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Abstract

The efficiency of bacteria in acquiring resistance for their survival ensures a never-ending
war against resistance. The only tactic to curtail the resistance crisis is to keep pace with it,
e.g. by continuous development of new antibiotics with activity against resistant bacteria or
revival of existing agents by inhibiting the mechanisms of resistance. B-lactams are the
largest and most widely used group of antibiotics and can be divided into four main groups
penicillins, cephalosporins, monobactams and carbapenems. In response to [-lactams,
bacteria can produce B-lactamases (BLs), enzymes that are responsible for hydrolysis and
inactivation of B-lactam antibiotics. BLs are the major factor for the resistance towards [-
lactam antibiotics. Mechanistically BLs can be divided into two main families — the serine-p-
lactamases (SBLs) and metallo-B-lactamases (MBLs). Currently, the main concern is BLs
with activity against carbapenems, which is our most important group of -lactams for the
treatment of serious and life-threatening infections. In addition to inactivating carbapenems,
these carbapenemases can hydrolyze almost all groups of B-lactams.

The combination of antibiotics with inhibitors is a proven strategy for revival of -
lactams against BLs. Several inhibitors against serine carbapenemase have recently been
approved or are in late stage clinical development, however, for MBLs there are no inhibitors
on the market. In order to understand and design improved BL inhibitors that could become a
potential starting point for the search for broad-spectrum inhibitors, we designed and
synthesized mercaptocarbooxylate inhibitors using bioisosteric approach and NH-triazole
based inhibitors targeting the MBLs VIM-2, NDM-1 and GIM-1. In addition, various
fragments were also synthesized to explore the active site of the serine carbapenemase OXA-
48. Our inhibitors gave different levels of inhibition towards the carbapenemases tested
during the course of the study. Overall, the studies described in the thesis identified potent
thiol-based and NH-triazole based VIM-2 inhibitors, in addition, to various fragments and
their improved analogs against OXA-48. Moreover, the X-ray crystal structures of the
enzyme-inhibitor complexes, reveal information relevant for further development of the

inhibitors, thus providing valuable starting points for design of potent BL inhibitors.
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1. Introduction

Carbapenems are broad-spectrum B-lactam antibiotics that are considered as the best
drugs and the last hope against many multi-drug resistant bacteria. In the last few years, we
have seen the global spread of carbapenem resistance among Gram-negative bacteria. (1-3)
Bacterial production of enzymes that are able to hydrolyze the B-lactam ring of the
carbapenems, causing the B-lactam antibiotics to become inactive, appears to be the most
prevalent cause of carbapenem resistance. Those enzymes are called carbapenemases and
belong to the B-lactamases (BLs). Carbapenemases have been identified among three classes
of B-lactamases, class A and D (serine-BLs), and class B (metallo-BLs) (for more details see
Section 2.4, Chapter 2). One way to combat this mechanism of antibiotic resistance is to

develop BL inhibitors, which can restore the activity of the f-lactam antibiotics.

1.1 Aims of the study

In this project, we endeavored to search for potent inhibitors that could target a broad-
spectrum of BLs and restore antibiotic activity. We focused our work on carbapenemases
belonging to the metallo-B-lactamases such as Verona integron-encoded metallo-p-
lactamase-2 (VIM-2), German imipenemase metallo-p-lactamase-1 (GIM-1), New Delhi
metallo-B-lactamase-1 (NDM-1), Imipenemase (IMP) and the serine-carbapenemase
oxacillinase-48 (OXA-48), which are geographically spread and effectively hydrolyze
carbapenems. (4) Our goal was to find inhibitors active against one or several enzymes and to
further develop these by structure-based design with the help of X-ray structures of enzyme-
inhibitor complexes. To achieve our goal, we focused on the following individual objectives:
. Synthesize and investigate a library of thiol-based compounds as inhibitors against
the MBLs VIM-2, NDM-1, and GIM-1 and to get insight into the binding mode with the help
of X-ray structures of enzyme inhibitor complexes.
. Gain insight into the binding mode of known triazole-based inhibitors in complex

with different MBLs and design new improved inhibitors. Based on the information gained,

1



synthesize a small library of compounds and evaluate their inhibition potential against VIM-
2, NDM-1, and GIM-1. Furthermore, evaluate the activity of the hits against clinical isolates
harboring individual enzymes.

. Identify fragments and develop new inhibitors for the clinically relevant OXA-48
enzyme with the help of hits from a fragment library search, backed up by insight obtained

from fragment-OXA-48 complex crystal structures.

1.2 Outline of the thesis

The thesis comprises of 8 Chapters, where Chapter 1, gives a short introduction about
the thesis and the aim of the study. Chapter 2 discuses briefly antibiotics and resistance
against antibiotics, followed by a short overview of 3-lactamases, B-lactamase inhibitors, and
finally drug design. Chapter 3, 4 and 5 cover the synthetic strategies, biological results and
discussions that are presented in Papers 1, 2 and 3, respectively.

To help the reader, the compound numbers from the Papers are used in the thesis with
the addition of prefix P1, P2, or P3 before the compound numbers. Thus compound 1
presented in Paper 1, becomes P1-1 in the Chapter 3 and so on. Chapter 6, presents design of

inhibitors and future perspective of the studies. Chapter 7, provides the concluding remarks.



2. Relevant background for the thesis

Pathogenic bacteria are responsible for diseases such as diarrhea, tuberculosis and
pneumonia and are the main cause of large-scale death and disability. In a study from 2013,
pneumonia and diarrheal disease caused annual deaths of 935 000 adults and 760 000
children under 5 years. Furthermore, tuberculosis (TB) killed 1.5 million adults in the same
year. (5-7)

Due to negligence and misuse of antibiotics over the past decades, antibiotic
resistance has become a major global healthcare problem of the 21% century. Resistant
pathogens belonging to Gram-positive bacteria, like Methicillin-resistant Staphylococcus
aureus (MRSA) and multiple drug-resistant (MDR) Mycobacterium tuberculosis, and Gram-
negative bacteria producing extended-spectrum B-lactamases (ESBLS) or carbapenemases are
examples of drug-resistant bacteria that are a major concern for the whole world. (8) The
human race may not be able to enjoy the blessings of antibiotics for very much longer due to
development of bacterial resistance towards antibiotics. This disastrous situation poses one of
the most serious threat to human health. (9)

It is therefore vital that apart from development of new antibiotics a global initiative
is upheld to address and communicate this crisis. It is very important to increase awareness
amongst health-care professionals and people in general regarding the practice of good
hygiene, as well as to have access to an efficient global surveillance program. In many parts
of the world, antibiotics are still inappropriately taken and prescribed resulting in the misuse
of antibiotics. Misuse of antibiotics can harm not just the infected patient but also the broader
community. Change in our behavior towards use and prescription of antibiotics is extremely
important. Moreover, fast and efficient diagnostic tools are needed to prevent mistreatment.
Lastly, but vitally, it is important to facilitate and attract basic and advanced research to
better understand and tackle the resistant bacteria. (10)



2.1 History of antibiotics

The discovery of the B-lactam penicillin in 1928 by Sir Alexander Fleming was the
result of serendipity and marks a turning point in the history of medicine. Fleming did not,
however, had the capacity to develop and produce penicillin on large scale as a medicine.
This was later done by Sir Howard Walter Florey and Ernst Boris Chain, for which they all
shared the Noble prize. In the same year, penicillin G (Figure 2.1), was made commercially
available in the USA. Penicillin was found effective against bacteria, which were resistant to
the sulfonamides, the only other antibiotic therapy available at that time. (11,12) The success
of the first B-lactam, penicillin G (benzylpenicillin or penicillin G, Figure 2.1) initiated
extensive development of other derivatives to find potent antibiotics, starting from the 1940s.
This quest identified many p-lactam antibiotics, e.g. penicillins, cephalosporins,
monobactams and carbapenems that are in clinical use today. Resulting in a marked decrease
in the mortality rate during 1940-1980 in the USA. (13) At that time it was assumed that the
fatal diseases such as meningitis, tuberculosis (TB) and pneumonia would be wiped out
solely with the help of antibiotics. This assumption could not be more wrong.
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Figure 2.1. The chemical structure of B-lactam antibiotic, penicillin G. (5)

2.2 Classification of antibiotics

Based on their mechanism of action, antibiotics are classified as bactericidal or
bacteriostatic. Bactericidal antibiotics such as B-lactam antibiotics (Figure 2.2) kill bacteria,
whereas bacteriostatic antibiotics such as tigecycline and spectinomycin (Figure 2.2) limit
bacterial growth. (14,15) On the basis of their chemical structures, antibiotics are classified
as p-lactams (being the major class), and others such as tigecycline, tetracyclines,
aminoglycosides, sulfonamides, quinolones, macrolides etc. However, our focus in this thesis

will be the B-lactams.



Bactericidal antibiotics
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Figure 2.2. Structures of some of the bactericidal and bacteriostatic antibiotics

2.2.1 B-Lactam antibiotics

In the US, more than 65% of the prescriptions of antibiotics consist of p-lactams. (16)
The B-lactam ring is the main part of the pharmacophore of B-lactam antibiotics. B-lactams
have a broad-spectrum of activity against Gram-positive and Gram-negative bacteria making
them valuable drugs. (6,7)  Classes of p-lactam antibiotics include penicillins,
cephalosporins, carbapenems and monobactams (Figure 2.3). (16-23)
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Figure 2.3. Structures of common classes of 3-lactam antibiotics



2.3 Antibiotic resistance

Antibiotic resistance was present even before the introduction of modern antibiotics,
but the mass-production and accessibility of antibiotics during the 1940s exerted a strong
evolutionary pressure on bacteria. Which resulted in the emergence resistant bacterial strains.

This was already predicted by Alexander Fleming who gave a prophetic statement in 1945

during an interview with New York Times about the future of the miracle drug:

“... the public will demand [penicillin] ...then will begin an era...of abuses. The microbes are
educated to resist penicillin and a host of penicillin-fast organisms is bred out which can be
passed to other individuals and perhaps from there to others until they reach someone who

gets a septicemia or a pneumonia which penicillin cannot save. (11)
Antibiotic resistance is rising to dangerously high levels in all parts of the world

while the development of new antibiotics has slowed considerably down (Figure 2.4). (24)

As of now there is an inaccurate and probably very low estimate that 700,000 lives are lost

each year due to resistant strains of bacteria. If this problem remains unattended it is

estimated that, by 2050 deaths due to infection caused by resistant bacterial resistance could
reach up to 10 million per year. (25) Consequently dealing with antibiotic resistance is a high

priority for the World Health Organization (WHO). (4)

== Resistant bacteria
» ontherise

1985 1989 1993 1997 2001 2005 2009 2013

1988 1992 1996 2000 2004 2008 2012 2016
Figure 2.4. Development of new antibiotics with respect to the rise of the resistant bacteria. X-axis describes
timeline, Y -axis describes number of antibiotics, blue bars exhibit the number of antibiotics launched; red line
represents rise of resistant bacteria, black line represents decrease in the production of new antibiotics. Figure

reprinted with permission from Schéberle et al. (24)



Currently, growing list of common nosocomial infections acquired as a result of
minor injuries or surgeries are becoming harder to treat, and without urgent action, we are

entering a scenario where common infections and minor injuries can once again kill. (4)

2.3.1 Different modes of bacterial defense mechanisms

There are different modes of resistance that can be adopted by bacteria in order to
make antibiotics inactive. (26) Among others, bacteria can replace or modify the drug target
(27) reduce the drug uptake, (28) activate efflux pumps, which can help pump out drugs from
the bacterial cell, (29,30) increase production of the substrate for the targeted enzyme and

enzymatic inactivation of antibiotics. (28)

2.3.1.1 Enzymatic p-lactam inactivation

The focus and emphasis will be on the enzyme mediated drug inactivation mechanism by
metallo and serine S-lactamases. As biological evaluation was carried out on VIM-2, GIM-1,
and NDM-1 (MBLs) and OXA-48 (SBL).

Various Gram-positive and Gram-negative bacteria produce enzymes capable of
hydrolyzing the B-lactam ring of the B-lactam antibiotics thus rendering the drug molecules

inactive (Figure 2.5), such enzymes are called p-lactamases (BLS). (31)

(a) EPens

Cytoplasmic
membrane

Gram-negative bacteria

Gram-positive bacteria

Figure 2.5. Mechanism of B-lactam inhibition, and schematic representation of B-lactam resistance by (a)

Gram-negative and (b) Gram-positive bacteria. Figure acquired with permission from Llarrull et al. (32)



2.4 B-Lactamases (BLs)

BLs were observed before the introduction of the penicillin in the market in 1940, and
by 1950s, 50% Staphylococcus aureus had become resistant. (28) BLs are divided into four
major classes namely A, B, C, and D (Figure 2.6). Classes A, C, and D are SBLs that contain
a conserved serine residue in the active site, which is responsible for the nucleophilic attack
on the C=0 carbon of the B-lactam ring. Class B BLs contain one or two divalent zinc

cations (Zn?*) that are responsible for the activation of a water molecule that hydrolyzes the

B-lactam. (31)
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Figure 2.6. Amber and Bush-Jacoby classification of BLs. (31)
Figure is prepared using PyMOL for enzymes NDM-1 (PDB ID: 3SPU), L1 (PDB ID: 2FM6) and CphA (PDB
ID: 1X8G).

2.4.1 Carbapenemases
BLs that are able to hydrolyze carbapenems are called carbapenemases. All the enzymes

evaluated in this study are carbapenemases.



2.4.1.1 Metallo-f-lactamases (MBLSs)

The class B MBLs, are part of a superfamily of metallohydrolaze enzymes. (33)
MBLs are able to deactivate a broad-spectrum of B-lactam antibiotics, including penicillins,
cephalosporins and carbapenems. Furthermore, some MBLs are reported to even hydrolyze
SBL inhibitors such as sulbactam and tazobactam. (34) MBLs use a hydroxyl group bound to
the zinc ion in the active site as the nucleophile.

Bush categorized the MBLs into B1, B2, and B3 subclasses (Figure 2.6) and later
updated the scheme as more MBL enzymes were discovered. (35,36) Examples of Bl
subclass MBLs are the VIM, GIM and NDM. B1 enzymes have two zinc ions in the active
site. The B2 subclass MBLs, for example imipenem hydrolyzing metallo-B-lactamase (ImiS),
require one zinc ion for their activity. B3 subclass MBLs such as the Stenotrophomonas
maltophilia p-lactamase 1 (L1) enzyme need two zinc ions in the active site to hydrolyze B-
lactam rings in antibiotics. The sequence identity between subclasses can be very low and in
some case only 10%. Therefore, it is very difficult to design an inhibitor that can target all
classes but recently some examples of inhibitors targeting several classes are starting to

emerge in the literature. (37,38)

24111 Mechanism of action of MBLs

In this section, the mechanism of action of meropenem hydrolysis by the NDM-1
enzyme, that belongs to subclass B1 of MBLs is described (Figure 2.7). NDM-1 exhibits
broad-spectrum hydrolytic activity against B-lactams including the last resort carbapenems
such as meropenem. The mechanistic studies described here are consistent with X-ray
structures as well as a recently published study based on NDM-1. (39,40)

In the first step negatively charged oxygen from hydroxide ion bridging the two Zn
ions attacks the electron deficient carbonyl carbon of the B-lactam ring (Figure 2.7, a), as a
result of which the C-N bond is cleaved, whilst the negative charge on the nitrogen is
stabilized by Zn*?2 after cleavage of the ring. This coordination between nitrogen and Zn*? is
supported and confirmed by earlier X-ray crystal structures studies of NDM-1 or other MBLs
in complex with the cleaved B-lactam ring of the drug. (41,42) Next a proton transfer occurs
from bridging OH- to Asp120 (a—b), followed by the entry of water molecules, into the
active site (enzyme inhibitor, EI complex, c; Figure 2.7) that eventually (c—f) takes the place
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of the bridging hydroxyl shown in complex a. (40,43,44) This is also in agreement with
previous studies and observations and is the case for mono zinc based MBLs as well. (45) In
the final step, these water molecules serve as the source of protons, during the proton transfer
to the nitrogen resulting in the hydrolysis of the B-lactam ring. As a result, following path;
f—E+P, the catalytic center is reformed, followed by the removal of the hydrolyzed

meropenem.

Figure 2.7. Mechanism of hydrolysis of meropenem by the enzyme NDM-1. Zn ions are denoted by the

numbers 1 and 2 inside the grey spheres. Where Zn1 is shown to coordinate with residues His116, 118, and 196,
while Zn2 is in coordination with residues His263, Asp120 and Cys221. Figure acquired with permission from
Tripathi et al. (40)

2.4.1.2 Serine-f-lactamases (SBLs)

Serine carbapenemases were first discovered in 1985 in Acinobacter baumannii
multidrug-resistant strain and reported in 1993 by Paton et al. (46) Among the SBLs, serine
carbapenemases have been described in class A and class D (oxacillinases) BLs. SBLsS
contain a serine residue in their active sites, which acts as a nucleophile and plays a vital role

in the inactivation of antibiotics. (31)
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OXA-48 is the most efficient class D carbapenemase and can inactivate imipenem
readily as compared to other class D carbapenemases. The overall structure of OXA-48 is
similar to other class D BLs such as OXA-1, OXA-10, and OXA-13 whereas OXA-181
differs only by a single point mutation from OXA-48. Figure 2.8 gives an idea about the
global presence and spread of OXA-48 producers. Most recently, the emergence of class D
carbapenemases has become evident. (47) For instance, OXA-181 together with NDM-5 is
on the rise in America and together they have been called the evil twins. (48)

D Unknown distribution of OXA-48 producers
[T sporadic spread of OXA-48 producers

[l Outbreaks caused by OXA-43 producers
- Endemicity of OXA-48 producers

Figure 2.8. Dissemination of OXA-48 like producers in different parts of the world. Figure reprinted with

permission from Nordmann et al. (2)

24121 Mechanism of action of SBLs

The OXA enzymes act via the same mechanism of action as other SBLs (Figure 2.9).
The serine 70 residue present in the active site plays an important role in the formation of a
covalent acyl intermediate (EI) that forms the acyl-enzyme complex (El) (Figure 2.9). The
formation of this complex leads, through a tetrahedral intermediate (EI?) to deacylation
leading to the inactivated antibiotic. (49-52) Moreover carbon dioxide is believed to play an

important role in the hydrolysis of the C-N bond of the B-lactam ring. The carboxylation of
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lysine 73 residue carbamate is responsible for the activation of the catalytic serine residue.

(53-55)

Serine-B-lactamase catalysis
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Figure 2.9. Mechanism of action of SBLs. Figure modified from Brem et al. (52)

2.5 B-Lactamase inhibitors
The focus of our studies was to comprehend and develop inhibitors targeting various MBLs
(Paper 1 and 2) and the SBL OXA-48 (Paper 3) included in this thesis.
A successful approach against BLs is combination therapy, where BLs inhibitors can
be used along with B-lactams. Although there are some SBL inhibitors available for clinical
use such as clavulanic acid, avibactam, sulbactam, vaborbactam and tazobactam, but they are

inactive towards MBLs. The following discussion describes some of the most prominent
inhibitors studied in the literature.

2.5.1 Metallo-B-lactamase inhibitors
Although various compounds with natural or synthetic origins have shown inhibitory
potential against MBLs (see Table 2.1) there is still no MBL inhibitor available for clinical

use up till now. Some of the inhibitor classes are described in this section.
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Table 2.1. Reported MBL inhibitors studies.

Entry | Inhibitor type Compounds Enzyme tested References
1 Trifluoromethyl \)OL Bcell, L1 (56)
alcohols Oy M i
and ketones @ °
2 Biphenyl tetrazole cl . IMP-1, CcrA (57,58)
c|/©/ N"’:NH
N__co,EtN
ey,
3 Metal chelators o Hoo NDM-1, NDM-4, VIM-1, (59)
HO o IMP-1, IMP-8, VIM-2, IMP-
NH; o>
7
4 Thiol o IMP-1 60
Hs Koy (60)
4.1 o IMP-1 (61)
\)LOH
SH
4.2 o O ci VIM-4. CphA (62)
HO
SH CI
43 0 IMP-1, VIM-2 (63,64)
S
SH
4.4 0 IMP-1, CcrA (65)
OH
SH
45 @\(& Bcll (66)
OH
OH
46 0" Bcll, CphA, VIM-2, IMP-1,  (67-69)
_"z\:nij NDM-1
SH
4.7 Hs NDM-1, IMP-1, Bcll, L1, (6)
S
_)’"‘i Sth-1
HS HO (o]
4.8 S Hooc VIM-2, CcrA, ImiS (70)
@EN'*”,;'_\ nﬁ
° s_<;‘—\N
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The first synthetic MBL inhibitors (Entry 1, Table 2.1) were reported by Walter et al.
in 1996. They tested a-amido trifluoromethyl alcohols and ketones against B1, B2 and B3
MBLs. (56) The inhibitors were found to be potent against CphA and LI but inactive towards
B1 MBLs. In 1998, Toney and colleagues identified a series of biphenyl tetrazoles (Entry 2,
Table 2.1) as potent inhibitors of CcrA from a screening campaign of the Merck chemical
collection and molecular docking study. (71) Toney et al. later expanded the work by
assaying a series of synthetic biphenyl tetrazoles on CcrA and IMP-1, B1 MBLs. Synthetic
biphenyl tetrazoles were found to exhibit moderate inhibitory potency against both of the B1
MBLs tested. (72)

Since MBLs employ Zn*? in their active site MBLs can easily be inhibited by metal
chelators as EDTA (Entry 3, Table 2.1) and dipicolinic acid. (73,74) Metal chelators are
found to be active towards VIM-1, VIM-2, NDM-1, NDM-4, IMP-1, IMP-7, IMP-8 etc. (75-
77)

The high potency and broad-spectrum inhibitory activity demonstrated by some thiol-
based mercaptocarboxylates against MBLs have made this class of inhibitors the most
studied of all MBL inhibitors (Entry 4, Table 2.1). Racemic thiomandelic acid was the first
reported mercaptocarboxylate type broad-spectrum MBL inhibitor in 2001. (66) In a recent
study Tehrani et al. reported the ability of thiomandelic acid and 2-mercapto-3-
phenylpropionic acid to enhance the activity of meropenem particularly against IMP
producing Klebsiella pneumoniae. (78)

Both D- and L-captopril (Entry 4.6, Table 2.1) have been studied as broad-spectrum
inhibitors of MBLs with the D-isomer exhibiting more potent inhibitory activity than the L-
isomer against the MBLs such as NDM-1, VIM-2 and IMP-1. Captopril is also used as a
standard for comparison of inhibitory potency when screening for new inhibitors. (67,79,80)
MBL inhibitors containing bisthiazolidines (BTZs), (Entry 4.7, Table 2.1) as the basic core
are found effective against enzymes from class B1, B2, and B3. (81) In addition, BTZs with a
free thiol group, a carboxylate group and a tetrahedral nitrogen are considered cross class
MBL inhibitors that are able to inhibit enzymes from class B1, B2, and B3, simultaneously.
(6,37) Another thiol-based inhibitor is triazolylthioacetamide (Entry 4.8, Table 2.1) that is
found to inhibit VIM-2 along with other MBLs such as ImiS and CcrA. (70) Thus, the thiol-
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based inhibitors have a strong potential and optimization of thiol-based inhibitors may lead to

potent inhibitors with a broad-spectrum of activity against MBLs. (82)

2.5.2 Serine-p-lactamase inhibitors

Several combinations of inhibitors along with B-lactam antibiotics have proven to
work efficiently against SBLs while being inactive towards MBLs. Combinations like
ceftolozan with tazobactam and ceftazidime with avibactam are used against SBLs (Figure
2.10). (83)

Meropenem/vaborbactam, ceftazidime/avibactam and ceftolozane/tazobactam are
some of the latest cephalosporin/ B-lactamase inhibitor combinations approved for clinical
use by FDA (Food and Drug Administration) in August 2017, February 2015 and December
2014, respectively. (84,85) These are marketed as Vabomere, Aycaz and Zerbaxa (Figure
2.10). (16,86)

Meropenem/Vaborbactam (Vabomere)
HO

HN

Ceftazidime/avibactam (Aycaz)

\kCOOH
(o]
o]
/ |
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- o N N | 9
N P4 IS )—N \\
CcoOo

s
Y
H,N

Ceftolozane/Tazobactam (Zerbaxa)

A(COOH
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H L

\_ N, s NN\ NH2 S o T\
N— 7\ __H /l;()VN\N’/
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Figure 2.10. Structures of approved B-lactam/B-lactamase inhibitor combinations by FDA.
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Avibactam is a new p-lactamase inhibitor, as it possesses a broad-spectrum of
inhibition against SBLs. It has the potential to treat infection caused by Gram-negative
pathogens producing class A and C enzymes including extended spectrum [-lactamases
(ESBL) and carbapenemases (Klebsiella pneumoniae carbapenemase (KPC) type are
currently the most clinically relevant carbapenemases). Although avibactam does not inhibit
the class B MBLs, it does have the potential to inhibit class D carbapenemase such as OXA-
48 which is only inhibited by avibactam. However, resistance towards ceftazidime/avibactam
has been observed recently in clinical, multiresistant, OXA-48 by Anna Both et al. (87) The
mechanism of inhibition of avibactam with OXA-48 is described later in this section.

Avibactam has been studied and found to be effective for use in combination with

aztreonam, fosamil, and ceftaroline. (88,89) Recently Lahiri et al. described the mechanism
of inhibition of OXA-24 and OXA-48 by avibactam (Figure 2.11a and b). (90)
The X-ray crystal structures of OXA-48 and OXA-24 are shown in Figure 2.11c. Studies on
OXA-48 suggests that the acylation of avibactam most likely proceeds by the attack of
carboxamate group of Lys73, acting as the general base that abstract a proton from the
catalytic Ser70. The acylation also requires a general acid to donate a proton to the
aminosulfate nitrogen. The binding modes of avibactam with the two enzymes suggest that
Ser118 assisted by Lys208 in OXA-48, helps in this role, as depicted in Figure 2.11. (91,92)
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Figure 2.11. Mechanism of inhibition of avibactam on class D SBLs (in light brown stick and labels of residues

for OXA-24 and blue sticks and labels of residues for OXA-48), (a) acylation and (b) deacylation of the lactam

ring. (c) Comparison of the avibactam binding in OXA-24 and OXA-48. Modified figure used with permission
from Labhiri et al. (90)
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Currently, there are only 40 new antibiotics in the development phase with only nine
in phase I, twenty-one in phase II and eight in the phase of the clinical trials. (93) In addition,
not all of these drugs are able to target the drug-resistant bacterial pathogens. From these
numbers, we can clearly estimate that the drugs in the pipeline are not enough and not all of
them will be approved and marketed. (94) The lack of new antibiotics points towards the
reuse of the drugs that were forgotten or abandoned because of their side effects. For
example, colistin is one such drug that is known for causing severe kidney damage but is
found to be useful as a drug of last resort. (85,94) The combination of the inhibitor with
antibiotics is a promising approach, which can lead to restoring the activity of the antibiotic
against BLs. (28) Some of the prominent resistance-breaking B-lactam/BLs inhibitor
combinations are already in early clinical developmental stages. For example, avibactam,
relebactam, and a novel BLs inhibitor named OP0595 (Table 2.2). (94) Whereas,
vaborbactam in combination with meropenem, is recently approved by FDA to treat urinary

tract infections.

Table 2.2. Inhibitor name, target enzymes and molecular structures of inhibitors approved or

in clinical trials as combination with an antibiotic partner. (95,96)

Inhibitor name Target Structure Antibiotic Development stage
enzymes partner
Avibactam OXA-48, j Ceftazidine Approved in 2015
(NXL104) OXA-24 e Q Aztreonam Phase II
)—"\ ?g;o Ceftaroline Phase II
o o \
OH
Vaborbactam (R KPC-2, N_ o0 Meropenem Approved in August
= ‘\r- [#]
PX7009) (97) KPC-3, \_s ,,D,E\OJ\)LQH 2017
KPC-4
Relebactam AmpC, H’U ,JUL Imipenem Phase 111
(MK-7655) KPC-2 A @
[
Zr b5
4
OP0595 AmpC o Cefepime Phase I
HaN = N
(RG6080) (98) N
37' b—g—oH
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2.6 Drug development
This section will give a short introduction to the main strategies for drug development

applied within this work.

2.6.1 Structure- and ligand-based drug design

Drug design can be categorized as structure-based drug design (SBDD) or ligand-
based drug design (LBDD). Indirect drug design or LBDD employs the ligands known to
show binding to the target enzyme. LBDD is useful when 3D information about the receptor
molecule is missing. (99) Direct drug design or SBDD is an approach where information
about the structure of the drug target is available and therefore utilized for the development
of the inhibitor for the target enzyme. (100) To determine the structure of the target proteins
experimental techniques like Nuclear magnetic resonance (NMR) or X-ray crystallography
are utilized. (101) In LBDD and SBDD various strategies are utilized to develop drug

molecules including lead identification, design, development and optimization. (102,103)

2.6.2 Hit generation strategies

The search for hit compounds towards a predefined drug target can be divided into
high-throughput screening (HTS) and fragment based drug design (FBDD). HTS is a process
used in drug discovery, where a large collection of compounds is screened and evaluated
against the biological macromolecule of interest. It employs techniques like robotics,
sensitive detectors, and data processing software that allow rapid identification of active
compounds. HTS has consistently failed to yield meaningful lead compounds for SBLs. In
contrast, HTS has successfully identified novel inhibitors against MBLs. For example, HTS
at Meiji Seika Kaisha Ltd (104), Merck (71) and academic group, (105) were successful in
the identification of novel compounds. The reason for the success might be the presence of
functional groups as tetrazole, carboxylate, thiol etc. as these functional groups can make
interactions with the zinc ions present in the active site of MBLs. The results promote the

use of focused libraries containing some of these chemotypes.
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2.6.2.1 Fragment-based drug design (FBDD)

This thesis describes the initial steps of fragment-based development of OXA-48 inhibitors.

We used fragment merging technique to elaborate the initial fragment hits (Paper 3).

In contrast to HTS, FBDD identifies small molecules with molecular masses less than
300 Dalton and low affinity in the range of milli-molar to micro-molar. FBDD is a very
promising approach for screening compounds against both SBLs and MBLs and has been
proven to be successful in identifying inhibitors against class A, B and C enzymes. SBLs
have multiple binding sites making them attractive targets for fragment-based approaches.
(106-110) In addition to lead identification, FBDD has also been used for lead optimization
to probe additional binding hot spots for inhibitors. FBDD is based on the close
collaboration of the synthetic chemistry and structural biology also referred to as “Fragment
elaboration cycles”. Elaboration of such weak binding fragments with rapid and easy
derivatization, determining structure-activity relationships studies, followed by further
optimization into potent inhibitors by merging, linking or growing the fragment that can
result in potent compounds. Moreover, fragments can be optimized to acquire drug-like
properties. Structural information on inhibitor-enzyme complex plays the fundamental role in
the optimization of the hit fragments. FBDD approach was first utilized for drugs targeting
cancer cell and resulted in the discovery of Zelboraf (PLX4032) in 2011. Since 2011, several
success stories can be found in the literature (82,111-114)

Some fragment-sized molecules have been identified by Nicholas et al. particularly
polycarboxylic acids (Figure 2.12, panels a and b), that may serve as starting points for the
future development of novel inhibitors able to target both Class A and D enzymes. (Figure
2.12, panel b) (115)
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Figure 2.12. Polycarboxylic acid molecules have shown ability to act against both class A and D BLs (a) FBDD
approach to develop inhibitors against OXA-10. Active site view showing (b) tartaric acid (cyan sticks) in
complex with OXA-46 (PDB ID 3IF6), and (c) aminocitrate (cyan sticks) in complex with BS3 (PDB 1D

3B3X). the active site residues of the enzymes are depicted in pink sticks; figures are made using PyMOL.

Due to the small size, and specific interactions, fragments are able to show high ligand
binding efficiency (L.E) defined as the binding energy per heavy atom present in the
fragment and is used as an important measuring tool for the potency of a ligand in drug
discovery. (116) Certain tools (Figure 2.13) can be used to identify and characterize
interactions between the fragment and the target protein such as computer-based in-silico
drug design, surface plasmon resonance (SPR), NMR fragment-based screening that
identifies binders to the protein target (117,118) and X-ray crystallography. The X-ray
crystallographic technique is quite advantageous as it can give an insight to the interaction of
the ligand to the target protein, which can be very useful to design and optimize the potent

fragments in to lead like molecules. (119)
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Figure 2.13. A schematic illustration of FBDD Pipeline. Figure modified from (112)
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2.6.3 Bioisosteric replacement
Bioisosteric replacement is a valuable tool for medicinal chemists that is used for lead
optimization and structure activity relationship studies. The basic concept is the selection and
replacement of an atom or groups to rationally improve the biological activity or
physicochemical properties of the lead compound. (120,121) The bioisoster should maintain
some of the properties of the parent structure, for e.g. inhibitor binding to the biological
target, while other properties may change, e.g. lipophilicity or steric size.

For the compounds described in Chapter 3, we utilized bioisosteric approach to
modify activity of mercaptocarboxylic acids, where we replaced the carboxylic acid group
with its bioisosters to find potential inhibitors for MBLs. Typical bioisosteres of carboxylic

acids include phosphonates, NH-tetrazoles and sulphonamides. (122)
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3. Metallo-B-lactamase inhibitors by

bioisosteric replacement

3.1 Rationale for design of bioisosters

As mentioned previously, several MBL inhibitors have been identified and studied,
however none has been developed to a clinically useful inhibitor for MBLs. The thiophilic
nature of zinc makes thiol containing compounds an interesting starting point for the search
for an inhibitor that can target a wide variety of MBLs. In addition, thiol-based compounds
have already shown some inhibitory activities against MBLs (Section 2.5.1).

The inhibitory activity and high potency of mercaptocarboxylates against MBLs
inspired us to modify these scaffolds to obtain more potent inhibitors. In our studies, we
replaced the carboxylate group in the mercaptocarboxylic acid scaffold; (P1-1, Figure 3.1,
reported by Jin et al.), (123) with bioisosters to elucidate the effect on the biological activity
and inhibitor binding. Thus, bioisosteric replacement of the carboxylate group of P1-1 with
typical bioisosters like phosphonate esters, phosphonic acids or NH-tetrazoles (122) lead to
the target structures P1-2 to P1-4 (Figure 3.1). The concept of bioisosteric replacement is
described in Section 2.6.3, Chapter 2.

o \ o o N=NH
O\g Ho\g N
HO SH o~ SH HO” SH SH
)n — )n )n
P1-1 P1-2 P1-3 P1-4

Figure 3.1. Bioisosteric substitution of the carboxylate group.
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3.2 Reactions utilized in the synthesis

To create the targeted compounds P1-2 and P1-3, a series of reactions such as
alkylation, reduction, mesylation followed by thioacetylation and deprotection of phosphonic
ester and thioacetate group were carried out.

The tetrazole moiety is also known to be an excellent replacement for the carboxylic
acid (124) and is almost 10 times more lipophilic while having similar acidity as a carboxylic
acid group, (pKa 4.9 and 4.2-4.4 respectively). (121) For the synthesis of tetrazole containing
compounds P1-4, alkylation was followed by dialkyltin oxide promoted azide-nitrile
cycloaddition reaction. Further thioacetylation and deprotection of the thioacetate group gave
the desired compound P1-4. The mechanism of the tetrazole formation reaction is described
below (Scheme 3.1). In the first step of the mechanism, dimethyl tin oxide and trimethyl silyl
azide (TMSN3) react irreversibly to form the complex a. Next the nitrile group reacts with
the tin in complex a, whilst the azide binds to the nitrile carbon forming complex d through
the transition structure c. Complex d, undergoes a cyclization reaction to give the complex f
through intermediate e. The attack by azide nucleophile in an Sn2 reaction on complex f

gives the free tetrazole containing product. (125)
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Scheme 3.1. The catalytic cycle of tetrazole formation. (125)
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3.3 Results and discussion
3.3.1 Synthesis

The mercaptophosphonate esters P1-2a—c and mercaptophosphonic acids P1-3a—c
were prepared according to the synthetic strategy shown in Scheme 3.2. We observed that
alkylation of triethyl phosphonoacetate P1-5 was prone to dialkylation in the presence of a
strong base and reactive alkylating agents. Thus alkylation was carried out using strong but
sterically hindered base, potassium tert-butoxide (KOtBu), along with the corresponding
alkyl halide to avoid dialkylation. We also observed that the ratio of triethyl
phosphonoacetate P1-5 to alkyl halide was crucial in limiting the unwanted dialkylation
reaction. When the ratio was kept at 1:0.5 a low yield (45%), was observed for the
monoalkylated product. On the contrary, when a 1:1 ratio was used, the undesirable
dialkylated product was formed, whereas if the ratio was kept at 1:0.7 the desirable
monoalkylated product was obtained in 65-73% yield for the compound P1-6b. Thus, a ratio
of P1-5:alkyl of 1:0.7 was considered to be the best ratio. Another major impurity found in
the reaction mixtures was unreacted phosphonoacetate.

With the alkylated product P1-6a—c in hand, we proceeded to the chemoselective
reduction of the ester in presence of the phosphonate group. This reaction was carried out
using lithium borohydride under microwave irradiation at 80°C for 10 min, which yielded
alcohols P1-7a—c (56-95% yield). Attempts to increase the yield were made by increasing the
microwave irradiation time from 10 to 15 minutes which resulted in the decomposition of the
reactants.

Alcohols P1-7a—c were treated with mesyl chloride to form the mesylated alcohol,
which serves as a good leaving group under nucleophilic substitution reaction conditions.
Subsequent substitution with potassium thioacetate as a nucleophile gave thioacetates P1-8a—
c in 34-71% vyield. We also attempted to improve the yield of this reaction by using cesium
thioacetate as cesium ions are known to exhibit superior solubility in polar aprotic solvents
and higher solvation of cesium ions can provide more nucleophilic thioacetate counter ion in
comparison to potassium thioacetate. (126) But the reaction in presence cesium thioacetate
gave a very similar result with 72% vyield for P1-8c over two steps. For deprotection of the
thioacetates, several methods were evaluated utilizing sodium  methoxide,
methoxyethylamine, and sodium methylthiolate (NaSMe). (127-129) NaSMe was found to be
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the best reagent providing the free thiols P1-2a—c with good yields (74-77%) and purity
(>95% by High-performance liquid chromatography (HPLC)).

The analogues P1-2, P1-7 and P1-8 containing phosphonate esters were purified by
flash column chromatography and converted to the corresponding phosphonic acid
derivatives P1-3, P1-9 and P1-10 by treatment with trimethylsilyl bromide (TMSBr)
followed by a MeOH quench. Purification of the phosphonic acid analogues P1-3, P1-9 and
P1-10 was achieved by washing with EtOAc-pentane to provide the target compounds with
moderate to good yields (55-98%) and purity (>95% as determined by HPLC analysis).
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Scheme 3.2. Synthesis of thiol-based inhibitors. a: n = 2; b: n = 3; ¢: n = 4. Reagents and conditions: (a) R—Br,
KOtBu, DMF, 0 °C, P1-6a: 62%, P1-6b: 73%, P1-6¢: 45%; (b) LiBH., THF, MW 80 °C for 10 min, P1-7a:
60%, P1-7b: 95%, P1-7c: 56%; (c) MsClI, EtsN, DMAP, CHCly, rt; (d) KSAc, DMF, rt.; P1-8a: 54%, P1-8b:
34%, P1-8c: 71% over two steps; (€) NaSMe, MeOH, 20 °C, P1-2a: 30%, P1-2b: 74%, P1-2c: 77%; (f)
TMSBr, CHCly, then MeOH, rt., P1-3a: 96%, P1-3b: 90%, P1-3c: 98%, P1-9a: 76%, P1-9b: 61%, P1-9c: 55%,
P1-10a: 91%, P1-10b: 71%, P1-10c: 65%.

For the synthesis of NH-tetrazole analogues P1-4, P1-15 and P1-16 (Scheme 3.3), we
started with 4-cyano-3-oxotetrahydrothiophene P1-12. Alkylation was carried out using
potassium carbonate and corresponding alkyl halide, followed by treatment with 5% NaOH
to yield a-substituted acrylonitriles P1-13a and P1-13b (51% and 21% respectively) with
varying chain lengths (n =1, 3) (130). The other major product was found to be the O-
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alkylated compounds P1-12a and P1-12b (49% and 79% yield, respectively). Although the
yields of our desired C-alkylated product P1-13a and P1-13b were low, they were sufficient

to continue for the next step of the synthesis.

(o}
&CN
S
P1-12
Path A
P1-17:n =
(a,b)
N

N=nH

NC

P1-14a, b P1-15a, b P14:n=3

(9)

Abs P1-16 3
- : n =
@*‘”&o

P1-12c:n=3

Scheme 3.3. Synthesis of NH-tetrazole containing thiol-based inhibitors. Reagents and conditions: (a) R-Br,
K2COs, acetone, reflux; (b) 5% ag. NaOH, P1-13a: 51%, P1-13b: 21%; (c) TMSN3, n-Bu.SnO (20 mol%), 1,4-
dioxane, MW 150 °C for 50 min, P1-12c: 71%, P1-14a: 78%, P1-14b: 74%; (d) HSAc, DMF, 60 °C, P1-15a:
95%, P1-15b: 98%; (e) NaSMe, MeOH, —20 °C, P1-4: 74%; (f) HSAc, DMF, 60 °C, P1-17: no product
observed (g) cyclohexylthiol, DMF, 60 °C, P1-16: 93%.

Our first approach was to obtain the thioacetate based compound P1-17 through path
A (Scheme 3.3). Several attempts were made for the addition to acrylonitrile P1-13 using
thioacetic acid or potassium thioacetate as a nucleophile with different solvents such as
DMF, CH:Cl, and several other solvents such as toluene, tetrabutylammonium, dioxane and
water were used resulting in no success (Scheme 3.3). (130) We then decided to change our
synthetic route to path B, where the nitrile group is first converted to NH-tetrazole, which is
an electron deficient aromatic system and a stronger electron-withdrawing group than nitrile.

For this conversion, a microwave promoted reaction of the acrylonitriles with TMSN3 and
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dibutyltin oxide as catalyst (20 mol%) was used, (131) which gave the corresponding NH-
tetrazoles P1-14a and P1-14b in 74% and 78% yield.

The compounds P1-14a and P1-14b with NH-tetrazoles substituent turned out to be excellent
Michael acceptors facilitating the addition of thioacetic acid to the olefin to give the desired
tetrazolyl thioacetates P1-15a and P1-15b in good yields (>95% after purification).

The final deprotection of the thioacetates was achieved by treatment with NaSMe to
yield free thiol P1-4 in 74% yield and purity >96% (after purification). In addition to these
compounds, the undesired major O-alkylated product, P1-12c was also treated with TMSN3
and dibutyltin oxide as catalyst (20 mol%) to yield the corresponding NH-tetrazoles, P1-12c
in 71% yield.

The mercaptophosphonate esters P1-2a-c, mercaptophosphonic acids P1-3a-c and
mercapto-NH-tetrazole P1-4, were synthesized (Scheme 3.2; Scheme 3.3) as racemic
mixtures. The previously reported racemic mercaptocarboxylic acid inhibitor P1-1c was

synthesized as a reference compound in our lab. (127)

3.3.2 Evaluation of inhibitors against VIM-2, GIM-1, and NDM-1

The target molecules P1-2—4 (Figure 3.1) and the intermediates P1-8 and P1-10 from
the synthetic pathway were assessed against the three MBLs VIM-2, NDM-1, and GIM-1.
The ICso values were determined through enzyme inhibition assays and the effect of the
inhibitors in the whole cell E. coli assays containing VIM-2, GIM-1 or NDM-1 were
evaluated. Some inhibitors were also tested in a synergy assay with a few clinical isolates of
MBL producing Pseudomonas aeruginosa, K. pneumoniae and E. coli. The enzyme-inhibitor
complexes of the best inhibitors were further evaluated by X-ray analysis.

All the compounds displayed generally lower 1Cso values when tested against VIM-2
as compared to GIM-1 and NDM-1 (Table 3.1). The replacement of the carboxylic acid in
P1-1c with NH-tetrazole P1-4, gave a reduced inhibitory effect, while the phosphonate acids
and esters, gave almost similar activity (for P1-10, P1-2 inhibitor series) or increased activity
(for P1-3 series).
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Table 3.1 Evaluation of compound 1 and its bioisosters as inhibitors of VIM-2, GIM-1 and NDM-1. Inhibition

concentrations (ICso) against purified enzyme and percent inhibition of MBLs expressed in E. coli SNO3

bacterial whole cell experiments.

Compound ID VIM-22 GIM-12 NDM-1°
ICso %inhib | ICso  %inhib | ICs %
(nM) (uM) (uM) inhib
o
HO SH 2.9
) P1-1c (n = 4) - - 56 -
. L1y
™\, 0 Pl-2a(n=2) | 0.89 78 0.18 64 2.2 33
o SH P1-2b(n=3) | 0.38 79 0.31 48 1.8 62
)., P1-2¢ (n=4) p p p p p p
o0 Pl-3a(n=2) | 78 92 23 37 5.9 42
Ho” " SH P13b(n=3) | 332 95 28 46 71 45
)., P1-3c (n = 4) 8.6 94 16 31 8.5 42
P1-4 (n=3) 28 67 68 25 12 16
P1-8a(n=2) | 133 17 18 25 nh i
P1-8b(n=3) | 34 14 26 21 nh i
P1-8c (n=4) 20 12 13 25 nh i
0 P1-10a(n=2) | 23 04 12 40 2.9 39
HO_II J\
HO” s P1-10b (n = 4.7 95 26 37 6.6 38
), 3)
P1-10c (n=4) | 18 97 20 50 25 37
P1-16 (n = 3) 5 73 36 8 10 i

2 Reporter substrate was nitrocefin (NCF); ® Reporter substrate was imipenem (IPM); ¢ Values in parentheses as reported by Jin et al. (123);

p = precipitated in the buffer and was not tested; nh = no hydrolysis; i = inactive.
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The alcohol inhibitors (P1-7, P1-9), lack the activity exhibited by corresponding
thiols and thioacetates (P1-2, P1-3, P1-10), supporting the importance of the presence of
sulfur atom in the inhibitor scaffold. The inhibitor P1-3, shows the highest activity having the
combination of phosphonate ester and a thiol group. However, when thiol group is replaced
with thioacetate group, as in inhibitor P1-8, the combination gives the lowest ICso value
among the inhibitors P1-2, P1-3, P1-8 and P1-10.

The phosphoric acid derivatives containing thiol (P1-2) and thioacetate (P1-10)
substituents, on the other hand, were on a similar level of inhibitory activity. This
observation may indicate that in the series P1-2 and P1-10 the phosphoric acid group is
responsible for the activity observed.

The length of the carbon chain between the chiral carbon and phenyl ring was best
when n =2 or 3. When n = 4 for P1-2c, the inhibitor precipitated and hence was not further
used for testing. In short, the most active inhibitors are the mercaptophosphonate esters
(inhibitor P1-3a—c) and mercaptophosphonate acids (inhibitor P1-2a and P1-2b). For the
most active inhibitors, we observed ICsos in the range of low micromolar to high nano-molar.
Despite the promising results obtained during this study, a large deviation in the activities of
the three B1 MBLs was observed that indicates the unsuitability of these inhibitors as a
broad-spectrum MBL inhibitor.

The best inhibitor with the lowest 1Cso and highest percent inhibition in the cell-based
screening assay for NDM-1 was P1-2b (ICso= 1.8 UM, percentage inhibition= 62%). The
inhibitors were also tested for activity against MBLs in bacterial cells. For several inhibitors,
high inhibition (>70%) was observed (Table 3.1) confirming the permeability of inhibitors
across the cell membrane of the bacteria. The best inhibitors in terms of percentage inhibition
were P1-3a—c and P1-10a—c with inhibition values ranging in between 92-97% against E.
coli with VIM-2, (where P1-10a—c being slightly more active than P1-3a—c). The percentage
inhibition values are also in accord with the 1Cso values against VIM-2 for these inhibitors.

Inhibitors P1-2, P1-3 and P1-10 were further tested in a synergy assay with clinical
isolates from E. coli containing VIM-29 and meropenem, where the MIC values were
reduced from 8-32 mg/L with meropenem only to 1 mg/L, 1 mg/L, 2 mg/L with the
combination of meropenem and inhibitors P1-3b, P1-10b and P1-10c respectively. (The
sequence identity between VIM-29 and VIM-2 is 91%, thus the inhibitors are most likely
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active for both VIMs). Crystal structure complexes of VIM-2 with P1-2b, P1-10b and P1-10c
were also evaluated during this project. The main observations are described here for a
detailed description see Paper 1. (132)

The VIM-2:P1-2b complex was used to investigate the two different enantiomers.
Herein, only the (R)-form (see Figure 1, Paper 1) of the inhibitor P1-2b fitted into the
observed Fo-Fc omit electron density map indicating that VIM-2 selectively binds to the (R)-
enantiomer of P1-2b. This is also the case for the reported complex of VIM-2-P1-1c, where
the (S)-enantiomer of P1-1c binds selectively to VIM-2. (133) The sulfur atom of P1-2b
interacted with the Zn*? ions of VIM-2. Similar interactions are also observed for VIM-2:P1-
1c (133) and several thiol-B1 MBL complex structures. (133-140) The phosphonate group of
P1-2b forms hydrogen bonds with Asn233.

In both the VIM-2:P1-10b and P1-10c structures, the thioacetate interacts with Zn*2
and Asn233 through the sulfur atom, with His263, and through a water molecule to the

guanidinium group of Arg228, (Figure 3, Paper 1).

3.4 Conclusion

The bioisosteric approach was found to be successful in searching for new MBL
inhibitors and this study is a step further towards developing potent MBL inhibitors. Inhibitor
P1-2a and P1-2b exhibited lowest ICso values towards all three enzymes, VIM-2, GIM-1, and
NDM-1. The inhibitors from series P1-3 and P1-10 were found to give the highest inhibition
level of MBLs expressed in the p-lactamase-negative E. coli SNO3 cells. Although a broad
inhibitor for VIM-2, GIM-1 and NDM-1 were not found, however P1-10b, targeting both
VIM-2 and NDM-1, is a promising candidate and provides a valuable starting point for a
structure-guided design of an inhibitor targeting both VIM-2 and NDM-1.
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4. Triazole inhibitors against metallo-

B-lactamases

4.1 Rationale for the choice and design of triazole based inhibitors

1,2,3-Triazole is an aromatic nitrogen containing heterocycle, which can form
hydrogen bonding and dipole-dipole interactions with various receptors and enzymes in
biological systems. (141) Triazoles are also a part of several pharmaceutical drugs like the B-
lactam antibiotic cefatrizine, the B-lactamase inhibitor tazobactam, and other antifungal drugs
like fluconazole and itraconazole. (142) Moreover, a recent study utilized click alkyne-azide
reaction to synthesize a series of homo and hetero vancomycin derived antibiotics with
potent activity against vancomycin-resistant bacteria. (143)

In 2005, Loren et al. reported a small library of triazoles that exhibited sub-
micromole activity (for e.g. compound P2-1, (Ki = 0.41 = 0.03 uM), Figure 4.1), as
promising VIM-2 inhibitors. (144) With this study in mind, we decided to synthesize a small
focused library of new and reported analogues of 1,2,3-NH-triazoles and evaluate their
inhibitory activity against VIM-2, GIM-1, and NDM-1. Moreover, we were interested to
investigate the binding mode of our inhibitors with VIM-2, through the enzyme inhibitor

complex crystal structures.

N -NH

P2-1

Figure 4.1. N-((4-((but-3-ynyloxy)methyl)-1H-1,2,3-triazol-5-yl)methyl)-4-iodo-benzenesulfonamide, P2-1.
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According to these previous studies a hydrogen bond acceptor at C-4 such as O or N,
contributes positively to the activity of inhibitor (145) we therefore utilized side chains (R>)
such as cyclohexylamine, adamantly amine, trityl amine, methoxy and acetoxy, for the
improvement of inhibitor binding. We also selected some sulfur containing R2 side chains in

order to take advantage of the thiophilic nature of zinc.

4.2 Banert cascade (BC) reaction

The Banert cascade (BC) reaction (Scheme 4.1) was utilized for the synthesis of the
target triazole based inhibitors as the main reaction. (146) BC is an organic reaction, in which
NH-1,2,3-triazoles are prepared from a propargyl halide and sodium azide in a dioxane-water
mixture at elevated temperatures. In the first step, nucleophilic displacement of chloride by
the azide ion creates an azido compound in situ. In the second step, a 3,3-sigmatropic
rearrangement takes place, where allenyl azide is formed. This allene rearranges to the
triazafulvene. A nucleophilic attack of a second azide ion (Nu = N3~ in Scheme 4.1) on the
exocyclic double bond of the triazafulvene followed by proton abstraction from a proton
source concludes the triazole formation reaction. However, in our studies, we isolated the
azide containing compounds after the nucleophilic displacement of chloride, so that other

nucleophiles than azide could be introduced in the second nucleophilic attack.

N =N
N N= LN N—
cl NNy ) NE NNH
=&, (P N AT N A
RO,S == A Nu
RO,S SOzR SOR SO,R

Scheme 4.1. Mechanism of Banert cascade reaction

4.3 Results and discussion
4.3.1 Synthesis
The synthetic strategy for the triazoles is described in Schemes 4.2 and 4.3. Starting
from 4-chlorobutyneamine hydrochloride P2-2, various chlorosulfonamides were synthesized
by treatment with respective sulfonyl chloride in THF/H2O mixture in the presence of KoCO3

as base. The reaction was completed in 1 hour. Purification was carried out by crystallization
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from hexane/EtOAc to yield the corresponding sulfonamides P2-3a to P2-3e in almost

quantitative yield.

CI\;\ 0L/’ K,CO /—\ NaN /——\
_— a
NH,.HCI + \/ ~cl ——— ¢l HN—S—R; —— N, HN—g—R1
R, THF/H,0 S DMF, rt )
o]
P2-2 0°C.1hr P2-3a-e P2-4a-e

Scheme 4.2. Synthesis of sulfonamide P2-4a-e.

The chloride substituent of compound P2-3a—e was substituted with azide by using
sodium azide in DMF to provide azido sulfonamides P2-4a—e. In the beginning, we
experienced difficulty in the purification with flash column chromatography of azido
sulfonamides due to the presence of DMF. However, when the reaction mixture was
sonicated in water, the product crystallized out and was easily separated by filtration to give
pure azido sulfonamides in good yields.

For the synthesis of triazoles from azido sulfonamides various conditions were tested,
see Table 4.1. We started with the reaction of azido sulfonamides with different nucleophiles
using conventional heating, the reactions gave conversion (Entry 1, Table 4.1). Increasing or
decreasing the temperature, varying the equivalency of the nucleophile (cyclohexylamine or
adamantylamine) or changing the solvent (dioxane, dioxane: water (3:1) or THF) had no
effect (Entry 2-4, Table 4.1). We then reacted chlorosulfonamide P2-3 in the presence of
NaNsz and NH4Cl in a Banert-cascade reaction to yield the corresponding triazole in 35%
yield (Entry 5, Table 4.1). The reaction failed to give conversion with other nucleophiles.
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. o HN—S—R;
/—/—\ R-H or Ry-M R2 I
N3 HN-S—R, ————————> —\ ©
o CH,Cl, 60°C,16 h HN\N/,N
P2-4a-e P2-1aa’',1bb',1cc’',1dd’-e',1ed"-k’

C
R2 a'=4-NH, b= $N; c'= -§-o)< d'= -§-H—<:> e’ é—“@ f= .§_” QO

o)
9= §-S/_©_o\ h'= -§-o/ i'= -§-o>\ j’= é—u/_Q k=40

Scheme 4.3. Conversion of azides to triazoles

Therefore, we changed the solvent and utilized dry CH2Cl> and an excess of the
nucleophile to react with the azido sulfonamides P2-4a-e at 60 °C for 16 h, to afford the
desired triazoles in good yields (Entry 6-7, Table 4.1). In the cases where the nucleophile
itself can act as solvent, e.g. isopropanol, methanol and cyclohexylamine no additional

solvent was used, (Entry 8, Table 4.1).
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Table 4.1. Investigation of reaction conditions for triazole formation.

0
_ o R HN—S—R,
/——\ Reactants/Reagents 2/§=_< 8
0o Conditions \N’/
P2-4a-e P2-5
Entry Substituents Reagents Temp. Time [h] Conv
R R? [°c] [%]
Cl i
1 -§—H4<:> Cyclohexylamine, 1.5 75 12 0
equiv
Dioxane
Cl

Dioxane

3 § <:> | ’ NH-adamantylamine, 150 24 0
'§'N 3 equiv

Dioxane: Water (3:1)

2 cl _§_n_<:> Cyclohexylamine, 3 100 72 0
#_Q equiv
c

4 cl -§—H4<:> Cyclohexylamine, 60 24 0
3 equiv
THF
cl
. .
5 . -§—N3 NaNs, 1.5 equiv 75 8 35

. . NH4CI, 2 equiv
Dioxane: Water (3:1)
6 CI _§_N3 NaNs, 3 equiv, 60 16 70

CHCl;

H Cyclohexylamine, 60 16 86
O
4 equiv, CH.Cl,

8 § <:> )\ Isopropanol, 2 mL 60 16 86

* Reaction performed using chlorosulfonamide instead of azido sulfonamide as the starting material
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4.3.2 Evaluation of inhibitors against VIM-2, GIM-1, and NDM-1

The inhibitors were tested for their potential to inactivate NDM-1, VIM-2, and GIM-1

(see Table 4.2). In addition, we also obtained crystal structures of 4 inhibitors (P2-1ei", P2-
lej’, P2-lek’and P2-1dd") in complex with VIM-2. This helped us in understanding the
observed inhibition patterns and their relation to structure using the crystal structures of the
studied enzymes.
First, the compounds ability to inhibit VIM-2, GIM-1, and NDM-1 in a biochemical assay
and a whole-cell assay with MBLs expressed in E. coli SNO3 was evaluated. ICso values
were determined with nitrocefin for VIM-2 and GIM-1 whereas, for NDM-1 imipenem was
used as reporter substrate.

Generally, the inhibitors showed more activity towards VIM-2 than GIM-1 and
NDM-1. The triazoles P2-1dd", P2-1de", P2-1ed", P2-1ee” and P2-1ei” gave high nano-molar
activity (ICso = 0.067-0.533 pM and 85% to 96% inhibition in the whole cell assays) thus
proved to be the best inhibitors in this study against VIM-2. The inhibitors P2-1ce’, P2-1ed",
P2-1ee” and P2-1ek” gave the best inhibition values in the range of ICso = 18.4-128.3 uM
against GIM-1, but low levels of percent inhibition (3-25%) were observed for all the
inhibitors tested. For NDM-1 the inhibitor P2-1ef” with a bulky R2 substituent gave the best
result (ICsp of 80.7 uM), while the level of inhibition in the whole cell assay was rather low
(for e.g., P2-1ee” and P2-1eg showed 17% and 34% respectively) (see Paper 2).
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Table 4.2. The molecular structures of the synthesized inhibitors with measured inhibition concentrations (1Cso)
against pure VIM-2, GIM-1, and NDM-1 enzymes; followed by % inhibition in E. coli SNO3 bacterial whole

cell experiments.

Entry [ 1D/ HN R VIM-22 GIM-12 NDM-1°
) R1\S/ — 2
yI6|d /) \\o N. NH 1Cso % 1Cso % 1Cso %
(uM) | inhib | (uM) | inhib | (uM) | inhib
R: R> a a a a
1 | P2-1aa’/ @ $-NH, 2317 | 286 | NI NI | NI NI
65%
2 P2- c, g NI NI NI | 249 | 117. | 144
1bb’/70 5 8
%
3 | P2-1cc’/ EO >< 716 | 60.3 | 1283 | 445 | 142. | NI
65% $o 2
4 | P2-lcd’/ %HO 154 | 821 | NI | 23 [ 143 | NI
71% 8
5 | P2-1ce’/ 231 | 837 | 826 | NI | ND NI
83% W
0
6 P2- cl é_n_o 0.228 | 94 NI 7 981 NI
1dd */
72%
Cl
7 | P2-1de’/ 0.115 [ NI P 21 | ND NI
73% W
0
8 | P2-led’/ EO' é_n_o 0.067 | 947 | 69.35 | 3.2 | 148 NI
86%
9 | P2-1ee’/ Iy Q 0.163 | 958 | 184 | 216 | ND 17
N
96%
10 | P2-1ef/ O >250 | 187 | 353 | 3% | 807 | NI
93% .
;—N
11 | P2-leg/ O 2102 | 447 | 2272|331 | ND | 343
93% $-NH
12 | P2-1eh’/ to” 14.87 | 51.1 | 1689 | 10.7 | NI NI
88%
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13 P2- )\ 0533 [ 853 | 193 [ 111 [ NI NI
lei’™*/ $o
86%

14 P2- /_@ P ND | ND | ND [ ND | ND
lej */ 4-NH
72%

15 P2- 0 23 | ND | 48 | ND [ 231 ND
lek™* %—0)\\

2 the reported substrate was nitrocefin; ° the reported substrate was imipenem; NI, No observable inhibition; ND, Not determined; P,

precipitated. *, a VIM-2 complex structure is present.

Most interestingly, the synergy assay found P2-1ek” to effect two clinical isolates. In
one P. aeruginosa isolate producing VIM-2 the MIC was reduced from 64 mg/L (with only
meropenem) to 1 mg/L for the combination of meropenem and P2-1ek”; and for an E. coli
isolate producing VIM-29 the MIC was reduced from 16 mg/L (with only meropenem) to 1
mg/L when combining meropenem and P2-1ek” (see Paper 3).

Analysis of the crystal structures obtained for inhibitors P2-1ei”, P2-1dd", P2-1lej”
and P2-1ek” in complex with VIM-2 revealed that triazole ring interacts with one of the zinc
ions and a bridging hydroxide ion in the active site, as a common binding feature. As was
proposed in the initial report on triazole inhibition of VIM-2, (144) sulfonamide group did

not participate in Zn?* binding.

4.4 Conclusion

We synthesized several NH-1,2,3-triazole derivatives and our new P2-1ed” inhibitor
gave nano-molar affinity with ICso of 0.067 puM. Interestingly P2-1led” also gave some low
level inhibition for GIM-1 (IC5=69 pM) and NDM-1 (IC50=148 puM). Our most promising
inhibitor is our new P2-1ek” with moderate ICso values of 23 puM (VIM-2), 48 pM (GIM-1)
and 231 uM (NDM-1), but it is affecting all the three enzymes studied. Most remarkably, the
synergy assay found P2-1ek” to reduce the meropenem MIC in two MBL-producing clinical
isolates. Our new complex structure of VIM-2 P2-1ek” is, therefore, a valuable starting point

for further structure-guided inhibitor design.
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5. Focused fragment library targeting
OXA-48

5.1 Rationale for the design of fragments

In this project we continued with the development of the fragment P3-1 with ICso of 250
MM, previously reported by our group, using structure-based inhibitor design (Figure 5.1).
(114) The hit fragment P3-1 became the starting point for this project and a synthesis of a
focused fragment library was initiated. In addition, we aimed to find and merge fragments
with different binding conformations to improve inhibitory activity. The merging of the
fragments was based on the observation of two different binding poses in the enzyme-
fragment complex of OXA-48:P3-1, leading to the design of the merged compound P3-2 that
gave 10 fold increased binding affinity. (114)

Z N NZ Z N
X ! NS NS |
COOH COOH
P3-1, IC50 = 250 uM P3-2, IC50 = 18 uM

Figure 5.1. (a) 3-(pyridin-4-yl)benzoic acid P3-1 hit from our previous study (b) merged fragment 3,5-
di(pyridin-4-yl)benzoic acid P3-2 with an improved binding affinity towards OXA-48. (114)

The benzoic acid moiety is kept unaltered since it provides an essential part for
binding and activity of the fragments. To be specific the carboxylic acid group on ring A
(Figure 5.2), showed ionic interactions with the side chain of Arg250. (114) This interaction
is in accordance with the role of Arg250 in substrate binding, where the side chain of
arginine can change its position and interact with the carboxylic acid group of the p-lactam
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substrates. (147) Ring B and its substituents were coupled with different heterocycles and
polar groups to spatially explore the active site of OXA-48. Among these were tetrazole,
amines, amides, sulphonamides, sulphides and esters as ortho, meta or para substituents on
the ring B (Figure 5.2). In addition, 33 fragment-enzyme complexes were analysed by X-ray
crystallography. A continuous feedback from enzyme inhibition assays, together with crystal
structures obtained, helped us to explore the binding site of OXA-48 and determine potential

fragments with improved binding affinity.

/
c |
Merge based NN
on structural
information

COOH COOH

Aryl substituent B / C = substituted phenyl or
hetrocyclic groups

Figure 5.2. Fragment merging approach

5.2 Suzuki-Miyaura coupling reaction (SMC)

For the synthesis, a versatile and efficient Suzuki-Miyaura coupling (SMC) reaction
was applied to generate substituted and/or heteroatom containing biaryl moieties. Heck, Stille
and Suzuki-Miyaura reactions are the most common reactions utilized for coupling and C—C
bond formation between aryl groups. The syntheses of our target fragments were facilitated
by the mild and versatile SMC reaction. SMCs join two sp-hybridized carbons to form
biaryl or diene/polyene compounds. This method has proven to be a useful tool for making
carbon frameworks because of its functional group tolerance, easy availability of boron
compounds, wide substrate scope, and high turnover rates with modern catalysts (148) and is
the method of choice for the synthesis of polyene and biaryl moieties in the pharmaceutical
and material industries. (149) During the last decade efforts have been directed towards
greener version of SMC reaction (150) e.g. the development of heterogeneous palladium
catalysts using green solvents like water, 2-methyl-tetrahydrofuran, and tert-amyl alcohol or
the use of microwave irradiation provide greener alternatives for SMC. (151)

The mechanism (Scheme 5.1) of the catalytic cycle of SMC follows a sequence of

oxidative addition, transmetallation, and reductive elimination to give the biaryl compound
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while regenerating the Pd(0) species. In the first step, oxidative addition of the alkyl halide
occurs to form the arylpalladium(ll) halide intermediate. Reactivity of the Ar’-X group
decreases in the order | > OTf > Br > Cl. Then transmetallation with an organoboron species
occurs in the presence of a base, where an alkyl or aryl is transferred from the organoborane
to the palladium. The final reductive elimination step forms the corresponding coupling
product while Pd(0) is regenerated. (152-154)

Ar'-X
Ar'—Ar? LnPd(0)
Reductive Elimination Oxidative Addition
1
Ar1 Ar
< L, Pall)
LnPd(Il) oL
X
NAr2
Transmetalation
base
X-B(OH), Ar?.B(OH),

Scheme 5.1. Mechanism of Suzuki Miyaura coupling (SMC) reaction

5.3 Results and discussion

5.3.1 Synthesis

5.3.1.1 3-Substituted benzoic acid derivatives

All the fragments fulfil the criteria for fragment-based ligand design (MW < 300 Da,
clogP < 3, hydrogen bond acceptor/donors < 3). (155) A focused library of 49 3-substituted
benzoic acid fragments (P3-3 to P3-35) were prepared (Scheme 5.2, Table 5.3). The
synthesis of the fragments involved the construction of the aryl-aryl or aryl-heteroaryl core
by SMC reaction. Various substitutions on the aryl ring B (Figure 5.2) were explored in order
to determine whether the position or different substituents the activity of the inhibitors
against the OXA-48 enzyme.
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For most of the couplings, reactions were carried out in 1:1 dioxane/water with
PdCI2(PPhs). (1, 5, or 10 mol%, for details see Sl for Paper 3) and potassium phosphate as a
base, at 95 °C for 16-20 hours. (114) Two alternate couplings strategies were found
successful using either 3-bromobenzoic acid (Strategy A, Scheme 5.2) or 3-
carboxyphenylboronic acid pinacol ester (Strategy B, Scheme 5.2) as the starting materials.
This allowed us to use a wide range of aryl boronic acids or aryl bromides to introduce
versatility in the library. The former being slightly more feasible in terms of yields of the
reaction. While some reactions were also carried out in organic solvents such as THF, due to
the insolubility or sensitivity of the starting material towards hydrolysis in an aqueous

medium (See Sl of Paper 3).

0o Ar-B(OR),, 0 Ar-Br, 9
Br PACL(PPhs)y, KsPO, . p PdCly(PPhs),, KsPOy , (RO),B
OH dioxane/H,0 OH dioxane/H,0 OH
r -«
Strategy A Strategy B

Scheme 5.2. Synthetic strategy 3-substituted benzoic acids analogues against OXA-48

Inspired by the results of fragment P3-21a (see Table 5.3), we envisioned a small
series containing sulfonamides and amide substituents and a longer chain length which could
give more flexibility in the fragment structures, thus, allowing the fragments to be close
enough to neighbor residues and increase the potential of H-bonding or other interactions.
Furthermore, the sulfonamides have two hydrogen bonding acceptors, which might be an
advantage over the amides. Thus, fragments P3-13-20 and P3-22-23 were synthesized.

Some fragments (P3-17-20 and P3-22-23) did not show coupling under normal
reaction conditions. This may be due to the presence of an electron donating group (NH2 or
NHR group as a substituent) which is known to slow the oxidative addition step (156,157)
resulting in the deactivation of C-X bond. (158,159) However, there are examples of Suzuki
couplings in the literature performed in the presence of free NH2 groups, but the yields are
generally lower. (160-164) This problem was solved by the use of the second generation (Pd-
G2) pre-catalysts, which in contrast to the previous generation can easily create the active Pd
species even at room temperature and in the presence of weak phosphate or carbonate bases.

Moreover, these pre-catalysts are soluble in various organic solvents as well as being air, and
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moisture stable. Additionally, Buchwald and coworkers reported Xphos-Pd to accelerate
oxidative addition step. (154) Thus more efficient catalysts (XPhos-Pd G2) and water-free
conditions (anhydrous THF instead of dioxane/ water) were successfully employed to solve
reactivity and solubility problems.

OMe 'Ph
® ® ® Wa
\
PCy, PCy, PCy, MeO PCy, Ph
MeO OMe i-Pr i-Pr i-Pro Oi-Pr (o]

J

i-Pr

i-PrO i Oi-Pr

i-Pr

<

SPhos XPhos RuPhos BrettPhos XanthPhos

1 [}
1 ]
e | -
1 [}
] | =/ cl
Pd—RuPhos | N7 N I "I \ /
@ I Pd, o CHCl; !
[}
1 ]
1 [}
1 ]
1 ]
1 [}

\

OMe 3

-~ P
SPhos-Pd-G; Ph/ \Ph
XPhos-Pd-G,
RuPhos-Pd-G; Pd,(dba); - CHCI; Pdy(dppf), - Cl,

BrettPhos-Pd-G3

Figure 5.3. Catalyst utilized in the course of this study

For compound, P3-22 (Entry 1-4, Table 5.1) different Buchwald catalysts (Figure 5.3)
were screened to optimize reaction conditions. We found out that the best yields (87% for
P3-22, Entry 3, Table 5.1) were obtained when we used commercially available XPhosPd G2
catalyst for the coupling reactions. Although PdClx(dppf) can also be used with similar
reaction conditions for some fragments (P3-7-10 and P3-13-14, Table 5.1).

The purification of NH2 or NHR group containing fragments using automated reverse
phase C18 flash column chromatography led only to around 60% purity according to HPLC.
For further purification, a normal phase silica flash column was used with an acidic eluent
(2:9 mixture of acetic acid/water/methanol/ethyl acetate (3:2:3:3) and ethylacetate). As a

result, the respective fragments were obtained in a purity of 95% or higher.
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Table 5.1. Catalyst screening for substituents with NH and NHR substituents.

z
Entry Catalyst Conversion % \Q
COOH
Ar
1 BrettPhos Pd G3 34% o
)J\N/\@)(
H
2 XPhos Pd G2 74% o
)LN/\©)<
H
3 XPhos Pd G2 87% o
)I\N/\©){
H
4 Pd,(dba)s+ SPhos1? 40% o
)]\N/\©)(
H
5 Pd,(dba)s+ RuPhos? 14% o
)I\N/\©;<
H
6 XPhos Pd G2, 65% Q “
@fs‘b ©>¢
7 PdCl,(dppf) 41% \S//O
Y \H/\©k
8 PdCl(dppf) 26% \s/'o
4 \H/\OX
9 PdCl,(dppf) 10% o
—S—NH
1} \ < > §
o
10 PdCl,(dppf) 11% o X
Py V\©>f
\
o
11 XPhos Pd G2 89% o
\S//
&N
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12 XPhos Pd G22 11% o

13 | PdCIy(dppf) 46% H

14 | PACIy(dppf) 34% /\/@)‘

15 | XPhos Pd G2 34% Q

2 Pd,(dba)s (1 mol%) and SPhos or RuPhos (2 mol%) in anhydrous THF.

For the synthesis of compound P3-26a and P3-26b, [3+2] intermolecular
cycloaddition between 3-bromobenzonitrile or 4-bromobenzonitrile and trimethyl silyl azide
was carried out in the presence of dibutyltin oxide in anhydrous 1,4-dioxane. The reaction
mixture was subjected to microwave irradiation in a tightly sealed microwave vessel for 50
min at 150 °C to afford 3- or 4-bromobenzotetrazole respectively, which were then subjected
to SMC reaction (Scheme 5.3). (131)

\
Br Dibutyltin oxide,
‘©/ TMSN;3, 14d|oxane
N=

Scheme 5.3. Synthetic strategy for compound P3-26a and P3-26b.

5.3.1.2 Synthesis of 3,5-disubstituted benzoic acid derivatives

A small series of 5 symmetrical and unsymmetrical, 3,5-disubstituted derivatives (P3-
36-40) was also prepared to investigate the inhibitory activity of merged fragments. For the
synthesis of symmetrical 3,5-disubstituted compounds P3-36 and P3-38 (Scheme 5.4), the
conditions established for mono-substituted fragments with Pdx(dba)s/XPhos or XPhos-Pd

G2 as the catalyst, 3,5-dibromobenzoic acid as starting material and an increased amount of
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the boronic acid derivative (2 equiv.) were used. The compounds P3-36 and P3-38 were
obtained in 54% and 65% yields, respectively (Scheme 5.4) (165). Compound P3-37 was
isolated in 11% yield as a by-product, in an attempt to prepare the mono-substituted analogue
(Scheme 5.4).

Ar-B(OR),,
Br OH Pd catalyst, K;PO, Ar OH
solvent -
R =H or pin
36 (54 %) 37 (11 %) 38 (65 %)

Scheme 5.4. Preparation of symmetrical 3,5-disubstituted benzoic acids. Reagents and conditions: P3-36: 3-
acetamidophenylboronic acid (1.5 equiv.), Pdz(dba)s*CHCl3 (5 mol%), XPhos (5 mol%), dioxane:water (1:1),
60 °C, 54%; P3-37: 4-acetamidophenylboronic acid (0.75 equiv.), PdCl,(PPhs), (10 mol%), dioxane:water
(1:1), 95 °C, 11%; P3-38: quinolin-6-ylboronic acid pinacol ester (2.0 equiv.), XPhos-Pd G2 (5 mol%), tert-
butanol, 60 °C, 65%.

For unsymmetrical 3,5-disubstituted benzoic acids P3-39, our strategy with the step
by step addition of two different aryl boronic acids with the previously established conditions
was not very successful, with only 15% isolated yield (Scheme 5.5). Moreover, the product
was not found to be pure enough and required HPLC purifications due to the presence of
symmetrical by-products with similar properties. Thus, an improved strategy was required.
For this, we replaced 3,5-dibromobenzoic acid with 3-iodo-5-bromobenzoic acid in order to
steer the reaction to the iodide during the first coupling and thereby prevent the formation of
symmetrical disubstituted by-products (Scheme 5.5). Quinolin-6-ylboronic acid pinacol ester
was allowed to react with 3-iodo-5-bromobenzoic acid to form mono-substituted P3-int-40,
the chemo-selectivity of the starting material alone was not found sufficient to prevent
unwanted coupling therefore a careful screen of catalysts (RuPhos-Pd G3, XantPhos-Pd G3,
Sphos / Pdz(dba)s, Xphos / Pdz(dba)s, SPhos-Pd G3, XPhos-Pd G2, Pd(dppf)Cl.), solvent
(toluene / water, anhydrous THF, dioxane /water, tert-butanol), reaction temperature (40-80
°C) and time (10-48 h) was initiated (see Table 5.2).
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Table 5.2. Screening of reaction conditions for the coupling of 3-bromo-5-iodobenzoic acid

Entry | Catalyst [mol% in Pd] | Base Temp [°C] | Solvent Ratio Isol. yield
[ Time [h] (int-39:38:sm) [%0]
1 RuPhos-Pd G3 (10) KsPO, | 60/24 dioxane/water | 8:10:10 nd
(1:1)
2 RuPhos-Pd G3 (5) KsPO4 | 60/24 toluene/water 10:6:0.3 nd
(1:1)
3 XantPhos-Pd G3 (5) KsPO4 | 60/48 dioxane/water | 10:1:0 nd
(1:1)
4 XantPhos-Pd G3 (5) K3PO4 | 40/ 24 toluene/water 10:1:3 70
(1:1)
5 Pd(dppf)Cl. (5) KsPO4 | 60/24 dioxane/water | 10:1:3 80
(1:1)
6 XPhos-Pd G2 (1) KsPO4 | 60/24 dioxane/water | 10:7:1 nd
(1:1)
7 SPhos-Pd G3 (5) KsPO, | 60/24 dioxane/water 10:2:0 40
(1:1)
8 Pdz(dba)s;*CHCIls/ SPhos | KsPO4 | 60/ 24 dioxane/water 10:1:04 55
1:1 (10) (1:1)
9 Pdz(dba)s;*CHCIls/ SPhos | KsPOs | 80/24 dioxane/water 10:1:0.3 55
1:1 (10) (1:2)
8 Pdz(dba)s*CHCls/ SPhos | KsPOs | 40/24 tBuOH 10:4:4 nd
1:1 (10)
9 Pd(dba)s*CHCls/ SPhos | KsPOs | 40/20 toluene/water 10:1:3 65
1:1 (10) (1:2)
10 Pd(dba)s*CHCls/ SPhos | KsPOs | 60/ 10 dioxane:water | 5:4:10 nd
1:1 (10) (1:1)
11 Pd,(dba)s;*CHCIls/ SPhos | KsPO4 | 60/ 48 dioxane:water 10:4:1 nd
1:1 (10) (1:1)
12 Pd,(dba)3*CHCIls/ SPhos | KsPO4 | 60/ 24 dioxane/water | 10:0.7:0 40

1:2 (5)

(1:1)

"d not determined

The ratios of the monosubstituted and disubstituted products together with unreacted

starting material were monitored by mass spectrometry (MS). XantPhos-Pd G3, Pd2(dppf)Cl.

and SPhos/Pd2(dba)s were found to be the most chemoselective catalysts for the aryl iodide
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when the reaction was performed with K3sPO4 as a base in dioxane/water at 60 °C for 24
hours (Entries 3,5 and 12, Table 5.2). With these conditions and SPhos/Pdy(dba); as a
catalyst, P3-int-40 was the main product along with 8-10% disubstituted product as the by-
product. Careful purification provided P3-int-40 in moderate yield (45%). The mono-
substituted P3-int-40 was further subjected to a second coupling with XPhos-Pd G2 (5
mol%) as a catalyst to provide P3-40 in good yields (90%).

o) 0 o)
Ar—B(OR),, 1 Ar,-B(OR),,
X OH catalyst, K3PO,, Ar OH catalyst, KsPO,, Ar'
solvent solvent OH
r '
Br Br Ar?

(o] z = (o]
At = /@)ﬁ (j@x A= N@X N /@)(
NS NS
. ~ :

int-39 (not isolated)  int-40 (45%) 39 (11%) 40 (90%)

Scheme 5.5. Preparation of unsymmetrical 3,5-disubstituted benzoic acids. Reagents and conditions: P3-39: i. X
= Br, 3-acetamidophenylboronic acid (0.75 equiv.), PdCIz(PPhs)2 (10 mol%), dioxane: water (1:1), 60 °C; ii.
pyridin-4-ylboronic acid (1.2 equiv.), PdCI»(PPhs). (10 mol%), dioxane: water (1:1), 60 °C; P3-int-40: X =1,

quinolin-6-ylboronic acid pinacol ester (2.0 equiv.), Pd2(dba)3.CHCIs (5 mol%), SPhos (5 mol%), dioxane:water

(1:1), 60 °C; P3-40: 3-acetamidophenylboronic acid (1.5 equiv.), XPhos-Pd G2 (5 mol%), tBuOH, 60 °C.

5.3.2 Evaluation of the fragments against 0XA-48

All the fragments were subjected to biochemical, enzymatic assay. Fragments P3-4a
(ICs0 50 M), P3-18 (ICs0 60 pM), P3-21a (ICso 35 uM), P3-26a (1Cso 60 pM), P3-26b (ICso
36 puM) and P3-35 (ICso 35 uM) were found to have stronger inhibitory activity while
generally most of the other fragments showed inhibition at similar level (ICso > 200 uM) to
the original hit fragment P3-1. We also obtained crystal structures of 33 of the fragment-
enzyme complexes, which gave us insight into the binding mode and further design of the
improved disubstituted compounds, (Scheme 5.5).

By analyzing the individual crystal structures carefully two different binding sites
were identified for the fragments, called the R1 and R2 binding sites (binding sites were
named with respect to binding interactions of 6a-hydroxyethyl (R1) and amidine group (R2)
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group of imipenem with residues (Trpl105, Val120, Leul58) and (11e102, Tyr211, Leu247,
Thr213) respectively), (see Figure 2 in Paper 3).

The most common interactions were between the carboxylate group of the fragments
and the guanidine group of Arg250 =-m stacking interaction of the 3-aryl ring system
attached to benzoic acid with Tyr211 (except for fragment P3-21a and P3-26b). Fragment
P3-21a and P3-26b both showed enhanced activity (10-fold increased inhibition, ICso: 35 and
36 UM respectively), where acetamide group of P3-21a formed a hydrogen bond to the
guanidine group of Arg214 and T-shaped n-m-stacking interaction with Trp105, while the
para-tetrazolyl substituent on ring B of the fragment P3-26b formed a hydrogen bond with
the guanidine group of Arg214. Both these fragments occupy the R site, whereas most of the
fragments were binding to the Rz site. In addition, pyridin-2-yl substituted fragment P3-35
with 1Cso 35 UM also showed 10-fold increased activity, which could be explained by two
alternative conformations one with occupying R2 site as for most of the fragments and other
showing hydrogen bond to Tyr117 in the R1 binding site.

With these results, we initiated the synthesis of disubstituted compounds P3-36 to P3-
40 (merged fragments showing R1 and Rz binding) and as expected we found the improved
inhibitory activity of two of the merged fragments P3-36 and P3-40 to be as low as 2.9 yuM.
Where P3-36 is the merged symmetrically disubstituted fragment based on P3-21a/ 21a and
P3-40 is the merged unsymmetrically disubstituted fragment based on P3-2la/ P3-28

combination, (see Figure 9, Paper 3).
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Table 5.3. Inhibitor activities of a library of 3-substituted benzoic acids analogues against OXA-48 (ICso and
Kq).

ID Ar = ICso | Kb ID Ar = 1Cso Kb
Strategy M) | (pM) Strategy/ (uM) (uM)
/yield Yield
P3-3a* P3-16b | HaN
90 170 \/\© 1000 970
B/ 78% ¢ B/ 67% s
P3-3b* P3-17%a¢ | QN
170 | 300 R ‘@ 370 | 100
B/ 67% R B/ 41% S,
P3-da* OH P3-18°¢ %N
@ 50 | 175 X ‘@ 60 210
A/ 94% s B/ 65% s
P3-4b* P3-19a%° | ~g® ,
@ 110 | 110 &N % 110|110
A/98% | HO (2 B/ 26%
0]

P3-dc* HO—©-§ 470 | 170 PRI | ¥ 450 | 240
Al 39% B/ 10% 8 A )s

Pe-ot L, Joo |20 PI20t | 3 % 370 | 200
A8a% | S B/ 11% /'b\/\©

P3-6a* SN P3- 21a* 0
@f 250 | 123 M s 35 100
Al 98% s A/ 98% H
P3-21b* H
P3-6b* N
- 360 | 226 A ‘@ 450 | 290
Al 98% 0 ¢ © S
98%
P3-6c* P3-22%b j .
o_©.§- 150 | 250 N “ 130 | 130
A/86% |/ Al 87%
P3-7 s P3-23a*¢ N .
< @ 400 | 1000 ' % 230 |170
A/ 91% oe B/ 46% °
Pa-8a” @F 130 | 170 Pt } ,\/©h 520 190
A/ 68% s B/ 34% A N

P3-8b* P3-24%* b
@ 130 | 240 Ho % |20 | 140
AI98% | FIXSY Al 34%

P3-8c* P3-25 N
F—< > - 360 | 312 z N—< }2- 1300 >1000
Al 78% ¢ B/ 15% Y
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P3-0a0° L P3-262* | M
0 210 | 200 N S 60 70
A/ 57% s B/ 98% iy
P3-9b* P3-26b* | N
O s 260 | 144 N ,)_©§. 36 70
A 54% " B/98% | N
P3-10 o P3-27* N
>\—©§- 380 | 280 | 110 | 400
A 98% B/ 67% Z
NH
P3-11a 2 e P3-28* NN
o 2 260 | 220 (j@ 240 | 160
A 98% B/ 87% N
P3-11b* 2 P3-29 HN
\>—< >§- 180 | 350 g 170 130
A/97% | HN B/ 36% X
0 N
P3-12a* | ~& _ .. P3-30 |
A 120 | 150 Nr\/l\[ 800 | 900
A 82% B/ 45% S
P3-12b I P3-31 N XY
°=.S.—< >§- 380 | 361 1/1 350 113
A 90% 8 BI67% | HNAN
p3-13* | HN P3-32 N’
@ 330 | 330 @ 500 | 590
B/ 35 % o A/ 6% o
|
P3-14* N P3-33 s
- 390 | 220 [ )s- 800 900
AJ 95% @ B/ 24% g
P3-15a | mn P3-34 N
U 600 | 800 @ 310 | 400
B/ 36 % B/ 20% S,
P3-15b | m P3-35* >
i, |40 550 o] 35 | 159
B/ --% 2 Al 98% N7
P3-16a | HN
. \/\©/ 110 | 300

* X-ray structure of fragment-enzyme complex available. # Reaction in anhydrous THF instead of dioxane:water as a solvent; ® XPhos-Pd
G2 as a catalyst instead of PdCI,(PPhs),; ¢ PACl,(dppf) as a catalyst instead of PdCl,(PPhs),.
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5.4 Conclusion

By rationally changing the substituent-groups of the benzoic acid derivatives we have
been able to use structural information to design an improved inhibitor of the OXA-48
enzyme. We identified inhibitory fragments with 1Cso < 40 uM (P3-21a, P3-26b and P3-35).
Moreover, the most interesting fragments were selected from crystal structures of 33
fragment enzyme complexes, to design five merged fragments. The inhibitors P3-36 and P3-
40 showed ICsp values as low as 2.9 uM, had improved inhibitory potential and were the best
inhibitors of this study. The complex crystal structures of P3-36 and P3-40 revealed that the

interactions of the individual fragments were mainly retained in the merged structures.
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6. Inhibitor design and future

perspective

During the course of our studies, we explored and analysed various crystal structures
of the target enzymes bound to our inhibitors to gain the structural insight necessary to
improve our synthesized inhibitors and design new inhibitors. The first half of this chapter
describes synthesis of 2" generation of inhibitors for the thiophosphonate- (Paper 1) and
triazole-based inhibitors (Paper 2), that is supported by the knowledge gained from the
crystal structures of the target enzymes bound to our inhibitors described in Chapters 3 and 4.
The second half of this chapter focusses on comparative studies, where we explored and
compared some recently reported inhibitors in the literature with our inhibitors bound to the

enzymes.

6.1 Towards 2nd generation of thiophosphonate- and triazole-based

inhibitors

6.1.1 2nrd Generation of mercaptophosphonate compounds

In Paper 1, analogues of mercaptocarboxylic acids were prepared by replacing the
carboxylate group with bioisosteric groups such as phosphonate esters, phosphonic acids and
NH-tetrazoles. The inhibition potentials of the resulting compounds were measured against
VIM-2 and NDM-1 and GIM-1 MBLs.

The new MBL inhibitors showed ICsp values in the low micro- and high nano-molar
range for the three MBLs studied. Encouraged by these results another series was planned
(not included and published in Paper 1) with the aim to enable the modular synthesis of
inhibitors with various side chains. At this stage, however, we had not yet obtained crystal
structures. A series of mercaptophosphonate-based compounds having an N-substituted

triazole moiety incorporated in the side chain was envisioned (Scheme 6.1). A key
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intermediate in the synthesis was alkyne 21, which was envisioned to allow for introduction

of side chains late in the synthesis via formation of the triazole in an azide-alkyne click

reaction.
EtO_ P//O EtO\P// (© EtO._ &
a b C
(a) Eed o\ (b) EtG OH N SAc
G Z &
co. O O 19 20 21
~
/P\)]\o/\
EtO (d)
5
o]
HO_ 7 HO\P// Eto\F{/
/ SH
HO (f) HO SAC () Etd She
S S € S
\;‘J’N‘7 \;\l’N7 \;‘J’N7
Ph Ph Ph
24 23 22

Scheme 6.1. Synthesis of phosphonate and phosphonic acid containing thiol-based inhibitors. Reagents and
conditions: (a) R-Br (3-bromoprop-1-yne), K.COs, DMF, 0 °C- rt- 60 °C (28 h), 19: 57%); (b) LiBH4, THF, MW
80 °C, 10 min, 20: 38%; (c) MsCI, NEt;, DMAP, CHCIy, rt; then KSAc, DMF, rt.; 21: 36% over two steps; (d)

CuS0., Na-(+)-ascorbate, H,0: tBUOH (1:1), Benzoic acid, NaOH, 22: 10%. () NaSMe, MeOH, -20 °C, (not
performed); (f) TMSBr, CH.Cl,, then MeOH, rt., (not performed).

For the synthesis of this library, the alkylation of triethylphosphonate P1-5 was
carried out using potassium carbonate and propargyl bromide with a ratio of 1: 0.7 (P1-5:
propargyl bromide) in DMF at 0 °C. The reaction mixture was brought to room temperature
before heating up to 60 °C. The alkylation of compound P1-5 to yield compound 19, that was
found to be more efficient in terms of the yields when the reaction was performed at 60 °C.
Purification was carried out with column chromatography using ethyl acetate and hexane
(60:40), but it was found impossible to separate the mono- and dialkylated products
completely even after repeated column chromatography. At this stage, we did not focus on
the purification of the monoalkylated product.

The ester 19 was converted to alcohol 20 using LiBHs by the same strategy as
described for compound P1-7 (Chapter 3). The yield for alcohol 20 was low (38%) but
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conventional heating at 50 °C for 18 hours gave no improvement in the yield. Mesylation of
the alcohol 20 was carried out using mesyl chloride followed by substitution with potassium
thioacetate as a nucleophile, which gave thioacetate 21 in 36% yield.

The synthesis of triazole 22 from alkyne 21 (Table 6.1) was attempted with
conventional heating in DMF and then in the presence of CuSO; as catalyst without success.
In other attempts CuSOs in the presence of sodium ascorbate as a reducing agent (166) was
used Entry 4-7, Table 6.1 but did not yield the target compound unless stoichiometric
amounts of CuSO4 and sodium ascorbate were used (Table 6.1, Entry 7) to yield the target
triazole in only 10% vyield.

The yield of the reaction was low and we speculated that chelation of the copper
catalyst by the product may lead to loss of product during purification with column
chromatography. However, at this point the continuation of this project was put aside, due to
the unavailability of the crystal structures of P1-inhibitors (described in Chapter 3) at that

time, and for the benefit of other projects.
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Figure 6.1. The crystal structures of VIM-2 with inhibitors: (a) P1-2b, shown as cyan sticks, (b) compound 23,
based on the crystal structure of VIM-2:P1-2b, PDB ID: 5MM9, (magenta sticks). The compound is built in the
active site of VIM-2 using PyMOL. (c) Overlay of inhibitor P1-2b and the built compound 23. The overlay

points out the possibility of exploring different aryl groups that can be easily introduced by using click
chemistry. VIM-2 is shown in a pink cartoon representation with important binding site residues shown as pink

lines and Zn?* ions are shown as grey spheres.

Later, the crystal structure of VIM-2:P1-2b was used as starting point to model
inhibitor 23. The modeled inhibitor 23, (Figure 6.1 panel b), indicates that the introduction of
an N-substituted triazoles moiety alone would not give significant interactions that can
enhance binding affinity, although it has similar pose to that of inhibitor P1-2b. However, the
introduction of other substituents as side chains seems feasible from a structural point of
view, leading to the conclusion that compounds 22-24 could provide an interesting series of
inhibitors.
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Table 6.1. Screening of reaction conditions for the synthesis of triazole 22

EtO Reactants/Reagents
ndition ~
Z 21 o N‘f«—” 22
ol
Entry | Reactants Solvent/Reagents Temp. | Time [h] |Conv [%0]
[°C]

1 PhCH2N3 DMF 80 18 0
2 PhCH2N3 CuBr (2 mol %), TEA, DMF 60 24 0
3 PhCH2N3 Cul (2 mol %), TEA, CHCl, 40 22 0
4 PhCH:N3 1) CuSOq, 1.5 equiv rt 48 0

Na-(+)-ascorbate, 2.5 equiv
H,O:tBUOH (2:1), 2) EDTA, 3) NaOH
5 PhCH:N3; |1) CuSQOs, 0.04 equiv, Na-(+)-ascorbate, 1 equiv, rt 48 0

H,O: tBUuOH (2:1)
2) EDTA, 3) NaOH
6 PhCH:2N3 1) CuSQq, 0.2 equiv rt 48 0

Na-(+)-ascorbate, 1 equiv
H20: tBuOH (1:2), 2) Formic acid, 3) NaOH
7 PhCH2N3; | 1) CuSOsq, 1 equiv, Na-(+)-ascorbate, 1.5 equiv rt 48 10
H20: tBuOH (1:1), 2) Benzoic acid, 3) NaOH

6.1.2 2nd Generation of triazole inhibitors

The crystal structures of inhibitors P2-1ei"and P2-1dd described earlier (Chapter 4),
gives insight into the binding mode of these inhibitors. The main interactions included, the
interaction of the triazole ring with one of the Zn?* ions and H-bonding between of one of the
triazole nitrogen and Arg228, in addition to the interaction of the sulfonamide moiety with
Ala231 and/or Asn233. Close inspection of the crystal structures shows available space
around the R2 group of the inhibitor (Figure 6.2 panels b and d). This space motivated us to
modify the inhibitors described in Chapter 4. Thus, we designed a small series of compounds
in which the R2 group would be extended by 0-3 carbon spacer, with the expectation that the

compounds with more than one methylene spacer may give a tighter fit in the binding pocket.
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For the synthesis of these targets, compound 25 was prepared using the same strategy
as described in Scheme 4.2 (Chapter 4). 25 underwent the Banert-cascade rearrangement to
give NH-triazole sulphonamides 26-33, in the presence of selected nucleophiles under the
conditions described in Table 6.2. The compounds 26-28 were obtained with low purity even
after repeated column chromatography (Entries 1-3, Table 6.2). Moreover, when testing the
impure compounds, precipitation from the buffer solution was observed and thus no tests
were performed. The reason for this is not obvious. Attempts to synthesize 29-33 (Entries 4-
8, Table 6.2) resulted in complex reaction mixtures, which after repeated column
chromatography did not yield the purified desired compounds. Other attempts for Entries 5

and 8, in which the solvent was changed to DMF, were also unsuccessful.

0ef
cl ~Cl _ KyCO4 / — \ ﬁ
—_—
\T\— + cl HN—S I
THF/H,0 I
NH,.HCI 0°C,1h 0
|
NaN; HCI /T — \ T Reagents HN—g |
DMF, rt N HN—S I > R2 1]
o HN_ N
N
25
26-33

Scheme 6.2. Synthesis of intermediate 25 and inhibitors 26-33.
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Table 6.2. 2 Generation of triazoles based inhibitors

I
Entry ID Solvent/Reagents * Yield
,/O
//S\
R1 (o] HN Rz
Ns _NH
N
RZ
1 26 é—“-@*s/ Methylthioaniline 3 equiv, | 86%
CHClI,
2 27 2-phenylethan-1-amine, 3| 61%
equiv
$-NH
3 28 /_/_<:> 3-cyclohexylpropanol, 5 equiv | 65%
40
4 29 J_QOH 2-aminoethylbenzene-1,2- ND
H
N " diol, 5 equiv, 1:4 H,0:DMF
5 30 2-phenylethane-1-amine, 5 ND
equiv, dioxane
£NH
6 31 _E_N/ \0 Morpholine, 10 equiv, CH2Cl; ND
/
7 32 /_<:> Cyclohexylmethanol, 5 equiv, ND
'§'° dioxane
8 33 o Decahydronaphthalenol, 5 ND
. equiv, dioxane

*all the reactions were carried out at 60 °C for 16h, N° not determined



Figure 6.2. The crystal structures of inhibitors P2-1ei"and P2-1dd” in complex with VIM-2: (a) interactions
shown in the active site with inhibitor P2-1ei’, shown as white sticks; (b) interactions shown in the active site
with inhibitor P2-1dd", shown as purple sticks; (c) Surface view of the active site with inhibitor P2-1ei”", shown
as cyan sticks; (d) Surface view of active site with inhibitor P2-1ei", shown as purple sticks. Zn?* ions are shown

as grey spheres.

6.2 Literature based search for scaffolds directed towards inhibitor

development

The following section covers interesting findings and future directions based on the

overlay of crystal structures of our inhibitors with some of the inhibitors from literature.
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6.2.1 Inhibitors active across different subclasses in MBLs

6.2.1.1 Bisthiazolidines (BTZs)

Bisthiazolidines (BTZs) are described in the literature as cross-class inhibitor and is
known to show multiple binding modes, (Figure 6.3 panels a, b and c). These binding modes
enable them to be effective across different MBL sub-classes. BTZs can bind the di-zinc
centers of B1 (NDM-1, IMP-1 and Bcll) and B3 (L1) MBLs via their free thiol. While in
NDM-1, the thiol group interacts with the Zn?* ions, in addition to an interaction of the
hydrogen of the thiol group with His189. An overlay of the poses of bisthiazolidine observed
in the B chain of VIM-2 (Figure 6.3 panel b) shows a similar thiol interaction with Zn®* as
observed with the metal-chelating moieties in our inhibitors P2-1dd”, P1-10c and P2-lei’
(Figure 6.3, panels d, e and f, respectively). Surprisingly, in another pose, bisthiazolidine
observed in the chain A of VIM-2 binds between Asn146 and the carboxylate group, whereas
no interaction is observed between thiol group and the metal ions. For the mono-zinc B2
MBL, Sfh-1, the carboxylate group interacts with the Zn?* ion, while the thiol is buried deep
into the hydrophobic cavity adjacent to the active site (a3 helix), thus making the thiol group
incapable of binding to the Zn?* ion. (167,168)

The different poses of BTZs, as can be observed in the active site of NDM-1 and in
VIM-2 chain A and B (Figure 6.3, panels a, b and c), suggest that the presence of different
groups in a single molecule can give rise to different interactions across different classes of
MBLs. In our inhibitors, we also have different functional groups, e.g., in our
mercaptophosphonate inhibitors, the presence of both the thiol and phosphonate can make

them versatile.
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(d)

(e) 8 _____________ 1

(b)

Figure 6.3. Different binding poses of BTZs across subclasses of MBLs and overlays with inhibitor P2-1dd",
P2-1ei” and P1-10c. (a) NDM-1 with BTZ, (b) BTZ in chain A of VIM-2. There seems to be more than 1 poses
and the SH group does not interact with the Zn?* ions as observed in the chain A of VIM-2, (¢) BTZ in chain B

of VIM-2, (d) overlay of BTZ with P2-1dd", (e) overlay of BTZ with P1-10c, (f) overlay of BTZ with P2-1ei".
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6.2.2 Inhibitors with dual action targeting both SBLs and MBLs

6.2.2.1 Rhodanine-based inhibitors

An increase in the number of organisms containing both SBLs and MBLs is being
observed, (169,170) which accentuates the need for compounds able to target all BLs. Only a
few compounds are reported to target both SBL s and MBLs. Rhodanine-based compounds
are class of compounds that show inhibitory potential towards penicillin binding protein
(PBP), (171,172) SBLs (173) and more recently reported towards MBLs as well. (170,174)
The 5-membered heterocycle containing thiazolidine, is considered to be a privileged
scaffold, despite being promiscuous binder. (175,176) It can inhibit PBP and SBLs by non-
competitive binding (mechanism not clear). (171) ML302 is one such inhibitor that shows
nano-molar inhibition towards MBLs such as VIM-2 and IMP-1 (K;= 183 + 24 and 930 + 97
nM, respectively). Jurgen et.al. performed crystallization studies to determine the mechanism
for MBL inhibition by rhodanines, which reveal that ML302 (a rhodanine-based inhibitor of
VIM-2 and IMP-1), undergoes hydrolysis to yield thioenolate fragment (ML302F) that can
bind to the active site zinc ions of the MBL enzymes. The enzyme complex VIM-2:ML302
shows the presence of both ML302 and ML302F in chain A and ML302 only in chain B.
Further studies suggested, that both ML302F (ICso = 307+£15 nM) or ML302 (ICso = 498+18
nM) alone have lower inhibition activity than a 1:1 mixture of ML302 and ML302F (ICso =
1644 nM). (170)

s Cl (o] s
“ S’«N_R ME:rl;e?jriabt:Zer “ N OH “ s’«N_R
Cl Z Cl SH Cl Z
cl o cl o
ML302 ML302F

Scheme 6.3. Hydrolysis of Rhodanine

When compared to our inhibitors P1-10c and P2-1lei’, we can see in the overlay
structure (Figure 6.4, panels ¢ and d) that our inhibitors occupy very similar areas in the
binding pocket to ML302+ML302F. In addition, the aryl group of our inhibitors overlaps
with the aryl group of ML302. Furthermore, SAR-studies carried out on rhodanine
derivatives, demonstrated the importance of an ortho di-substitution pattern (as on the
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aromatic moiety of ML302 and ML302F, (170,174) see Figure 6.4) for activity against VIM-
2 and IMP-1. This thus suggests that the incorporation of an ortho-dichloro-phenyl (as the
aryl group) may enhance the activity of our inhibitors (Papers 1 and 2) for MBLsS, VIM-2 and
IMP-1. One can also see that the ethylidenethioxothiazolidinone moiety occupies an area in
the active site which is not yet explored by our inhibitors (Figure 6.4, panels ¢ and d). It
would therefore be interesting to introduce either thioxothiazolidinone or other heterocylcles
with one or two-carbon spacers at the ortho position of the aryl group. The resulting

inhibitors might show good fits in the active site.

Figure 6.4. The crystal structures of VIM-2 showing active site view, (a) In complex with ML302 and
ML302F. The inhibitors are shown in purple sticks; (b) overlay of P1-10c and P2-1ei” shown in margenta and
white sticks respectively, with ML302 and ML302F. ML302 and ML302F are represented in black lines for
clarity; (c) overlay of P1-10c with ML302 and ML302F shown in margenta and purple sticks respectively; (d)
overlay of P1-1ei” with ML302 and ML302F, (shown in white and purple sticks respectively). The enzyme

VIM-2 is shown in a light brown cartoon representation and Zn?* ions are shown as grey spheres.
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6.2.2.2 Cyclic boronates

Another such class of inhibitors are cyclic boronates, which have recently been
shown to inhibit both SBLs and MBLs, (Figure 6.5, panels a and b). (177) The mechanism of
action of the cyclic boronates targeting the MBLs Bcll and VIM-2 was studied by Jirgen
et.al. (52) and Cahill et al. (38) with the help of crystal structures of the cyclic boronate, CB2
in complex with these enzymes, (Figure 6.5 panel a). The study revealed that the two
hydroxy groups of the boronic acid co-ordinate with one of the Zn?* ions, thus mimicking the
tetrahederal oxyanion intermediate from the pB-lactam hydrolysis, (see Figure 6.5, panel ¢ as
well as Section 2.5.2, Chapter 2 for more detail). The binding mode of CB2 particularly
shows a close resemblance to the hydrolyzed form of cephalosporin. (52,177)

Moreover, cyclic boronates CB1 and CB2 are also able to exhibit inhibition against
some class C SBLs and class D SBLs such as OXA-24, OXA-48. (52) Mechanistic studies
with the help of the crystal structure of the cyclic boronate CB1 in complex with OXA-10
(Figure 6.5, panel b), reveal a covalent interaction between the nucleophilic hydroxyl group
of Ser-67 and the tetrahedral boron atom, (Figure 6.5, panel d). This binding mode shows a
strong resemblance to the tetrahedral Intermediate 1 that leads to the formation of acyl-
enzyme complex (see Section 2.5.3, Chapter 2 for more details).

Although the overall sequence of the enzymes OXA-48 and OXA-10 is not very
similar, the active site residues are quite conserved and consequently the two can be
compared. It would be interesting to incorporate a cyclic boronate group together with R2
binders for OXA-48 (described in Chapter 5), where they may provide similar covalent
interactions with OXA-48 as seen between the nucleophilic hydroxyl group of Ser67 in
OXA-10 and tetrahedral boron atom of the CB1 cyclic boronate. (52) This may enhance the
potency of our inhibitors by mimicking the tetrahederal oxyanion intermediate from the -
lactam hydrolysis. The overlay of the CB1 with inhibitor P3-26b strengthens our hypothesis

of achieving a potent inhibitor.
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Figure 6.5. The crystal structures of (a) VIM-2 with inhibitor CB2, shown as red sticks; (b) OXA-10 with CB1,
shown as purple sticks (52); (c) Resemblance of oxyanionic intermediate, (EI) in MBL hydrolysis, with
cyclichoronate bound to VIM-2; (d) Resemblance of Intermediate 1, (EI%) in SBL hydrolysis with
cyclicboronate bound to OXA-10; (e) Molecular structures of our inhibitor P3-26b and the cyclic boronate-
based inhibitor, CB1 that allowed us to propose inhibitor A; (f) Overlay of inhibitor P3-26b and the cyclic
boronate based inhibitor, CB1 (depicted in yellow and purple sticks, respectively) bound to the enzymes OXA-
48 and OXA-10, leading to the proposed inhibitors shown on a surface representation of the active site of OXA-
48.
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6.2.3 Inhibitors targeting class D SBLs

6.2.3.1 Penicillanic acid sulfone-based inhibitors; a possibility to

achieve additional interactions

The inhibitors described in the Paper 3, were found to occupy mostly the R2 binding
pocket in the active site while some occupied R1 binding site, (the amino acids that defines
R1 and R2 binding pockets are described in the Paper 3). LN-1-255, is a penicillanic acid
sulfone-based inhibitor able to inhibit the class D carbapenemase OXA-48, with an 1Cso of
3nM with nitrocefin as the reporter substrate as compared to ICso 1.5uM for tazobactam.
(178) Docking studies on LN-1-255, done by Vallejo et.al (178) points out that the catechol
moiety in the side chain occupies another region than the R1 and R2 binding pockets. In
addition, docking studies suggest that the catechol moiety can provide an additional
hydrogen bonding interaction between the phenol groups of the catechol moiety and the
amino group of Lys208 present in the large pocket close to the active site (which is not the
same as R1 or R2 binding pocket). (178) In addition, a catechol moiety may introduce other
beneficial properties to the compound, such as facilitating the entry of the molecule through
the bacterial cell membrane. (178,179)

A side chain containing catechol group with 3-4 carbon spacer, when merged with
one of our R1 binders, e.g. P3-26b, can give the same hydrogen bonding interaction. To
confirm this possibility, a hypothetical molecule has been constructed in the active site of
OXA-48, (Figure 6.6, panels d-g). The new molecule is more flexible and shows the
hydrogen bonding interaction of the phenolic group of the catechol moiety, with the amino
group of Lys-208, as expected, (Figure 6.6, panels d and f).

Another possibility is to start with 4-amino-4'-(1H-tetrazol-5-yl)-[1,1'-biphenyl]-3-
carboxylic acid, compound X, that will permit us to introduce side chains with ease, thus
allowing us to explore the corresponding binding pocket. In addition, various amides,
sulphonamides and esters could be made. Another hypothetical structure was built by using
the crystal structure of the fragment OXA-48 in complex with P3-26b, which shows the
possibility of hydrogen bonding between the C=0O group of the amide and the hydroxyl
group of Ser118, (Figure 6.6, panels c, f and g).
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Figure 6.6. (a) Molecular structures of our inhibitor P3-26b and penicillanic acid-based inhibitor LN-1-255 that
allowed us to propose inhibitor X; (b) Surface view of active site of OXA-48 in complex with inhibitor P3-26b;
(c) molecular docking of LN-1-255 in to the active site of OXA-48, (figure reproduced with permission from
(178)). Analysis of (b and c) allowed us to design the hypothetical inhibitors as shown in panel (d and f) built in
the active site of OXA-48, (as yellow sticks). The figure shows important interactions with the side chains of
active site residues (white lines); (e, g) The surface representations of the hypothesizes inhibitors in the active
site of OXA-48.

6.3 Conclusion

With the enzyme inhibitor complexes obtained during the studies in hand, we have explored
and compared some recently reported inhibitors in the literature with our enzyme-inhibitor
complexes. The comparative studies turned out to be valuable and paved our way for future

directions and design of improved inhibitors.
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7.  Concluding remarks

This thesis describes the synthesis and evaluation of inhibitors targeting carbapenemases.

To search for inhibitors targeting a range of class B MBLs, namely VIM-2, NDM-1,
and GIM-1, we modified the known mercaptocarboxylic acid with a bioisosteric approach.
The search revealed new MBL inhibitors with ICso values in micro- to nano-molar range,
described in Chapter 3. Among the synthesized inhibitors, the most potent inhibitors contain
a thioacetate and a phosphonic acid group.

In Chapter 4 the synthesis of another series based on the NH-triazoles motif was
synthesized and evaluated against VIM-2, NDM-1, and GIM-1. Generally, inhibitors
displayed good inhibition against VIM-2. Some inhibitors were also active but to a lesser
extent against NDM-1 and GIM-1.

In Chapter 5, we explored the active site of OXA-48, a class D, serine B-lactamase
with the help of a hit from our fragment library search utilizing surface plasmon resonance
and enzyme inhibition assays. Several interesting fragments were found and modified to give
improved inhibitors.

In all the studies crystal structures were obtained and assessed to give further insight
in inhibitor-enzyme binding with the aim to guide future inhibitor design. The crystal
structures revealed relevant information for further development of the inhibitors. In
addition, comparison with some reported inhibitor-enzyme complex structures with our
inhibitors-enzyme complex structure yielded interesting starting points for the future design

of broad-spectrum inhibitors presented in Chapter 6 of the thesis.
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