and shown in Table

3.1. Among all 20 new derivatives, 10-32 showed the most promising MIC against

both Gram-positive and Gram-negative bacteria, in which the S. aureus MIC was 8

folds more potent than the mother compound 10b-27 (Table 3.1). 10-42 showed even

better potency on B. subtilis but decreased potency on E. coli. All analogues with

alkoxyl (10-37 to 10-41) and hydroxyl (10-43 to 10-45) substituents did not show any

improvement on MIC to the mother compound (10b-27), except 10-46 which is an

ortho-substituted analogue with aliphatic carbon chain (n = 4). The findings suggested

that hydrophobic substituents are important on the antibacterial activities.

The deletion of the methanediylamidyl group showed improvement in the

antibacterial activities. For example, 10b-04 and 10-31 both carry an ethyl substituent,

10b-04 (with methanediylamidyl group conserved) showed no improvement

compared to the mother compound (10b-27) while 10-31 (with methanediylamidyl

group deleted) was more potent to B. subtilis and E. coli (Table 3.1).

All analogues with hydrophobic substituents and methanediylamidyl group
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deleted (10-31 to 10-36 and 10-42) showed improved potencies compared to the

mother compound (10b-27), in which analogues with aliphatic substituents are more

potent than those of aromatic substituents, except 10-31 with short alkyl chain (n = 2).

It can be explained by the binding pose of 10-32 to GT (Fig. 3.1). The alkyl chain of

10-32 (n = 4) was long enough to interact with the V233 and P234 residues of GT,

whereas further increase in the alkyl chain length (10-33, n = 6 and 10-34, n = 8) did

not exhibit additional advantages in interacting with the GT residues, thus they

displayed similar potencies against Gram-positive bacteria. 10-31 had a shorter alkyl

chain (n =2) which was too short to interact with the V233 and P234 residues of GT,

resulting in reduced potency compared to 10-32 to 10-34.

Compounds 10-32, 10-33 and 10-34 showed promising MIC results against

Gram-positive bacteria, but 10-33 and 10-34 showed progressive reduction of

potencies against Gram-negative E. coli. as the alkyl chain length increased (red line,

Fig. 3.2). This could be due to the difference in cell wall structure between the

Gram-positive and Gram-negative bacteria. Since the cell surface of Gram-negative

bacteria include an extra outer-membrane, this outer-membrane may act as a physical

barrier so that compounds with longer alkyl chain lengths were less able to diffuse (or

through porins) to the plasma membrane, thus reducing the drug potency.
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Gram-positive bacteria do not include outer-membrane, compounds can directly

diffuse to the plasma membrane regardless to the lipophilicity or molecular size, so

compounds with different alkyl chain lengths displayed similar MIC value against

Gram-positive bacteria (blue line, Fig. 3.2).

Although the analogues with methanediylamidyl group conserved (10b-04,

10b-19 and 10b-20) were less potent comparing to those with the methanediylamidyl

group deleted, their SAR were still studied using substituent hydrophobicity constant

(m) and Hammett substituent constant (o) (Table 3.2). m is a measurement of

hydrophobicity of a substituent [92]; o is a measurement of electron-withdrawing or

electron-donating ability of a substituent [93]. In this study, there was no observable

relationship between ¢ and antibacterial activity, but the two analogues with improved

activities (10b-19 and 10b-20) have higher =« values than the others, with 10b-19

showing a very high = value of 1.23. This finding is consistent to the promising

antibacterial activities of 10-31 to 10-36 which contain hydrophobic substituents.

Considering the 2 analogues 10b-27 and 10c-27, the additional methyl group at

the isatin core showed neither improvement nor suppression on the antibacterial

activities. This means future modification on the methyl group could be possible to
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further enhance the antibacterial activities.

The 20 new derivatives were also docked to the donor site of GT using S. aureus

PBP2 (PDB ID 20LV) and the binding affinities were calculated using Autodock

Vina [94]. The binding affinities ranged from -6.4 to -7.7 kcal/mol and no direct

relationship was observed between the ligand binding affinity and the antibacterial

activities. The results were understandable because the software simulated the binding

affinities in aqueous solution, it might not be fully compatible to membrane proteins

which bind to ligands in the hydrophobic membrane (phospholipid) region. The

binding affinities obtained by docking are shown in Table 3.3.
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Table 3.1 MIC values of the 20 new isatin derivatives. Structures refer to Table
2.2.
MIC (ug/mL)
Name S. aureus S. aureus B. subtilis E. coli
(ATCC 29213) ( ATCC BAA-41) 168 (ATCC 25922)
10b-27* 48 N.D. 24 96
10b-04 48 48 24 >96
10b-19 12 12 12 >96
10b-20 24 24 12 48
10c-27 48 48 24 96
10-31 48 48 12 48
10-32 6 6 6 12
10-33 6 48
10-34 6 >96
10-35 48 48 24 48
10-36 24 24 12 48
10-37 96 >96 24 96
10-38 >06 >96 >96 >96
10-39 >96 >96 96 >96
10-40 >96 >96 96 >96
10-41 96 96 48 >96
10-42 6 6 3 48
10-43 >96 >96 96 >96
10-44 >96 >96 >96 >96
10-45 >96 >906 >96 >96
10-46 24 48 12 >96
MoeA <0.75 <0.75 1.5 >96
Amp <0.75 >96 <0.75 6

Analogues with improved MIC to the mother compound (10b-27) were highlighted in blue.

MoeA = moenomycin A; Amp = ampicillin.

*Adopted from reference [68].
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Table 3.2

constant (o) of substituents (aromatic substituents, meta-position). 10b-19 and 10b-20

Substituent hydrophobicity constant (m) and Hammett substituent

(highlighted in blue) have high = values and improved MIC values.

X

QL
X

N

O

N
HN>§NH
HoN
Substituent (X) T c MIC (S. aureus)
-H 0 [87] 0[93] >192 ug/mL [68]
-OCHs 0.12 [87] 0.115[95] | 192 pg/mL [68]
-CN -057[87] |056[95] |>192 pug/mL [68]
-CHjs 0.51 [87] -0.069 [95] | 192 pg/mL [68]
-Cl 0.76 [87] 0.373[95] | >192 pg/mL [68]
-NO, (10b-27) 0.11[87] | 0.710 [95] |48 pg/mL [68]
-F 0.13[87] 0.337[95] | 96 ug/mL [68]
-CH,CHjs (10b-04) 0.97 [87] -0.07 [93] | 48 pug/mL
-C4H4 (m,p-naphthyl) (10b-19) 1.23[96] 0.17 [93] 12 pg/mL
-CF3 (10b-20) 1.07[87] | 0.43[95] |24 ug/mL
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Table 3.3 Docking of the 20 isatin derivatives to the donor site of GT using S.

aureus PBP2 (PDB ID 20LV).

Name Best mode binding affinity (kcal/mol)
10b-27 -7.6
10b-04 -6.7
10b-19 -7.6
10b-20 -1.4
10c-27 -7.6

10-31 -6.6

10-32 -6.5

10-33 -6.8

10-34 -6.6

10-35 -1.7

10-36 -1.5

10-37 -6.4

10-38 -6.5

10-39 -6.5

10-40 -6.6

10-41 -6.6

10-42 -6.8

10-43 -1.4

10-44 -6.7

10-45 -6.8

10-46 -7.1

69




VAL-233

Fig. 3.1 Binding pose of 10-32 to the donor site of S. aureus GT (PDB ID 20LV).
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no. of alkyl chain length

Fig. 3.2 Relationship between no. of alkyl chain length (n) on the isatin derivative
and MIC values on Gram-positive S. aureus (blue) and Gram-negative E. coli (red).
The measured MIC of 10-34 (n = 8) for E. coli is > 96 ug/mL, but plotted as 96

ug/mL for easy reference.
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3.4 Concluding remarks

The SAR of the new 20 isatin-based derivatives had been studied. A promising
derivative, 10-32, which showed promising antibacterial activities against both
Gram-positive and Gram-negative bacteria was discovered. Interestingly, 10-32 is
also effective in treating the clinically significant MRSA (ATCC® BAA-41™). Thus

10-32 is a potential new antibiotic in treating multi-drug resistant bacteria.

The hydrophobic side group in isatin is confirmed to be an important factor to
display antibacterial activities. The SAR results were consistent with the predicted
binding pose to the S. aureus GT binding site (Fig. 3.1). Moreover, the 5-methylisatin
derivative (10c-27) showed the same MIC value as its mother compound (10b-27). It

opens a new direction for the modification of new derivatives.

The in vitro binding studies between GT and 10-32 had been studied by

STD-NMR experiments. Experimental details, including the expression of S. aureus

GT, are described in chapter 4.
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Chapter 4
In vitro Binding Studies between S. aureus GT
and 10-32 using Saturation-Transfer Difference
(STD)-NMR
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4.1 Introduction

Saturation-transfer difference (STD)-NMR is one of the most popular techniques
to study ligand-protein interactions. It only measures the ligand signals and does not
require labeling of the macromolecules [97-99], and it works well for weak binding

ligands (Kp from 10 to 10”° mol/L) [100].

The first NMR-based method for studying protein-ligand interactions was
reported by Shuker et al. in 1996 [101] by detecting the change in *H and **N-amide
chemical shifts in two-dimensional ‘*N-heteronuclear single-quantum correlation
(HSQC) spectra [102]. Although the chemical-shift mapping (measuring the signals
of proteins) is rather fast and simple, it requires large quantity of isotope labeled
protein per measurement (250 - 500 ug) [103-104]. STD-NMR measurement can
somehow overcome this disadvantage, as it only measures the signals of ligands, and
a small amount of unlabeled protein is sufficient [103-104]. Hence it is suitable for

high-throughput screening of small molecule ligands.

STD-NMR is the observation of sample Nuclear Overhauser Effect (NOE)
generated from saturating a nearby target resonance. It is defined as the resonance
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signal intensity change of one species when the spin transitions of another are
somehow disturbed from their equilibrium populations [105]. By applying selective
radiation (e.g. 0 to -1 ppm) to the macromolecule nucleus (S), the nucleus becomes
saturated (i.e. at high-energy state, ). If a ligand nucleus (I) is close enough to the
macromolecule nucleus (S), the high energy can be transferred from S to | through
NOE, giving a higher population of 1z compared to its equilibrium state. This process
is called the zero quantum transition (W,) [74]. The bound ligand nuclei (1) tend to
stay at high energy state (Ig) because of the transferred energy, resulting in a net
reduction in the | spin resonance during relaxation. STD-NMR is the difference

between the signal with selective saturation (Isat) and the signal without saturation

(lo):

Istp = lo - IsaT

If interaction exists between ligand and macromolecule (the 2 nuclei are close
enough for NOE), the signal intensity of Isat will be lower than that of I, giving a
positive lstp signal [74, 106-107]. A zero lstp signal will be observed if there is no

such interaction.
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Further identification of the specific ligand-binding site can be achieved by
addition of a known inhibitor as a competitive probe. The bound ligand will be
displaced by the known inhibitor if they share the same ligand-binding site, resulting

in reduction of the ligand STD signals.

In this chapter, the interaction between the GT domain of S. aureus PBP2 and the
most potent derivative (10-32) will be studied by *H STD-NMR. GT, 10-32 and
moenomycin A will be served as receptor, ligand and competitive probe, respectively.

The experimental details and the results will be discussed.
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4.2 Experimental

421 Chemicals and consumables

All analytical grade solvents were purchased from Oriental Chemicals.

Deuterated solvents were obtained from Cambridge Isotope Laboratories. Sodium

phosphate and potassium phosphate (monobasic and dibasic), and IPTG were

purchased from USB Corporation. Kanamycin, lysozyme, sodium hydroxide and

Tris-HCI were obtained from Sigma. Bis-acrylamide and tetramethylethylenediamine

(TEMED) were purchased from Bio-rad. Fos-Choline-14 (Sol-grade) was purchased

from Anatrace. Syringe filters and amicons were purchased from Merck Millipore.

Sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) protein

marker solution and Bradford solutions were purchased from Bio-Rad.

4.2.2 Over-expression and purification of S. aureus GT

The frozen bacterial glycerol stock expressing S. aureus GT domain (PBP2

residues 76-243) was a stock in our laboratory. GT was expressed by the E. coli strain

BL21(DE3) (New England BiolLabs) containing the GT gene with the pRSET vector

(ThermoFisher, N-terminus 6xHis tag). The bacterium was streaked on a LB agar
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plate with kanamycin (working concentration 50 ng/mL) and was incubated at 37 C
overnight. A single colony was added to 5 mL of LB medium and incubated at 37°C
with shaking at 250 rpm overnight. The overnight culture (1 mL) was transferred into
an autoclaved 2xTY medium (200 mL) with the screening antibiotic kanamycin
(working concentration 50 ug/mL), followed by incubation at 37°C at 250 rpm. 1 M
IPTG (1 mL) was added to the culture solution when the ODgo reached 0.8. It was
further incubated at 25°C at 250 rpm for another 18 h. The cells were harvested by
centrifugation at 4 °C, 10000 rpm for 20 min and then resuspended into 20 mM
sodium phosphate buffer (pH 7.4) followed by cell lysis by sonication. The insoluble
fractions were collected by centrifugation at 4 °C, 10000 rpm for 20 min. Membrane
proteins were extracted by mild shaking of the cell pellet (without suspension)
overnight at 4 °C in 20 mL buffer A (0.5 M NaCl, 20 mM sodium phosphate, 20 mM
Fos-Choline-14; pH 7.4). The supernatant was collected by centrifugation at 12000

rom for 1 h at 4°C.

The supernatant was purified by affinity chromatography using an A KTA
purifier equipped with a 5 mL HiTrap chelating column (GE Healthcare) with a linear
gradient of 0 - 0.5 M imidazole. The purity of each fraction was confirmed by
SDS-PAGE before desalting by dialysis against H,O (Milli-Q type 1), followed by
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concentration using Amicon® (Millipore). The concentration was measured by

Bradford assay before storage at -80°C.

4.2.3 STD-NMR experiments

Compound 10-32 was fully dissolved in DMSO-dg, giving a 10 mM solution. 50
pL of the 10-32 solution was transferred to a 1.5-mL centrifuge tube, and mixed well
with 150 puL of DMSO-ds and 300 pL of D,0O, resulting in a 1 mM solution dissolved
in 40% DMSO-ds. 5 uL of GT stock solution (1 mM, dissolved in H,O) was
subsequently added to the sample, giving a protein concentration of 10 uM. The ratio
of GT and 10-32 was 1:100. The solution mixture was added to a 600-MHz
compatible NMR tube and STD-NMR was measured using a Bruker Advance-111 600
MHz FT-NMR spectrometer equipped with a 5-mm QCI cryoprobe. The spectrum
was collected at 25°C under a train of 50 ms Gauss-shaped pulses, each separated by a
1 ms delay with successive on- and off- resonances for selective protein irradiation.
Protein resonance was suppressed by T1p spinlock filter (50 ms). Protein resonance
presaturation was achieved by applying an on-resonance irradiation at -0.4 ppm while
an off-resonance irradiation was applied at -30 ppm with neither resonances of GT or
10-32. STD signals were measured by applying a 5 s saturation and measured with a
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recovery delay of 5 s to eliminate incomplete relaxation to thermal equilibrium with

no less than 128 scans and 16 K data points. The on- and off-resonance spectra were

independently treated, and subtracted to give a difference spectrum with positive

signal (Istp = lof - lon). All data were processed using the TopSpin program suite

(Bruker BioSpin Pte Ltd).

Competitive assay was done by titration of 10-32-GT mixture solution with

moenomycin A solution. 10-32 (working concentration 1 mM) was first dissolved in

50% DMSO-ds / D,0 solution (550 uL) and the STD-NMR spectrum was measured.

GT (working concentration 20 uM) was added directly into the NMR tube and shaken

well, the STD-NMR spectrum was measured again. Moenomycin A solution (working

concentration 50 uM, dissolved in D,O) was added subsequently into the NMR tube

and shaken well, the STD-NMR spectrum was measured again. Addition of

moenomycin A was repeated until the difference spectrum showed reduction of 10-32

signal intensities.
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4.3 Results and discussions

43.1 Purification of GT domain of S. aureus PBP2

The first reported STD-NMR experiment on the binding of small molecules to

GT was on the interaction between moenomycin derivatives and E. coli PBP1b [75].

The experiment simply used the membrane extract as the source of protein, and the

inhibitor moenomycin as reference probe. However, the use of membrane extract

cannot show binding specificity. In this experiment, the GT domain of S. aureus

PBP2 was over-expressed and purified as the sole receptor for binding studies.

Because the full-length bifunctional S. aureus PBP2 has a MW of 78 kDa, a

large protein may create excessive noise to the spectra. In this regard, the GT domain

was genetically encoded (residues 76-243) in which the MW was reduced to 20 kDa.

Purification was performed wusing a special detergent Fos-Choline-14 as

re-solubilization agent. The purified GT has a yield of 4 mg / L culture, and the purity

has been confirmed by SDS-PAGE gel as a single band at 20 kDa (Fig. 4.1b).

The expression of GT domain showed a higher yield over the full length PBP2

(0.4 mg / L culture) using the same expression procedures. Also, the purified
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full-length PBP2 showed multiple bands in addition to the band at 78 kDa (see

Appendix 1I). Therefore, the genetically encoded GT domain was used for the

subsequent binding studies.
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Fig. 4.1(a) AKTA purification spectrum of GT domain using 20 mM

Fos-Choline-14 as membrane solubilizing detergent. GT was eluted at A8 to A10.

83



M A8 A9 Al0
MW

45,000 —

31,000 ’

21500 —— -

14,400 ——>

6,500 —> |-
Fig. 4.1(b)  SDS-PAGE gel of the GT domain using 20 mM Fos-choline-14 as
membrane solubilizing detergent. M refers to low range molecular markers. GT was

eluted at A8 to A9.

84



4.3.2 STD-NMR experiments

The STD-NMR results are shown in Fig. 4.2. The sample mixture consisted of
10-32 (1 mM) and GT (10 uM) in 40% DMSO-ds / 60% D,O solution. The upper
spectrum was a negative control experiment measuring the STD signals without
applying selective saturation. In this case, there was no observable 10-32 signals in
the difference spectrum except solvent peak (6 = 2.71 ppm for DMSO in D,0 [108]).
The middle spectrum was the sample STD spectrum with selective saturation. Here,
the difference spectrum showed positive STD signals of the compound 10-32, and all
the signal peaks were identified with reference to the *H NMR spectrum (the bottom
spectrum and Fig. 4.3), suggesting that there was a saturation-transfer between GT
and 10-32 through NOE. Since NOE only happened when the ligand nuclei were in
close contact with the protein (within 5 A) [74], hence, the positive results indicated

there was an interaction between GT and 10-32.

Since compound 10-32 is only sparingly soluble in aqueous solution, the solvent
DMSO-dg concentration was increased to 40% to ensure it was completely dissolved
in the reaction mixture without precipitation. Under 40% DMSO-ds solution, no
precipitation was observed in the sample mixture after 1 day at room temperature.
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There is literature reporting that the optimum concentration of DMSO for PBP2a
tranglycosylation assays (another penicillin-binding protein found in MRSA) [109]
was 30 - 40 % [110], so the PBP2 should also remain active under 40% DMSO-ds

solution.

System suitability experiment was also conducted based on the detection of
binding between bovine serum albumin (protein) and _-tryptophan (ligand) [111-113].
In 40% DMSO-dg / 60% D,O solution, the *H reference NMR showed both the
signals of tryptophan (at aromatic region) and sucrose (at aliphatic region), but only
the signals of tryptophan were found in the STD spectrum, and no signals of sucrose
were observed (see appendix Il1). It was because the bound tryptophan experienced a
partial saturation from the protein, giving positive STD signals, whereas sucrose did
not bind to the protein and no saturation was transferred, resulting in zero STD signals.
The result suggested that the STD-NMR experiment was capable to differentiate

between small molecule true binder (tryptophan) and non-binder (sucrose).
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STD-NMR
GT 0.01 mM + 10-32 1 mM
in 40% DMSO-d6 + 60% D20

STD without saturation
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1H His.14
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Fig. 4.2 STD-NMR experiment of 1 mM 10-32 in the presence of 10 uM GT. Upper
spectrum: STD signals without selective saturation; middle spectrum: STD signals
with selective saturation; lower spectrum: reference *H NMR.
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Fig. 4.3 Structure of 10-32. *H NMR active protons were indicated in red color.
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4.3.3 Competitive STD-NMR experiments

Although the STD-NMR results suggested that there was interaction between

10-32 and GT domain, the site of binding remained unknown. Moenomycin A is a

strong inhibitor of GT (ICso of PBP1b = 12 nM; ICsp of SgtB = 6 nM [55]), it can

compete and displace weak ligands which share the same active-site pocket. This

experiment aimed to confirm that 10-32 competes with moenomycin A for the same

binding site on GT by displacing the STD signal intensities of 10-32 upon the addition

of moenomycin A.

The competitive STD-NMR experiment was done by titrating 10-32-GT mixture

with moenomycin A solution and measured the difference spectra until displacement

of the 10-32 signal intensities was observed. The solvent DMSO-dg was further

increased to 50% in order to prevent any unwanted precipitation during titration.

The results are shown in Fig. 4.4. The first spectrum (Fig. 4.4a) consisted of

10-32 (1 mM) in 50% DMSO-ds / D,O solution. There were no observable STD

signals in the absence of GT; the STD signals were only observed after addition of

GT (20 uM) to the solution (Fig. 4.4b). Afterwards, the solution was titrated with
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moenomycin A solution. The 10-32 signal intensities were slightly displaced when the

working concentration of moenomycin A was increased to 200 uM (Fig. 4.4c). The

signal intensities were further reduced when the concentration of moenomycin A was

increased to 250 uM (Fig. 4.4d). The titration was repeated twice with similar

observations. The results indicated that the displacement of 10-32 signal intensities

were dependent on the concentration of moenomycin A, thus suggesting that 10-32

shared the same active-site binding pocket of GT as moenomycin A.
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Fig. 4.4 Spectra of competitive STD-NMR experiment. The reaction mixtures in
each spectrum were: (a) 10-32 (1 mM) only; (b) 10-32 (1 mM) + GT (20 uM); (c)
10-32 (1 mM) + GT (20 uM) + moenomycin A (200 uM); and (d) 10-32 (1 mM) +
GT (20 uM) + moenomycin A (250 pM). (e) reference *H NMR of 10-32 (1 mM). All

experiments were performed using 50 % DMSO-ds / D,0O solution (550 pL).
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4.4 Concluding remarks

The results of this chapter confirmed the in vitro interactions between bacterial

GT and 10-32 using STD-NMR. The GT motif of the S. aureus PBP2 were

successfully expressed with considerable yield and purity. The STD spectra showed

the signals of 10-32 in the presence of GT, confirming the interaction between GT

and 10-32. Further addition of the strong ligand moenomycin A displaced the 10-32

signal intensities, suggesting that 10-32 shared the same active-site binding pocket

with meonomycin A.
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Chapter 5

Conclusions
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To cope with antibacterial resistance, rather than modifying existing antibiotics

to restore their biological activities, scientists are searching for new antibiotics with

new drug targets. The bacterial peptidoglycan glycosyltransferase domain (GT) is a

potential excellent drug target [58, 60, 114]. As GT is equally important for bacterial

cell wall biosynthesis as the conventional B-lactam target transpeptidase, inhibition of

GT activity becomes an excellent opportunity in the development of antibacterial

agents. Scientists already started to develop GT inhibitors based on modification of

lipid Il (a GT substrate) and moenomycin (a GT inhibitor) [38, 55, 115-117].

Target-based drug discovery is a popular approach [118-119]. It is widely

adopted after the GT crystal structure became accessible [40, 120-121]. With the GT

as an antibacterial drug target, small molecule inhibitors were screened for high

binding affinities. The target-based approach ensures that the antibacterial mechanism

is defined at the early stage of drug discovery, yet it is arduous to discover potential

hit structures without a hint. With the aid of computational drug screening, small

molecules potential drug candidates can be estimated before conducting physical

measurements.

This thesis aims to improve the antibacterial potency of the GT inhibitor (10b-27)

94



[68] by studying its structure-activity relationship (SAR). 20 new derivatives were
designed and synthesized. Derivatives were synthesized by simple condensation
reactions between isatin derivatives and aminoguanidine. One of these derivatives
(10-32) showed much improved antibacterial activities against both Gram-positive
bacteria (MIC of S. aureus and B. subtilis = 6 pg/mL) and Gram-negative bacteria
(MIC of E. coli = 12 pg/mL). Interestingly, 10-32 showed no detectable resistance
against the clinically significant MRSA (ATCC® BAA-41™), demonstrating its

potential to be a novel antibiotic to fight against ABR.

The SAR results showed that deletion of the polar methanediylamidyl group
showed improvement in the antibacterial potency while derivatives with alkoxyl and
hydroxyl substituents showed limited improvement to the potency. Thus, it is believed
that the hydrophobicity of the compounds plays an important role on the potency.
This is further supported by derivative 10b-19 with naphthyl side group (z = 1.23)
which showed 4 times MIC (S. aureus) improvement to the mother compound 10b-27

with nitro side group instead (z = 0.11).

Since the in vitro transglycosylation activity assay was limited by the availability
of the substrate lipid 11 [122] (or its analogues) [123-125], the interaction between
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10-32 and GT was studied by STD-NMR using moenomycin A as a competitive
probe. The difference spectrum revealed the signals of 10-32 in the presence of GT
(100:1 ratio), suggesting that 10-32 and GT were in close contact (< 5A) [74].
Moreover, the signal intensities of 10-32 were displaced by further addition of
moenomycin A (5:1 ratio), suggesting that 10-32 shared the same active-site binding
pocket with moenomycin A. Together with its small molecular weight and simple
synthetic route, 10-32 is a potential new antibiotic to treat multi-drug resistant

infections.

In spite of the promising broad-spectrum antibacterial activities of 10-32, further
hit-to-lead optimization could be possible. One of the major structural differences
between 10-32 and the mother compound 10b-27 is the deletion of the
methanediylamidyl group, and this new structural core has been studied with alkyl,
aryl, alkoxyl and hydroxyl substituents. New analogues could be designed and
synthesized with halogenated substituents, for example the 4-chloro substituent

suggested by the Topliss scheme [88].

Although the competitive STD-NMR experiments confirmed the interaction
between 10-32 and GT, the bacterial transglycosylation assay is still important to
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acquire the inhibitory information (Ki and ICsp). In order to achieve this ultimate goal,
extensive efforts had been put in our laboratory to synthesize lipid 1l by enzymatic
method [126], in which the UDP-MurNAc pentapeptide (a lipid Il precursor, Fig. 1.3)
had been successfully isolated from B. cereus and S. aureus cultures as described
[127]. Hopefully, the bacterial transglycosylation assay of 10-32 can be conducted in

the near future.
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Appendix |
'H NMR and mass spectra of the isatin-based
GT inhibitors
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Appendix |1
A KTA purification spectrum and corresponding
SDS-PAGE gel of PBP2
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AKTA purification spectrum of full-length PBP2 using 20 mM

Fos-Choline-14 as membrane solubilizing detergent. PBP2 was eluted at A10 to B11.
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Fig. S2.1(b) SDS-PAGE gel of the full-length PBP2 using 20 mM Fos-Choline-14

as membrane solubilizing detergent. M refers to low range molecular markers. PBP2

was eluted at A10 to B11.
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Appendix 11
STD-NMR method validation spectrum
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Fig. S3.1 STD-NMR method validation. Upper spectrum: STD signals without
selective saturation; middle spectrum: STD signals with selective saturation; lower
spectrum: reference 'H NMR. The reaction mixture were: BSA (0.1 mM) +

L-tryptophan (5 mM) + sucrose (5 mM) in 40 % DMSO-dg / D,0 solution (550 uL).
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