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1. Introduction 

The aim of this work is to develop and evaluate new metallo-β-lactamase in-
hibitors to contribute to the fight against the increasing global challenge of 
antibiotic resistance. 

Antibiotics have been fundamental for modern medicine, providing treat-
ment for bacterial infections and saving countless lives since their discovery.1 
Our healthcare system highly relies on antibiotics from basic medical proce-
dures to modern cancer treatments (Figure 1.1).2,3 Without effective antibiot-
ics e.g. a simple wound infection, which is easily treatable for more than 80 
years, could be deathly again as it was in the pre-antibiotic era. 

 

 
Figure 1.1. Effective antibiotics are the basis for a working healthcare system.2 Cre-
ated with BioRender.com. 

 
The emergence of antibiotic resistance poses a significant threat to public 
health4, as bacteria evolve mechanisms to evade the effects of these life-saving 
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drugs.5 It was estimated that antibiotic-resistant infections were directly re-
lated to 700,000 - 1.27 million deaths in 2019.4,6,7 If current trends continue, 
this number could rise up to 10 million per year by 2050, which reaches the 
number of deaths caused by cancer (Figure 1.2).4,6,7 One especially challeng-
ing resistance mechanism involves metallo-β-lactamases (MBLs), enzymes 
that degrade β-lactam antibiotics, rendering them ineffective.8-10 They are able 
to dismantle even our last-resort carbapenems, which leaves us very limited 
options to treat difficult infections, often including agents with serious side 
effects like e.g. nephrotoxicity, neurotoxicity or anaphylaxis.11-15 
Metallo-β-lactamases endanger the application of our most commonly pre-
scribed and worldwide used β-lactam antibiotics.16  

β-Lactams are one of the most important group of antibiotics due to their 
broad spectrum activity against a wide range of bacterial infections combined 
with relatively low toxicity.17 They are extensively used in clinical settings 
worldwide and it is crucial to preserve them for future generations. To counter 
the problem caused by metallo-β-lactamases, the development of metallo-β-
lactamase inhibitors (MBLIs) offers a viable strategy for restoring the efficacy 
of β-lactam antibiotics.18-20  

Despite the urgent need, the development of new antibiotics and inhibitors 
is not an attractive venture for pharmaceutical companies, primarily due to 
high costs and low financial returns.21-23 
 

 
Figure 1.2. Number of deaths attributed to antimicrobial resistance is estimated to 
exceed the number of deaths caused by cancer by 2050.6,7 
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1.1 The multidisciplinary problem of antibiotic 
resistance 
Antibiotic resistance is a complex, multidisciplinary problem that poses a se-
vere threat to global health and requires coordinated efforts across various 
fields to be addressed effectively. It does not only affect healthcare, but also 
animal care, food production, and economics.24,25 Antibiotic resistance is a 
significant financial burden, costing the global healthcare system an estimated 
$20 billion in direct costs annually, with additional costs of $35 billion due to 
lost productivity.26 Antibiotic resistant infections are difficult to treat, leading 
to longer hospital stays, extended intensive care, the need for more complex 
treatment and higher mortality rates.4,27-32 It causes productivity loss due to 
prolonged sickness and absence from work.33,34 Many modern medical proce-
dures, such as surgeries, chemotherapy, and organ transplantations rely on ef-
fective antibiotics to prevent and treat infections and lower the risks of severe 
complications.4,35 Antibiotic resistance jeopardizes the safety and success of 
these procedures.36 Without effective antibiotics, common infections and mi-
nor injuries can become life-threatening again. 

It may seem like antibiotic resistance is not a major problem for developed 
countries. Currently, the burden of antibiotic resistance disproportionately af-
fects low- and middle-income countries, where access to healthcare and anti-
biotics is limited.37,38 However, antibiotic resistance does not recognize bor-
ders. Resistant bacteria can quickly spread between individuals, communities, 
and countries through international travelling and trading, making it a global 
health issue.4,39,40  

The rise of resistant bacteria is driven by factors such as overuse and misuse 
of antibiotics in human medicine and agriculture, insufficient infection control 
measures, and inadequate sanitation practices.3,4,41,42 While resistance occurs 
naturally and cannot be completely eliminated,43,44 it is important to realize 
the need for more rational use of antibiotics to avoid the resistance accelera-
tion. Immediate action is necessary to prevent the next major global health 
crisis of the modern era. 

Currently, the pipeline for new antibiotics is limited, and resistance is out-
pacing the development of new drugs.21,45 This means that fewer treatment 
options are available for resistant infections and that we increasingly rely on 
last-resort antibiotics. The overuse and misuse of antibiotics accelerated the 
development of resistance, which lead to the need for new types of antibiotics, 
that might have more severe side effects and might be less accessible.46,47 Re-
search estimates that already 5.7 million people die every year due to lack of 
access to effective antimicrobials.48 Antibiotic resistance is a significant prob-
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lem across various classes of antibiotics, but the most pressing issues are ob-
served for β-lactams, which account for more than 65 % of all antibiotic pre-
scriptions and are available even in low- and middle-income countries.18,49,50 

1.2 β-Lactam antibiotics 
There are 12 main classes of antibiotics, the β-lactams, the sulfonamides, the 
aminoglycosides, the tetracyclines, chloramphenicol, the macrolides, the gly-
copeptides, the ansamycins, the quinolones, the streptogramins, the oxazoli-
dinones and the lipopeptides, all having been discovered around the 
1930’s - 1990’s (Figure 1.3).51-53 Although, there were some new discoveries 
since,51,54 they still remain our main antibiotic arsenal. They operate through 
various mechanisms to target and kill bacteria or inhibit their growth.17,55,56 
β-Lactam antibiotics inhibit cell wall synthesis by binding to penicillin-bind-
ing proteins (PBPs), preventing the cross-linking of peptidoglycan chains, 
which are crucial for bacterial cell wall integrity. Glycopeptide antibiotics, as 
vancomycin, also disrupt cell wall synthesis but by binding directly to the pep-
tidoglycan precursors. Macrolides (such as erythromycin), tetracyclines (e.g. 
doxycycline), chloramphenicol and oxazolidinones all inhibit protein synthe-
sis by binding to bacterial ribosomes, preventing the translation of essential 
proteins. Aminoglycosides, such as gentamicin, also interfere with protein 
synthesis by causing misreading of mRNA. Fluoroquinolones, including 
ciprofloxacin, target bacterial DNA gyrase and topoisomerase IV, enzymes 
essential for DNA replication and transcription. Lastly, lipopeptides as the 
polymyxins bind to the bacterial cell membrane and disrupt its integrity. 
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Figure 1.3. The 12 main antibiotic classes.51-53 



 

 20 

The first discovered β-lactams became a very successful class, as they are still 
the most prescribed antibiotics worldwide, they are cheap and also available 
in low- and middle income countries, and nevertheless they have very few side 
effects.17,57 They also have a broad spectrum of antibacterial activity,58,59 in-
cluding both Gram-positive and Gram-negative pathogens such as Staphylo-
coccus aureus, Streptococcus pneumonia , Escherichia coli, and Pseudomo-
nas aeruginosa.56 Their importance is highlighted by the World Health Or-
ganization (WHO) that published the Model List of Essential Medicines, 
where half of the key access antibiotics come only from the β-lactam group 
(Table 1.1).60 

 
Table 1.1. Essential antibiotics according to the WHO Model List of Essential  
Medicines.60 

β-LACTAM MEDICINES OTHER ANTIMICROBIALS 

amoxicillin cefalexin amikacin metronidazole 
amoxicillin + 
clavulanic acid 

cefazolin chloramphenicol nitrofurantoin 

ampicillin cloxacillin clindamycin spectinomycin 
benzathine 
benzylpenicillin 

phenoxymethyl-
penicillin 

doxycycline sulfamethoxazole 
+ trimethoprim 

benzylpenicillin procaine benzyl 
penicillin 

gentamicin trimethoprim 

 
Antibiotic resistance is endangering this important class of medicines as 
well. The WHO Bacterial Priority Pathogens List displays the pathogens that 
pose the greatest threat to human health. On this list, in total 8 out of the 13 
bacterial families, and all from the critical group are resistant to β-lactam 
antibiotics (Table 1.2).61 This highlights the importance of this class of an-
tibiotics and demonstrates why the resistance problem against β-lactams 
needs to be addressed. 
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Table 1.2. The WHO Bacterial Priority Pathogens List.54 The β-lactam resistant path-
ogens are highlighted in blue. 

Priority 1: CRITICAL Priority 2: HIGH Priority 3: MEDIUM 

Acinetobacter baumannii, 
carbapenem-resistant 

Salmonella Typhi, fluoro-
quinolone-resistant 

Group A Streptococci, 
macrolide-resistant 

Enterobacterales, 3rd gen-
eration cephalosporin-re-
sistant 

Shigella spp., fluoroquino-
lone-resistant 

Streptococcus pneumo-
nia, macrolide-resistant 

Enterobacterales, car-
bapenem-resistant 

Enterococcus faecium, van-
comycin-resistant 

Haemophilus influenza, 
ampicillin-resistant 

 
Pseudomonas aeruginosa, 
carbapenem-resistant 

Group B Streptococci, 
penicillin-resistant 

 
Non-typhoidal salmonella, 
fluoroquinolone-resistant 

 

 

Neisseria gonorrhoeae, 3rd 
generation cephalosporin-
resistant, fluoroquinolone-
resistant 

 

 
Straphylococcus aureus, 
methicillin-resistant 

 

 
The β-lactam class consists of hundreds of molecules, all having the four-
membered β-lactam ring as a key element in the structure, which is essential 
for their activity (Figure 1.4).16,18,62 Their history started in 1928 when Sir 
Alexander Fleming discovered penicillin, which shortly became a life-saving 
medicine.63 It was called the miracle drug during the second World War and 
is estimated to have saved over 200 millions of lives up to date.64 Researchers 
repeatedly modified the original structure to improve efficacy, ADME prop-
erties or toxicity, which lead to the subclasses of penams/penicillins, oxa- and 
carbapenams, penems, oxa- and carbapenems, cephems/cephalsporins, oxa- 
and carbacephems and monobactams.18,62,64 Important to note that car-
bapenems are considered as last-resort drugs that should be saved for difficult 
to treat, life threatening infections caused by multidrug-resistant bacteria, 
where no other treatment options are effective.65-68 Unfortunately, resistance 
exists against all β-lactam subclasses.67,69 
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Figure 1.4. The subclasses of the β-lactam antibiotics.16,55,57 Their key structural ele-
ment, the four-membered β-lactam ring is highlighted with blue. 

 
β-Lactams target and disrupt bacterial cell wall synthesis, which is crucial for 
bacterial survival and proliferation. They mimic the D-Ala-D-Ala motif so they 
are recognised as substrates and bind to penicillin-binding proteins (PBPs), 
which belong to the group of transpeptidase enzymes. The β-lactams are co-
valent inhibitors of PBPs that form an acyl-enzyme complex with the en-
zyme’s active site serine. The enzyme therewith becomes sterically blocked, 
which prevents the cross-linking of peptidoglycan chains, weakening the cell 
wall and leading to cell lysis and death.16,62 

1.3 β-Lactamase enzymes and their resistance 
mechanism 
In response to the use of β-lactam antibiotics, bacteria have evolved defence 
mechanisms to resist the lethal effects of these drugs (Figure 1.5).70 This in-
cludes the alteration of PBPs, so β-lactams cannot bind to them anymore. Bac-
teria also developed efflux pumps that can expel β-lactam antibiotics from the 
cell, decreasing the intracellular concentration of the drug. Another way bac-
teria defend themselves is by reducing the cell membrane permeability, which 
results in decreased uptake of β-lactam antibiotics. However, by far the most 
widely spread and clinically most important way of defence is the production 
of β-lactamase enzymes, which are able to hydrolyse the β-lactam ring, ren-
dering the antibiotic ineffective.62,71-73 
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Figure 1.5. The most common resistance mechanisms against β-lactam antibiotics.70 
Created with BioRender.com. 

 
Different types of β-lactamase enzymes can degrade various β-lactam antibi-
otics. The two main types of β-lactamases are the serine- and the metallo-β-
lactamases that differ in their mechanism of hydrolysing the β-lactam ring. 
The most commonly used Ambler classification categorizes these enzymes 
based on their amino acid sequences and structural mechanisms into four main 
classes (A, B, C and D).74,75 Class A, C, and D enzymes are serine-β-lac-
tamases (SBLs) that use a serine residue in their active site to perform the 
hydrolysis, while class B β-lactamases are known as metallo-β-lactamases 
(MBLs) that require zinc ion(s) for their catalytic activity.74,76-78  

Hydrolysis by SBLs begins with the enzyme binding to the antibiotic's 
β-lactam ring. The serine hydroxy group attacks the carbonyl carbon of the 
β-lactam ring, forming a covalent acyl-enzyme intermediate and breaking the 
β-lactam ring open. This reaction deactivates the antibiotic, rendering it una-
ble to inhibit the penicillin-binding proteins essential for bacterial cell wall 
synthesis. The acyl-enzyme intermediate is then hydrolysed, releasing the in-
activated antibiotic and regenerating the active enzyme for further catalytic 
cycles.73,76-78 This process relies on one or two zinc ions and a coordinating 
water molecule in the case of metallo-β-lactamases (Figure 1.6).74 First, the 
zinc ions coordinate with the β-lactam ring. This coordination activates a wa-
ter molecule, facilitating its nucleophilic attack on the carbonyl carbon of the 
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β-lactam ring. The water molecule hydrolyses the ring, again breaking it open 
and inactivating the antibiotic.66,76-78 
 

 
Figure 1.6. The proposed general β-lactam antibiotic hydrolysis mechanism by 
metallo-β-lactamases on the example of a penicillin.59,69-71 

 
The MBLs are divided into subclasses B1, B2, and B3, each with distinct char-
acteristics.16,62,79-81 Subclass B1 MBLs, such as Imipenemases (IMP), Verona-
integron-encoded enzymes (VIM), and New-Delhi metallo-β-lactamases 
(NDM), are the most widespread and clinically most relevant. They typically 
require two zinc ions for full activity.82,83 They exhibit broad-spectrum activity 
against almost all classes of β-lactams, including penicillins, cephalosporins, 
and carbapenems, but not monobactams.84 It was found that the sulfonate 
group of monobactams replace the bridging catalytic water between the two 
active site zinc ions which is essential for the nucleophilic attack on the β-lac-
tam carbonyl carbon of the antibiotic.16,85 Subclass B2 MBLs, such as car-
bapenemase from Aeromonas (CphA), primarily target carbapenems and are 
unique in that they require only one zinc ion for activity.74 Subclass B3 MBLs, 
like the L1 enzyme, also utilize two zinc ions and have a broad substrate pro-
file similar to B1 enzymes, however this class is less clinically relevant.74,86 

My work targets enzymes belonging to the B1 subclass, namely Verona 
integron-encoded metallo-β-lactamase 1 and 2 (VIM-1/VIM-2), New Delhi 
metallo-β-lactamase 1 (NDM-1), Imipenemase 1 and 26 (IMP-1/IMP-26) and 
German-imipenemase 1 (GIM-1) (Figure 1.7). Rapid evolution of mutants is 
characteristic to these enzymes,87 currently (22 December, 2025) there are 
1026 metallo-β-lactamases, from which 688 are members of the B1 subfam-
ily.88 VIM-2, NDM-1 and IMP-1 are the clinically most relevant enzymes of 
all MBLs and they present a particular challenge in clinical settings not only 
in low- and middle income countries but also in developed countries.9,89  

IMP-1 is one the earliest discovered B1 MBL, but still has the least number 
of developed inhibitors. It is most widespread in Asia-Pacific region in Pseu-
domonas aeruginosa but rapidly spreads to different Gram-negative species 
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due to horizontal gene transfer and quickly appeared in Europe as well.90-92 
IMP-1 is among the most challenging clinically relevant MBLs to inhibit, ow-
ing to narrower and slightly more rigid active site and distinct zinc coordina-
tion environment.58,93-95 Of the bicyclic boronates, the most successful MBLIs, 
only xeruborbactam has been reported to show activity against IMP-type en-
zymes, while taniborbactam is ineffective.94 IMP-26 is an emerging variant, 
increasingly detected in clinical isolates, reported mainly in East-Asia (China 
and Japan). Due to a single amino acid mutation of Val67Phe, IMP-26 already 
shows 10-fold lower sensitivity to xeruborbactam compared to IMP-1.94,96 
They contribute to high carbapenem resistance in Asia.90-92  

VIM-2 was first reported in 1996 and is now a widespread enzyme found 
in various Gram-negative bacteria, particularly Pseudomonas aeruginosa and 
Enterobacteriaceae.97-99 It is one of the most studied and characterized and the 
globally most prevalent member of the B1 family. VIM-1 is closely related to 
VIM-2, having high structural similarity (93 %).97,100,101 VIM-1 was the first 
VIM-type enzyme detected in clinical isolates and is more common in South-
ern Europe e.g. Italy.100,101 Amino acid mutations in loop-10 of VIM-1 and 
VIM-2 have been reported to lead to functional significance.  VIM-2, for ex-
ample, has higher affinity for carbapenems and some penicillins (e.g. ben-
zylpenicillin, ampicillin, piperacillin), generally lower hydrolytic efficiency 
for cephalosporins (e.g. cefepime) except for e.g. nitrocefin100 and is much 
more successful in resistance development. VIM-2 is easier to be inactivated 
by chelators indicating more loosely bound zinc ions compared to VIM-1.  

NDM-1 appeared much later, in 2008, but has rapidly spread globally and 
nowadays it is the most widespread and epidemiologically threatening MBL 
worldwide.102,103 It is predominantly present in Enterobacteriaceae such as 
Klebsiella pneumoniae and Escherichia coli.103 

GIM-1, although geographically more restricted to Germany,104-106 is also 
a potentially good target to study, especially for broad-spectrum inhibition, as 
it has the most unique active site pocket and amino acid sequence within the 
B1 subfamily.107,108 The GIM-1 binding pocket is somewhat narrower and 
contains aromatic residues (228W and 233Y) in positions where other MBLs 
have hydrophilic ones.107 

All of these enzymes require two zinc ions for their full activity, share a 
common catalytic mechanism based on the zinc ions, they are similar in size 
(~30 kDa, 260-270 amino acids) and they have two zinc coordination sites, 
one with three histidine residues (Zn1 site) and another one with an aspartic 
acid, a cysteine and a histidine residue (Zn2 site).16,74 They exhibit a charac-
teristic αβ/βα sandwich fold.16,62 They utilize several flexible loops to have a 
broad β-lactam substrate profile.16,69,77,109 Although they belong to the same 
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subfamily, have a conserved mechanistic framework and similar active site 
architecture, the overall sequence similarity between IMP-, VIM-, NDM- and 
GIM-type enzymes is only ~30 %.110 Due to the flexibility and structural di-
versity, different loop dynamics, zinc coordination geometry, and active-site 
electrostatics of these β-lactamases, it has been proven difficult to develop a 
molecule that inhibits several members of the family.82,111 It is often seen in 
the literature that a candidate structure has good activity against e.g. VIM-2 
but is inactive against NDM-1.112 

Overall, the diversity, flexibility and adaptability of metallo-β-lactamases 
and the rapid evolution of new mutants via horizontal gene transfer signifi-
cantly contribute to antibiotic resistance, challenges the development of clin-
ically useful inhibitors, complicating treatment and necessitating continuously 
ongoing research for novel inhibitors that overcome the aforementioned is-
sues. 

 

 
Figure 1.7. The secondary structure of the apo-proteins of selected MBLs with the 
two zinc binding sites highlighted in grey. (a) VIM-2 (blue, PDB ID: 4NQ2). (b) NDM-
1 (green, PDB ID: 3SPU). (c) GIM-1 (magenta, PDB ID: 2YNT). (d) Overlay of the 
secondary structures of VIM-2, NDM-1 and GIM-1. 
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1.4 β-Lactamase inhibitors 
The development of new antibiotics with novel mode of action has been chal-
lenging.113 Another way to address resistance than developing new antibiotics 
is to restore the initial activity of existing antibiotics. This can be achieved by 
administering β-lactams together with a β-lactamase inhibitor, in combination 
therapy. Such combinations have been successfully utilized since the 
1980’s.70,114-116 For example, Augmentin, which contains amoxicillin as the β-
lactam antibiotic and clavulanic acid as the β-lactamase inhibitor, became one 
of the most selling antibiotics worldwide.117,118 However, only serine-β-lac-
tamase inhibitors (SBLIs) exist on the market, whereas no MBL inhibitors 
(MBLIs) are available for clinical treatment.72,119,120 The existing SBL inhibi-
tors either have a β-lactam-like structure (e.g. clavulanic acid, sulbactam, tazo-
bactam, enmetazobactam) or a completely new structure, e.g. the diazabicy-
clooctane type avibactam, relebactam or durlobactam which are among the 
newest approved inhibitors on the market (Figure 1.8).72,121 

 

 
Figure 1.8. Examples of the marketed serine-β-lactamase inhibitors. (a) SBLIs pos-
sessing a β-lactam-like structure. (b) SBLIs with novel diazabicyclooctane struc-
ture.72,121 

1.5 The scientific gap: Metallo-β-lactamase inhibitors 
The use of serine-β-lactamase inhibitors made it possible to effectively target 
bacterial resistance mediated by serine-β-lactamases. This lead to an evolu-
tionary pressure favouring the selection of bacteria with metallo-β-lactamases, 
making these pathogens an increasing clinical challenge. The latter are able to 
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destroy all subclasses of β-lactam antibiotics (including the last-resort car-
bapenems), except the monobactams.72,120,121 Nevertheless, MBLs often co-
exist with SBLs which can significantly enhance the bacterial resistance pro-
file, making the treatment of infections caused by such bacteria particularly 
challenging.72,122,123 The presence of both types of β-lactamases allows the 
bacteria to hydrolyse all subclasses of β-lactam antibiotics. The co-expression 
of these enzymes is facilitated by mobile genetic elements like plasmids, in-
tegrons and transposons, which can carry multiple resistance genes and spread 
rapidly among bacterial populations, exacerbating the problem of antibiotic 
resistance.124-127 

Hitherto, developing MBL inhibitors has been difficult. Although a lot of 
different structures have been proposed for promising MBL inhibition, it has 
been a great challenge to compare the results from different research groups. 
No standard protocols are used in this field and the difficulty of comparing 
results also delays the successful inhibitor development.128 

The most general MBL inhibitor designs include zinc-dependent strategies, 
mimicking the structure of β-lactam antibiotics, or developing transition state 
analogues.72,89,129 As all MBLs have zinc ion(s) in their active site, which is 
essential for their activity, chelating these ions by the inhibitors seems to be a 
viable strategy. Examples include EDTA, aspergillomarasmine A and other 
chelating agents, although these must be specific to avoid off-target ef-
fects.72,129-133 It is also important to keep in mind that there are essential metal-
loenzymes in the human body, many of them using zinc ion as a co-factor, 
which participate in e.g. antioxidant defence, anti-inflammatory actions, im-
mune responses.134 An interesting, specific zinc chelator example is Zn148, 
containing three pyridine rings for zinc-sequestering, that shows no off-target 
effects most probably due to its aliphatic polyalcohol side chain.132 

After discovering that captopril (Figure 1.9) is a potent inhibitor of MBLs, 
several research groups focused on developing thiol-containing compounds due 
to the known affinity of zinc to thiol. These compounds work by the displace-
ment of the active site water molecule responsible for the nucleophilic attack in 
the β-lactam hydrolysis. Although captopril was a promising MBLI candidate, 
its primary target is the angiotensin converting enzyme and has a blood pressure 
lowering effect.135 The most advanced compounds in vitro however, never 
reached clinical trials due to limited Gram-negative membrane permeability and 
accumulation in the periplasm where MBLs are located.133,136,137 

Another zinc-targeting group is carboxylic acid containing compounds 
originating from dipicolinic acid as a promising lead. The result of a lead op-
timization campaign of dipicolinic acid is ANT2681 (Figure 1.9), a thiazole 
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carboxylate compound that is in the preclinical phase.138,139 Among the car-
boxylate class, indole-2-carboxylates (Figure 1.9) were identified with a new 
mechanism of action. They are locking but not replacing the zinc-complexed 
water molecule thus still preventing β-lactam antibiotic hydrolysis.68,133,140  

Up to date, the most successful MBLI examples are the bicyclic boronates 
e.g. taniborbactam, xeruborbactam and the most recent KSP-1007 (Figure 
1.9) that have reached clinical trials.20,89,120 They are covalent inhibitors that 
mimic the tetrahedral transition state of the β-lactam hydrolysis and coordi-
nate to the active site zinc ions.20,78,119 Unfortunately, resistance has already 
been observed for taniborbactam before even reaching the market.82,141,142  

To withstand rapid resistance development, new inhibitor structures need to 
be developed. A promising direction is utilizing a phosphorous atom in the in-
hibitor design as those compounds may bind to MBLs in an analogous manner 
as the bicyclic boronates. There are currently no β-lactam antibiotics or inhibitors 
in clinical use that have phosphorus atom in their structure. Their potential to be 
used as next generation MBL inhibitors is therefore worth to explore. 
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Figure 1.9. The structures of the most successful MBL inhibitors. 

1.6 The advantage of phosphonic acids for metallo-β-
lactamase inhibition 
Although phosphorous is a relatively rarely used heteroatom in approved 
drugs, it still plays an important role in medicinal chemistry when specific 
mechanistic requirements need to be addressed. Phosphorous is often used in 
prodrug strategies or in phosphonic acids as bioisosters of carboxylic acids.143 
However, there are also drugs where phosphorous atom is important for the 
biological activity like in nucleotide analogues, transition state inhibitors or in 
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the bisphosphonate drugs used to treat osteoporosis.144 Phosphorous-contain-
ing compounds (Figure 1.10) recently became potential MBL inhibitor can-
didates,109,110,145,146 however, they often show low potency, have solubility and 
stability issues and are generally difficult to synthesise and pu-
rify.62,65,69,103,109,147-149 In metallo-β-lactamase inhibition, however, their poten-
tial as a transition state analogue has not yet been exploited despite its advan-
tageous characteristics. Transition state analogue enzyme inhibitor design is a 
successful, often used strategy as a compound that mimics the transition state 
of an enzyme-substrate complex should have higher affinity and bind more 
tightly to the enzyme’s active site than its natural substrate.150 For transition 
state analogue inhibitor design, knowledge of the enzymatic reaction is essen-
tial. The hydrolysis of β-lactam antibiotics by metallo-β-lactamases is pro-
posed to proceed via a tetrahedral transition state. Phosphorous-containing 
molecules can mimic the tetrahedral intermediate of β-lactam hydrolysis cat-
alysed by metallo-β-lactamases, enabling the binding to the active site without 
undergoing further hydrolysis by the enzymes. This strategy has already been 
utilized and proven successful in the example of the previously mentioned 
bicyclic boronates. The hydrolysis mechanism also relies on the zinc ions of 
the metallo-β-lactamase active site. Phosphonic acids have been reported to 
strongly bind to zinc ions creating different binding motifs, such as bidentate 
coordination to one zinc ion or bridging two zinc ions. Phosphonic acids can 
integrate the transition state analogue strategy with zinc-binding capability 
and provide a new, so far unused structural motif for MBL inhibition. In this 
work, all inhibitor design is based on a central, zinc coordinating phosphonic 
acid moiety adopting a tetrahedral geometry. The core structure of the de-
signed inhibitors mimics the hydrolysis product of β-lactam antibiotics by 
metallo-β-lactamases. However, these structures are not further hydrolysed 
but expected to bind to the active site of the enzymes. Although phosphorous 
containing compounds can be associated with synthetic and pharmacokinetic 
challenges, e.g. their inherently high polarity, they exhibit attractive mecha-
nistic features for specific biological targets and allow structural modifications 
to optimize their potentially unfavourable properties. 
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Figure 1.10. The most promising phosphorous-containing MBL inhibitor struc-
tures.109,110,145-148 

1.7 Aim of the thesis 
The overall purpose of this thesis work is to contribute to the discovery of a 
clinically applicable metallo-β-lactamase inhibitor for combination therapy 
with β-lactam antibiotics. This, in the long run, will contribute to addressing 
antibiotic resistance globally. 

I aim to evaluate the potential of phosphonic acids as possible MBL inhib-
itors by designing and a synthesising a series of compounds with favourable 
predicted properties, determine their activity against a variety of metallo-β-
lactamases, study their binding event and to use the obtained knowledge to 
further improve the compounds. I wish to gain understanding on the molecular 
basis of the inhibitory activity and the binding of phosphonic acids, and eval-
uate their potency to be developed into broad spectrum or selective metallo-
β-lactamase inhibitors. 
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2. Outline of experimental methods 

2.1 Activity measurements 
Half-maximal inhibitory concentration (IC50) measurements were used to 
identify compounds active on purified metallo-β-lactamases. IC50 measure-
ments are widely used to determine the concentration needed to reduce an en-
zyme’s activity by 50 % under defined assay conditions.151 This measurement 
serves as a simple and quick initial tool to identify promising hits and guide 
optimization efforts. They are, however, often carried out under not standard-
ized assay conditions and they do not take into account the mechanism of in-
hibition. Thereto, the IC50 of irreversible inhibitors is time dependent, and 
therefore a single value cannot be used for correctly describing a compound’s 
potency.128 IC50 values alone are accordingly not sufficient for comparison of 
inhibitors, but are useful for initial identification of compounds with promis-
ing MBL inhibitory activity (low micromolar).128  

To obtain the IC50 values of inhibitors, the MBL mediated hydrolysis of a 
chromogenic reporter substrate (Figure 2.1) in the presence of an inhibitor 
was followed by measuring UV-Vis absorbance in 96-well assay plates. Ni-
trocefin hydrolysis by VIM-2 and IMP-26 at 482 nm, imipenem or mero-
penem hydrolysis by NDM-1 at 300 nm was monitored on a SpectraMax M4 
spectrophotometer or an Epoch 2 plate reader. The inhibitor concentrations 
ranged between 0-1500 μM and the reactions were monitored after 5 min in-
cubation time. All measurements were performed at least in triplicates at 
25 °C. The time-dependence of the inhibition was assessed by measuring the 
IC50 values with 5, 30 and 60 min incubation times. The initial velocities at 
each inhibitor concentration were fitted to dose–response curves (log[inhibi-
tor] vs normalized response) by nonlinear regression to determine IC50 values 
(Figure 2.2a). 

Another method for assessing IC50 values of the inhibitors is utilizing flu-
orogenic substrates. These substrate structures possess a probe that is released 
during hydrolysis, resulting in an increase or decrease of fluorescence signal, 
depending on the exact substrate structure. The IC50 values measured at the 
University of Oxford, UK, employed substrate FC5 liberating 7-hydroxycu-
marin that gives an increased signal as the result of substrate hydrolysis.152  
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Figure 2.1. The substrate structures used for the inhibitory activity assessment of the 
phosphonic acids developed for metallo-β-lactamase inhibition.  

 
Enzyme kinetics were also utilized to gain understanding on the inhibition 
mechanism. To determine whether the compounds act by competitive inhibi-
tion, the VIM-2 mediated hydrolysis of reporter substrate nitrocefin with eight 
different concentrations was tested without inhibitor and with two different 
inhibitor concentrations. The enzyme activity was followed by measuring the 
absorbance at 482 nm on a 96-well assay plate using a SpectraMax 190 plate 
reader. Michaelis-Menten kinetics were employed to fit nitrocefin concentra-
tion dependence of the initial reaction velocities. The kinetic parameters were 
calculated using the Michaelis-Menten equation (Figure 2.2b). The data can 
be visualised on a double reciprocal plot showing that for competitive inhibi-
tion the apparent Michaelis-Menten constant (K’

M = y-intercept) increases 
with increasing inhibitor concentration ([I]) while the maximum rate of the 
reaction (Vmax = x-intercept) does not change (Figure 2.2b). 
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Figure 2.2. (a) The dose-response curve of compound 18p, a selected example. (b) 
The double reciprocal Michaelis-Menten plot on the example compound 6g and the 
Michaelis-Menten equation. Here, [I] is inhibitor concentration and [S] substrate (ni-
trocefin) concentration.  

 
It is important to confirm the binding of the inhibitor to its selected target, how-
ever, one also needs to ensure that the inhibitor reaches its target and acts as a 
synergist in combination with a β-lactam antibiotic. To assess the activity of the 
inhibitors in a cellular context, minimal inhibitory concentrations (MIC) of mero-
penem were determined using a VIM-2 expressing E. coli strain.153-155 The MIC 
value of an antibiotic is the lowest concentration required to prevent visible 
growth of a microorganism after a defined incubation period.156,157 The MIC 
measurement is widely used in antibiotic research to quantify inhibitor potency 
and allows comparison of the activities of compounds, strains and treatment 
combinations. The MIC value of meropenem was determined using the broth 
microdilution method.156,158 Serial two-fold dilutions of meropenem in a 96-well 
assay plate together with fixed concentration (500 μM) of the inhibitors were 
inoculated with the bacterial suspension and incubated for 16 hours at 37 °C. The 
turbidity of the plate was evaluated with an Epoch 2 plate reader measuring ab-
sorbance endpoint at 600 nm, and the lowest concentration showing no visible 
bacterial growth was determined as the MIC of meropenem. 

2.2 NMR titration 
The overall aim of this work is to gain understanding necessary for the design 
of phosphonic acid-based inhibitors of metallo-β-lactamases. Studying the 
binding event of inhibitors is essential to reach this goal. Solution NMR 
spectroscopy offers a powerful and versatile approach for elucidating the 
molecular details of enzyme-ligand interactions at near-physiological 
conditions in solution, preserving the native state of the enzymes.159,160 It 
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enables the confirmation of ligand binding, estimation of binding affinities, 
determination of binding sites and it also offers insight into binding kinetics 
and interaction modes.161 It can be especially valuable when obtaining 
enzyme-ligand co-crystals is not possible. NMR titration experiments allow 
the identification of amino acid residues important for binding together with 
capturing dynamic aspects of binding events, including changes in protein 
dynamics and conformational fluctuations, which might be critical for 
understanding the binding mechanism.162,163 The two-dimensional 
1H,15N HSQC spectrum of a selected 15N-labeled enzyme is measured in a 
D2O containing buffer. In this specturm, every backbone amino acid residue 
has at least one corresponding cross peak (except prolines). Upon incremental 
addition of the ligand to the enzyme solution, the movement and intensity 
changes of these cross peaks can be followed and it gives information about 
the exchange rate between the free and the bound form of the studied 
enzyme.164,165 This exchange can be identified as slow, intermediate or fast 
relative to the NMR timescale (Figure 2.3).149,161,162  
 

 
Figure 2.3. (a) Fast exchange and (b) slow exchange on the example of VIM-2. 

 
In slow exchange, the cross peaks of the free enzyme weaken and start 
disappearing upon the first addition of the ligand, and a new peak 
corresponding to the ligand bound protein starts appearing. The intensities of 
the free and bound forms of the protein change during the titration. This 
typically indicates tight binding and slow dissociation (low koff) and can be 
associated with longer residence time of the ligand. During fast exchange, 
only a single peak is visible and its gradual chemical shift change can be 
followed as the ligand concentration is increased. Fast exchange happens 
when the affinity of a ligand is moderate or weak, and the binding kinetics is 
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rapid. Intermediate exchange can be described as the mixture of the previous 
two, and may suggest conformational rearrengements and dynamic processes 
accompanying the binding. The weighted average of the individual chemical 
shift changes in the 1H and 15N dimensions are called chemical shift perturba-
tions (CSP or ΔδNH) and can be calculated using Equation 2.1 where Rscale is 
a scaling factor accounting for the chemical shift range differences of the two 
nuclei.166 The chemical shift perturbations are considered significant above 
the population mean plus at least one standard deviation.167,168  
 ∆𝛿ேு = ඨ∆𝛿ுଶ + ൬ ∆𝛿ே𝑅௦௖௔௟௘൰ଶ ;  𝑅௦௖௔௟௘ = 6.5 

Equation 2.1. Chemical shift perturbation values (CSP, ΔδNH) are calculated as the 
weighted average of the chemical shift changes in f1 (ΔδN) and f2 (ΔδH) dimensions. 

2.3 Protein expression and purification 
The 15N-labeled protein used for NMR titrations was expressed and puri-
fied111,169 with the help of Anna Andersson Rasmussen at the Lund Protein 
Production Platform (Lund University) managed by Wolfgang Knecht. The 
blaVIM-2 gene was previously transformed into E. coli and the resulting strain 
was used for the expression of VIM-2. 15N-labeled VIM-2 was expressed in 
15N-labeled ammonium chloride containing M9 minimal media supplemented 
with ampicillin. The cells were grown at 30 °C until an optical density at 600 
nm (OD600) reached ~0.6, after they were further incubated at 18 °C. Isopro-
pyl-β-d-thiogalactopyranoside (IPTG) was used for induction at 1.2 OD600 
when also zinc chloride was added to the culture as it was seen previously to 
improve yield. IPTG is a commonly used inducer of gene expression for E. 
coli.170 After 19 h, the cells were harvested by centrifugation and lysed with a 
French Pressure Cell. The soluble extract containing the His-tagged VIM-2 
was collected for purification. The protein was first purified using immobi-
lized metal affinity chromatography (IMAC) with a HisTrap HP column and 
a gradient of imidazole containing buffer. The fractions containing VIM-2 de-
termined by SDS-PAGE were digested using Tobacco Etch Virus (TEV) pro-
tease in the presence of dithiothreitol (DTT) to cleave the His-tag from VIM-2. 
The TEV protease, His-tag and any remaining uncleaved VIM-2 was sepa-
rated from the cleaved enzyme with reverse IMAC using the previous column 
and buffer. The wash and flow-through fractions were analysed with SDS-
PAGE and the fractions containing the cleaved VIM-2 were dialysed for the 
last anion exchange chromatography (ACE) purification step. A HiTrap HP Q 
column and gradient of NaCl in tris(hydroxymethyl)aminomethane (Tris) 
buffer was used for the ACE purification of VIM-2. Pure VIM-2 fractions 
were collected, dialysed to the final buffer and concentrated to 13 mg/ml final 
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concentration. The final enzyme purity was assessed by SDS-PAGE (Figure 
2.4). The expression of VIM-2 from 6 L M9 media yielded in 138 mg (23 mg 
per 1 L culture) purified uniformly 15N-labeled enzyme. 
 

 
Figure 2.4. The final purity of the uniformly 15N-labeled VIM-2 was assessed by SDS-
PAGE gel analysis. 

2.4 Molecular docking simulations 
Computational simulations can help when experiments are not possible or are 
too demanding at a very early stage of a drug discovery project. Molecular 
docking is a quick and cheap method to help planning and designing new drug 
candidates.171,172 Docking is extensively used e.g. during in silico virtual high-
throughput screening, when the target is known and rapid prioritization of 
compounds is needed before synthesis and biological testing.173,174 Docking 
can predict how a molecule could bind to a target and propose preferred bind-
ing modes, orientations and key interactions based on energy calculations and 
geometric fitting.171,174 It is most often used to assess molecules prior to syn-
thesis,175 however it can be also useful to complement experimental data or 
when no experimental data is possible to obtain. 

In this work, we aimed to develop and validate docking methods starting 
from experimental co-crystal structures, and use it to predict binding affinities 
and binding modes of our inhibitors to target enzymes where our experimental 
data was limited. Our docking methods were developed from X-ray co-crystal 
structures of VIM-2 with different phosphonic acid MBL inhibitor candidates, 
and used for predictions with the target enzymes where no X-ray or NMR 
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binding studies could be carried out. The results, where possible, were com-
pared to the experimental NMR binding data, to validate that the method that 
was developed from VIM-2 co-crystals, could reproduce the binding on e.g. 
NDM-1. Molecular docking was used as a complementary tool to experi-
mental data which enabled the comparison of binding modes and relative af-
finities across related enzymes within the B1 MBL family. 

Docking was done using Schrödinger software primarily using the Glide 
module in the Maestro interface. The protein as well as the ligand structures 
were energy optimized at a selected pH prior to docking. All possible proto-
nation states and stereoisomers were generated and used for flexible docking. 
Flexible docking was selected due to the active-site plasticity of metallo-β-
lactamases where rigid docking is often insufficient to account for ligand bind-
ing induced loop adjustments. The receptor grid was generated using either 
amino acid residues or the ligand in the crystal structure to determine center 
of mass, and water molecules important for binding were kept in the pocket. 
The thee best-ranked docking poses for each ligand were retained for subse-
quent analysis. 

It is important to note, however, that simulations often perform poorly for 
metalloproteases.176 It has been proven to be difficult to computationally 
model the geometry, polarization effects and interactions of the metal cen-
ters of MBLs, which, however, is crucial for understanding their catalytic 
activity.128 In addition, MBL active sites are highly flexible, with mobile 
loop regions (e.g. loop 3 and loop 10) that can adopt different conformations 
upon ligand binding, whereas most docking approaches treat the protein as 
largely rigid or only partially flexible.171,177,178 The presence of structurally 
and catalytically important water molecules, including the bridging hydrox-
ide between the zinc ions, further complicates modelling, as these are often 
treated simplistically despite playing a key role in binding. Moreover, small 
differences in active-site architecture between closely related enzymes can 
lead to substantial differences in inhibitor potency that docking methods fre-
quently fail to capture.171,178,179 Consequently, while docking can provide 
useful qualitative insights into possible binding modes, its predictive power 
for metallo-β-lactamase inhibitor design remains limited, and results should 
be interpreted cautiously and complemented with experimental validation. 
Relying on docking for MBLI design therefore can be often misleading and 
should be used with care. In order to achieve reasonable reliability of the 
computations, the docking protocol was developed based on experimental 
data (X-ray, NMR) of closely related compounds to those predicted, on the 
same class of MBL enzymes. 
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2.5 ADME predictions and drug-likeness 
For a successful drug discovery project, the pharmacokinetic properties and 
the toxicity profile of a drug are just as important as its potency. Research 
showed that between 2010 and 2017, poor absorption, distribution, metabo-
lism, excretion, and toxicity (ADME/T) were responsible for ~40-45 % of 
compounds failing in clinical trials.180-182 Although not a must, it is advanta-
geous to pay attention to these properties early in the compound design. Prom-
ising ADME properties, obtained by computation, already at an early stage 
can significantly reduce the drug development time and costs.183-186 There are 
several webservers and software that are quick and easy to use for predicting 
whether a compound could potentially become a viable drug candidate,187-189 
of which we used the PreADMET190,191 and the SwissADME192 webservers. 
While keeping in mind their limitations, they were used as complementary 
decision-support tools guiding structural optimization and to assess drug-
likeness for low-cost and time. These webservers calculate molecular 
descriptors and apply statistical models trained on large experimental datasets 
of existing compounds with known properties, and apply empirical rules to 
estimate the properties of the new compounds.192,193 Physicochemical 
parameters such as molecular weight (MW), topological polar surface area 
(TPSA), molar refractivity, number of (aromatic) heteroatoms, hydrogen bond 
acceptors (HBA) and donors (HBD) and rotatable bonds were calculated. 
These are all important properties taken into consideration when predicting 
whether a molecule could be potentially drug-like (Table 2.1). In addition, 
water solubility, logP, cell permeability, blood-brain barrier (BBB) 
penetration, gastrointestinal absorption, P-glycoprotein-, CYP-enzyme and 
plasma protein binding were estimated. 

For our metallo-β-lactamase inhibitors, the balance between water 
solubility and lipohilicity is important as the compounds need to be able to 
cross the Gram-negative outer membrane but also be water soluble and 
accumulate in the periplasmic space, where the MBLs reside. Molar 
refractivity means the polarizability of a mole of a substance, which in drug 
design is used to estimate molecular bulk and electronic polarizability and to 
help understanding how molecular shape and electronic properties affect 
ligand-receptor binding. The limitation of the number of rotatable bonds aims 
to balance the flexibility of a compound needed to adapt to the binding site 
and rigidity that is often required for higher binding affinity. The compounds 
should avoid blood-brain barrier penetration, P-glycoprotein-, CYP-enzyme 
and plasma protein binding. P-glycoprotein inhibition often results in drug-
drug interactons and increases the risk of toxictiy. The CYP-enzyme family 
(cytochrome P450) is important for drug metabolism. Among the members, 
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CYP3A4 is estimated to play a role in ~50 % of marketed drugs, therefore its 
inhibition is undesirable.194  Plasma protein binding shows how much of a 
drug is available for action. Both too low and too high plasma protein binding 
is disadvantageous as very low binding may result in rapid clearance and short 
duration of action, while too high binding limits the free, pharmacologically 
active drug fraction. 
 
Table 2.1. Criteria for molecule’s oral bioavailability according to the Lipinski’s Rule 
of Five195, CMC-like  rule (or Ghose filter)196 Muegge filter197, Veber (GSK) filter198 
and Egan rule199. 

 Lipinski 
Ro5 

CMC-like 
rule 

Muegge 
rule 

Veber 
filter 

Egan 
rule 

MW [g/mol] ≤ 500 160 to 480 200 to 600 - - 
LogP ≤ 5 -0.4 to 5.6 -2 to 5 - ≤ 5.88 
Nr. of HBA ≤ 10 - ≤ 10 - - 
Nr. of HBD ≤ 5 - ≤ 5 - - 
Total nr. 
of atoms - 20 to 70 - - - 

Molar refractivity - 40 to 130 - - - 
TPSA [Å2] - - ≤ 150 ≤ 140 ≤ 131.6 
Nr. of rotatable 
bonds - - ≤ 15 ≤ 10 - 

Nr. of carbons - - > 4 - - 
Nr. of heteroatoms - - > 1 - - 
Nr. of rings - - ≤ 7 - - 
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3. Dynamically chiral phosphonic acids as 
broad-spectrum inhibitors (Paper I) 

3.1 Design of dynamically chiral phosphonic acid 
inhibitors 
To overcome the challenges with previously reported phosphorous-containing 
MBL inhibitor candidates, such as low potency, solubility, stability and Gram-
negative membrane permeability problems, cumbersome synthesis and puri-
fication,69,109,145,147 we designed a new series of phosphonic acid-based mole-
cules (Figure 3.1). They share structural features that make them easy to syn-
thesise and that are expected to make them chemically stable, balance their 
water solubility and Gram-negative membrane permeability and have binding 
affinity to metallo-β-lactamases. 

It has been proven difficult so far to develop broad spectrum inhibitors 
mainly due to the diversity and active site flexibility of B1 MBLs.83,133 De-
signing inhibitors with dynamic chirality could confer advantages in adap-
tively binding to various MBLs or potentially to mutated variants. This dy-
namic adaptation could enhance the binding affinity and efficacy of the in-
hibitors against diverse enzyme targets, contributing to their effectiveness in 
combating antibiotic resistance. To adapt to the differences in the target en-
zyme’s active sites and to potentially withstand rapid resistance develop-
ment via single point mutations, dynamic chirality200 was introduced by add-
ing a stereocenter in a benzylic position next to an amide and the phosphonic 
acid moiety. This position is ought to be easily deprotonable, enabling the 
dynamic interconversion of both stereoisomers. A phenyl group adjacent to 
the α-proton of an amino acid has been reported to decrease the activation 
barrier of racemization by ~8 kcal/mol leading to increased racemization by 
a factor of 40 000.201  

The design was also inspired by existing β-lactam antibiotic (e.g. the mon-
obactam nocardicin A or the cephalosporin cephalothin) and both serine- 
(vaborbactam) and metallo-β-lactamase inhibitor (taniborbactam) structures 
(Figure 3.1).202 203 To improve binding affinity, our inhibitors incorporate a 
benzene ring with a phenolic hydroxy group, similar to nocardicin A, to facil-
itate π-π stacking and hydrogen bonding in the catalytic site. 
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Our design balances aqueous solubility and lipophilicity, having the phos-
phonic acid hydrophilic core and lipophilic moieties (e.g., thiophenes, ben-
zothiophenes, phenyl and benzyl groups) attached via an amide bond.  
 

 
Figure 3.1. The design of dynamically chiral phosphonic acid inhibitors (circled) is 
based on the β-lactam hydrolysis mechanism by MBLs and existing β-lactam antibi-
otic or β-lactamase inhibitor structures. 

3.2 Synthesis of phosphonic acids 
13 new compounds were synthesized by a facile and straightforward syn-
thetic route (Scheme 3.1). It starts with the key Kabachnik-Fields reaction 
to obtain the α-aminophosphonate core scaffold followed by the deprotec-
tion of the amine. The free amine enables the amide coupling of a variety 
of carboxylic acids which provides the final inhibitor structure. The last 
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step is the simultaneous cleavage of the methyl ether together with the phos-
phonic ester hydrolysis. 

The commercially available 2-methoxybenzaldehyde 2 which is the start-
ing material of the Kabachnik-Fields reaction can also be synthesised from the 
cheaper salicylaldehyde 1. Salicylaldehyde 1 was O-methylated with methyl 
iodide in the presence of sodium hydride in a mixture of DMF and THF as 
solvent. The reaction gave the product 2-methoxybenzaldehyde 2 in excellent 
yield (94 %) in 14 hours. The Kabachnik-Fields reaction allowed to create the 
crucial phosphonate motif and an amino functionality in a single step, the lat-
ter enabling the subsequent synthesis of a series of amides. 2-Methoxybenzal-
dehyde 2, diethyl phosphite as the phosphorous-containing reagent and haf-
nium-chloride as the catalyst in absolute ethanol at 60 °C were found to give 
the desired product 3 in the Kabachnik-Fields reaction in good yield (73 %) 
in 24 hours. The benzyl deprotection of the secondary amine of 3 was achieved 
by catalytic hydrogenation reaction using H2 at atmospheric pressure and 
Pd(OH)2/C (Pearlman’s catalyst) in ethanol giving the common intermediate 
primary amine 4 after 19 hours with near quantitative yields. Compound 4 
enabled the divergent synthetic strategy of the amides 5a-m. The amide cou-
pling reactions were performed using either coupling agents HATU or COMU 
both showing similar success to activate the 13 carboxylic acids. DIPEA was 
used as a base and ethyl acetate as a solvent being a greener alternative to 
DMF.204 The amides 5a-m were obtained in 24 hours at room temperature in 
moderate to good yields (61-95 %) depending on the carboxylic acid em-
ployed. In the last step, the ethyl esters of 5 were hydrolysed together with the 
methyl ether cleavage with the use of boron tribromide in toluene within 7 
hours. The final compounds 6a-m were acquired after preparative reversed-
phase HPLC purification in yields of 46-86 %. 
 

 
Scheme 3.1. The optimized synthetic route towards the phosphonic acid-type metallo-
β-lactamase inhibitors 6a-m. Figure is reproduced from Paper I. 
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3.3 Assessment of the phosphonic acids as metallo-β-
lactamase inhibitors 
The initial evaluation step of the designed compounds’ activity was to test 
their half-maximal inhibitory concentration (IC50) on purified metallo-β-lac-
tamases, namely on VIM-2, NDM-1 and GIM-1 (Figure 3.2). The measure-
ments were carried out by Daniel Salamonsen at UiT. VIM-2 and NDM-1 
were selected due to their high clinical relevance. GIM-1 was selected to as-
sess the compounds’ ability of becoming broad spectrum inhibitors as GIM-1 
is a member of the B1 family with the most different active site.107 All com-
pounds showed low micromolar activity in vitro at least on one of the selected 
enzymes. Some compounds were able to inhibit two or even all of the three 
target enzymes with comparable potency, showing promise for the develop-
ment of a broad spectrum inhibitor. To overcome the challenges of assessing 
potency of the inhibitors resulting only from a single IC50 measurement, and 
to enable comparison with following series of inhibitors, the IC50 values were 
also measured with the fluorescence protocol by a different group in Ox-
ford.152 The overall conclusions were consistent, the most potent inhibitors 
were determined to be the same compounds with both methods, however the 
GIM-1 data is incomparable. (Figure 3.2) The best inhibitors all contained 
non-flexible and bulky groups attached to the amide group. The mechanism 
of inhibition was also determined to be competitive using Michaelis-Menten 
kinetics described in Chapter 2.1. 
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Figure 3.2. The IC50 values of phosphonic acids 6a-m indicate good inhibitory 
activity against all three target MBLs, measured by Daniel Salamonsen at UiT. 
The values in parenthesis were measured with the fluorescence method by Gurleen 
Kaur in Oxford. 

 
After confirming the activity of the inhibitors, we aimed to understand and 
characterize their binding mode. We utilized both experimental (solution 
NMR spectroscopy and X-ray crystallography) and computational (molecular 
docking and dynamics simulations) studies to better understand the binding 
event of this new series of phosphonic acid inhibitors. The most potent inhib-
itors were titrated to VIM-2 and NDM-1 and their binding pocket was deter-
mined by solution NMR. Titrations were carried out using 15N-labelled en-
zymes up to 10.0 equivalents of the inhibitors over 10 titration steps. NMR 
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revealed that for both enzymes, the compounds bind in the same binding 
pocket with β-sheet 3, the hydrophobic loop 3 as well as flexible loops 5, -10 
and residues around the zinc binding sites (from loops 7, -9 and -12) are ori-
ented towards the ligands (Figure 3.3). 
 

 
Figure 3.3. The loops oriented towards the bound ligand according to NMR titration 
experiments. (a) VIM-2 in complex with compound 6g. (b) NDM-1 in complex with 
compound 6f. 

 
The NMR titration data indicates reversible inhibition, no removal of the zinc 
ions and similar binding mode for the different inhibitors according to the 
comparable chemical shift perturbations (Figure 3.4).109,149 
 

 
Figure 3.4. Linear regression of the chemical shift perturbations (CSP) of the most 
potent compound 6g against VIM-2 as a function of the CSPs of compounds 6c (yellow 
circle), 6d (grey square), 6i (red triangle) and 6j (blue circle) for VIM-2. The graph 
shows that the same residues had comparable CSPs for each ligand, indicating bind-
ing in the same active site with comparable binding modes. 
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Four inhibitors (compounds 6c PDB ID: 9F0P, 6d PDB ID: 9F0Q, 6g PDB 
ID:  9F0R and 6j PDB ID: 9F0S) were co-crystallized with VIM-2 by the 
group of Eike C. Schulz in Hamburg. The structures showed that both of their 
stereoisomers bind to the enzyme with 180 ° flipped binding mode. Further-
more, as it was observed by NMR, the different inhibitors bind in the same 
binding pocket with similar binding mode (Figure 3.5). The X-ray diffraction 
corroborated that the key interaction is the expected binding of the phosphonic 
acid core to the zinc ions. As it was unrealistic to get X-ray data on all inhibi-
tor-enzyme complexes and NDM-1 is known to be less stable than VIM-2, 
furthermore there is no experimental data available on GIM-1 binding modes, 
we developed and validated computational methods to analyse the binding of 
all the inhibitors against all the three target enzymes. First, the four com-
pounds, where we had the co-crystals available, were docked to VIM-2 and 
subsequently molecular dynamics simulations were run. Importantly, the 
binding modes obtained by docking simulations were comparable to those de-
tected by X-ray and NMR experiments. For all compounds, both enantiomers 
had a docking score around -8 kcal/mol, which suggests similar binding affin-
ity. The two isomers were bound in the same binding pocket with a binding 
mode flipped by ~180 ° (Figure 3.5). Molecular dynamics simulations, run 
by Liping Zhou at SIMM, indicated that the docked enzyme-inhibitor com-
plexes are stable over the simulation time. 

 

 
Figure 3.5. The docked binding modes of compounds 6c, 6d, 6g and 6j (R)-isomers 
(grey) and (S)-isomers (magenta) to VIM-2. The orientation of the two isomers is 
flipped by 180 °. 

 
Following the validation, docking was also performed for the 13 inhibitors to 
all three enzymes using the validated protocol. Docking of the most potent 
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compound 6f to NDM-1 indicated interactions that are in agreement with the 
outcome of the corresponding NMR titration experiment. Both methods 
showed that amino acid residues around the zinc ions are involved in the 
binding (e.g. His122, Asp124, Gly188, Thr190 and Ser191), furthermore 
residues in β-sheet 3 as well as in loops 3, -5, and -10 are oriented towards 
the bound ligand, similarly as it was seen for VIM-2. Common binding 
pocket and binding mode was observed for all the inhibitors with all three 
enzymes. The key interaction stays between the phosphonic acid and the zinc 
ions in the active site of the enzymes. Both stereoisomers of the inhibitors 
showed comparable affinity (docking scores around -8 kcal/mol) to all three 
target enzymes. 

We also aimed to predict the possibility of single point mutations weaken-
ing the binding of both stereoisomers simultaneously. Jinitan Li at SIMM con-
ducted computational saturation mutagenesis screening on the amino acids lo-
cated in the binding pocket followed by docking of both stereoisomers of the 
inhibitors to the mutated enzymes. The results show, that only in maximum 
10 % of the possible mutations are both enantiomers losing their binding abil-
ity (Table 3.1). In at least 90 % of the cases, either one or both of the isomers 
remain bound to the enzyme’s active site suggesting the possibility to with-
stand resistance development by single point mutations. 

 
Table 3.1. Mutation combinations simultaneously weakening the binding of both 
stereoisomers of compounds 6c,d,g,j to VIM-2, NDM-1 and GIM-1. Results of Jintian 
Li at SIMM. 

 VIM-2 NDM-1 GIM-1 
Mutation combinations 380 342 342 

(R+S)-6c 21 34 1 
(R+S)-6d 19 26 2 
(R+S)-6g 19 26 1 
(R+S)-6j 10 20 3 

 
As metallo-β-lactamases are prevalent in the periplasm of Gram-negative bac-
teria, they need to be able to cross the Gram-negative outer membrane to reach 
their targets. Therefore, Gram-negative outer membrane permeability was 
measured by Johannes Thoma in Gothenburg, on outer membrane vesicles 
(OMV) carrying the target enzymes in their lumen.205-207 These OMVs can be 
used for modelling transmembrane uptake as they maintain the host bacteria’s 
protein and lipid composition.207 The activity of VIM-2, NDM-1 and GIM-1 
in the OMVs was reduced in the presence of the 13 inhibitors, which indicates 
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that these phosphonic acids are able to cross the Gram-negative outer mem-
brane. 

This was further confirmed on VIM-2 expressing clinical isolates where 
we observed up to 30 % zone inhibition compared with the wild-type E. 
coli without inhibitors. These measurements were carried out by Holger 
Rohde in Hamburg. 

The lack of cytotoxicity is also important for successful clinical applica-
bility. Therefore, the compounds cytotoxicity was assessed on human hepa-
tocellular carcinoma (HepG2) cells by Viola Tamási in Hungary. The com-
pounds proved to be non-cytotoxic, having at least 1000 μM cytotoxic con-
centration (CC50). The selectivity index (SI, Equation 3.1) for the inhibitors 
with IC50 values below 100 μM were at least 12, but in 16 out of the 25 
cases it was even over 50, highlighting the difference between their effec-
tive and toxic concentrations. 

 𝑆𝐼 = 𝑡𝑜𝑥𝑖𝑐 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛, 𝑒.𝑔.𝐶𝐶ହ଴𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛, 𝑒.𝑔.  𝐼𝐶ହ଴ 

Equation 3.1. The formula for calculating the selectivity index (SI) used to describe 
the toxicity of a therapeutic. 

3.4 Phosphonic acid inhibitors with favourable ADME 
properties 
The ADME properties of the designed phosphonic acids were predicted and 
evaluated. The estimated values suggest generally good aqueous solubility 
that is also in accordance with our experimental observations. The predictions 
also show overall favourable lipophilicity, no BBB penetration, possibly no 
P-glycoprotein and CYP-enzymes inhibition. The compounds are predicted to 
have very low cell permeability (predicted for Caco-2 and MDCK cell perme-
ability models), however this might not be a problem for MBL inhibitors as 
their targets are located in the periplasm of Gram-negative bacteria, thus, high 
cell permeability is not an essential requirement. High plasma protein binding 
is also expected for these compounds, which is in general undesirable. 
Nevertheless, literature data indicates that plasma protein binding has only 
limited impact on the in vivo efficacy of a drug candidate therefore it is gen-
erally not recommended to optimize a drug candidate on plasma protein 
binding.208,209 The last value predicted was human intestinal absorption, for 9 
compounds categorized as “well absorbed“ and only the 4 thiophene-containg 
compounds being “moderately absorbed”. The drug-likeness of the com-
pounds were also evaluated. All compounds fulfil the criteria that has been 
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used to describe compounds being potentially good drug candidates, including 
the Lipinski’s Rule of Five195, the CMC-like rule196 or the Muegge filter197. 
Overall the structures balance well aqueous solubility and lipophilicity, have 
favourable ADME properties and are predicted to be drug-like molecules 
showing promise for successful clinical development. 
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4. The effect of structural modifications on 
inhibitory activity (Paper II and III) 

4.1 Design of the new core scaffolds 
To investigate the influence of the aryl-phosphonic acid core structure on 
MBL binding, the ortho-hydroxyphenyl group from the inhibitor series dis-
cussed in Chapter 3 was exchanged to a pyridine ring, a thiazole-4-carbox-
ylate or a non-aromatic carboxylic acid (Figure 4.1). 

Pyridine is a commonly used moiety in drug design and can be found also 
in antimicrobials, such as isoniazid or ozenoxacin.210,211 The pyridine ring can 
provide a different conformational constraint as compared to an ortho-hydrox-
yphenyl ring, which might influence the binding to the target enzymes, how-
ever, could still engage in π-π stacking or π-cation interactions similar to the 
original ortho-hydroxyphenyl core. For MBL inhibition, the nitrogen atom 
might contribute to the coordination of the zinc ions and to hydrogen bonding 
within the enzyme’s binding pocket.212,213 Pyridine can improve aqueous sol-
ubility and is expected to increase metabolic stability of the drug candidates 
as compared to phenolic hydroxy groups, which are often subject to metabolic 
modifications, such as glucuronidation or sulfation.214-216 Pyridine has also dif-
ferent electronics compared to hydroxyphenyl. While the hydroxy group on 
the aromatic ring is mainly electron-donating via resonance and thus this aro-
matic moiety is electron rich and acidic, pyridine is an electron-poor aromatic 
heterocycle and is weakly basic. The most potent compounds of the first phos-
phonic acid-type inhibitor series in Chapter 3 contained non-flexible thio-
phene/benzothiophene moieties, therefore four of them were kept (a-d) and 
used with the new pyridine core for comparison. 

In our second design, we used thiazole as the new core (Figure 4.1), which 
is also often used in pharmaceuticals. It is a heteroaromatic moiety that has 
both electron-donating (-S-) and electron-accepting (C=N) groups. Several 
molecules containing a thiazole have biological activity, including many ceph-
alosporin β-lactam antibiotics e.g. cefiderocol217, ceftazidime, cefotaxime, 
ceftriaxone218,219 and the monobactams tigemonam220,221 and carumonam222. 
Furthermore, the only non-bicyclic boronate-type metallo-β-lactamase inhib-
itor in clinical trials (ANT2681) also contains a thiazole ring.138,139 In 
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ANT2681, the thiazole group is equipped with a carboxylate functionality, 
which introduces more H-bonding possibilities and has been proven important 
for binding to MBLs.68,223 Therefore, we were motivated to put a carboxylate 
to position 4 of the ring. Our thiazole-4-carboxylate-containing phosphonic 
acid inhibitor also mimics the hydrolysed form of penem antibiotics.224 The 
thiazole-4-carboxylate ring is electron-poor as opposed to the hydroxyphenyl 
ring and similar to the pyridine ring. Similar to the pyridine core, the thiazole 
cannot act as H-bond donor, and is also metabolically more stable than the 
hydroxyphenyl group. We have also synthesized the free acid form, but it was 
unstable in aqueous solution and its more stable ethyl ester was therefore stud-
ied instead. 

Lastly, a carboxylic acid was chosen as a non-aromatic core alternative 
(Figure 4.1). It can act as a second strongly zinc coordinating moiety in addi-
tion to the phosphonic acid.133,148 It increases polarity and is not capable of any 
π-interaction in the enzymes’ binding pocket. It is also strongly electron with-
drawing, is a much stronger acid than a phenol, and is largely ionized at phys-
iological pH. The negatively charged carboxylate anion can potentially 
strengthen binding to metal ions or basic residues (Lys, Arg) near the binding 
pocket. Furthermore, carboxylic acids are a promising class of MBLIs as dis-
cussed in Chapter 1.5. 

The thiophene attached to the core via an amide moiety was kept in all our 
inhibitor designs for comparison, while for the thiazole and carboxylic acid 
containing inhibitors, a non-aromatic aminocyclohexyl moiety (Figure 4.1) 
was also utilized to see whether the lack of aromaticity decreases the binding 
potency. The aminocyclohexyl moiety was inspired by taniborbactam, the 
most successful metallo-β-lactamase inhibitor that is currently in clinical tri-
als.20 To engage in hydrogen-bonding, π-π stacking or cation-π interactions in 
the metallo-β-lactamase binding pocket, natural amino acids were also at-
tached to the amide moiety of the carboxylic acid-type inhibitor core. Se-
quences of natural amino acids can be easily made by solid-phase peptide syn-
thesis and coupled to the free amine of the molecule. The peptide sequence 
was designed and optimized via computational methods. All tripeptide com-
binations were generated, the resulting inhibitor structures were docked to 
VIM-2 and the best sequence Trp-Tyr-Phe- was chosen. 
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Figure 4.1. The design of the second series of phosphonic acid-type inhibitors is 
based on the previous series of compounds possessing the ortho-hydroxyphenyl 
core (circled). 

4.2 Synthesis of the pyridinyl compounds 
The synthetic route of the pyridine-containing inhibitors 12a-d (Scheme 4.1) 
was based on the previous hydroxyphenyl phosphonic acid-inhibitor synthesis 
(Chapter 3). The 4-step synthetic pathway started from the commercially 
available 2-pyridinecarbaldehyde with the Kabachnik-Fields reaction. The re-
action conditions previously optimized for 2-methoxybenzaldehyde 2 were 
applicable for 2-pyridinecarbaldehyde 7, however the reaction was slower and 
gave lower yield (65 %). The amine of compound 8 was subsequently deben-
zylated by catalytic hydrogenation. This reaction needed to be optimized in 
order to avoid the reduction of the pyridine ring to piperidine. The best condi-
tions were found to be Pd/C as catalyst, the 1:1 mixture of EtOH and water as 
solvent and low reaction temperature. The free amine of 10 was then coupled 
to various carboxylic acids via peptide coupling reactions. The coupling reac-
tion also turned out to be slower and lower yielding than for the earlier sub-
strates, therefore the solvent was switched from EtOAc to DMF. Lastly, the 
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phosphonic esters of 11 were hydrolysed with BBr3 at room temperature, 
proving to be easier than for the hydroxyphenyl analogues. The Kabachnik-
Fields product α-aminophosphonate 8 was alternatively hydrolysed with BBr3 
to afford the corresponding α-aminophosphonic acid 9. Compound 9 was 
tested for MBL inhibition to compare the effect of a secondary amine to the 
amide moieties previously used. For comparison, the analogue of compound 
9 bearing an ortho-methoxyphenyl core (compound 13) was also synthesised 
through the equivalent synthetic pathway starting from 2-methoxybenzalde-
hyde 2. The ortho-methoxyphenyl core is used for comparison instead of the 
ortho-hydroxyphenyl as the BBr3 hydrolysis of the α-aminophosphonate ethyl 
ester intermediate 3 surprisingly did not cleave the methyl ether bond. In ad-
dition, the primary amine containing compound 14, another readily accessible 
intermediate from the synthetic sequence that retains the essential phosphonic 
acid motif, was included in the MBL inhibition studies. This primary amine 
containing molecule allows evaluation of the importance of the second aro-
matic structural element in our phosphonic acid inhibitors. All final com-
pounds were purified with preparative RP-HPLC that has been more cumber-
some than for the previous series, and resulted in 29-46 % yields. 
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Scheme 4.1. The synthetic route towards (a) the pyridinylmethyl-phosphonic acid-
type inhibitors and (b) the α-aminophosphonic acids with ortho-methoxyxpenyl or or-
tho-hydroxyphenyl core. 

4.3 Evaluation of the impact of core-changes on 
bioactivity 
To investigate the capability of phosphonic acids for even broad spectrum inhi-
bition, two additional enzymes, VIM-1 and IMP-1, were included in the evalu-
ation of the potency of the second series of compounds. Our aim was to under-
stand how scaffold changes contribute to the binding to VIM, NDM, IMP and 
GIM enzymes to help rationally advance phosphonic acid-type inhibitors to-
ward clinically applicable medicines. The IC50 values of these compounds were 
measured by Gurleen Kaur at the University of Oxford (Figure 4.2).  
Among the amide-linker containing molecules, no significant activity was 
observed against VIM-1. Only compound 15a showed high μM activity, 
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suggesting that both the core structure and the amide attached moiety sim-
ultaneously have a significant role in inhibitor binding to VIM-1. When 
changing the core from the thiazole-carboxylate to another scaffold, the ac-
tivity was lost, as well as when changing the thiophene moiety to the non-
aromatic aminocyclohexyl ring. The best inhibition of VIM-1 was achieved 
by the α-aminophosphonic acid compound 13 with IC50 value of 35.5 μM. 
This activity was completely lost when the aromatic core was changed to 
pyridine (compound 9) as well as when the amine attached benzyl group 
was removed (compound 14). 

Most of the compounds however showed some inhibitory activity against 
VIM-2, suggesting that the key structural element for VIM-2 binding is the 
common phosphonic acid core. Although VIM-1 and VIM-2 share 93 % se-
quence identity, our results highlight the difficulty of inhibiting more mem-
bers of the VIM family. A decrease in VIM-2 activity was observed for the 
non-aromatic carboxylic acid-containing compounds. The lack of activity of 
compounds 16a,n,o indicates that having two zinc-coordinating functionali-
ties in close proximity in the inhibitor structure has an adverse effect on 
VIM-2 binding, rather than giving stronger coordination to both zinc ions in 
the active site. Alteration of the core structures while keeping the smaller thi-
ophene moiety on the amide was well-tolerated. However, when the bigger 
aromatic benzothiophenes were used in the amide side of the molecules, the 
pyridine derivatives performed worse as compared to the hydroxyphenyl-con-
taining inhibitors. We note that the orientation of the amide attached moiety 
matters for VIM-2 activity which has been previously observed for the ortho-
hydroxyphenyl phosphonic acid inhibitors in Chapter 3. Compound 15n with 
the non-aromatic, more flexible aminocyclohexyl amide moiety still kept 
VIM-2 activity, which suggests that VIM-2 tolerates the exchange of a possi-
ble aromatic interaction to a non-aromatic, e.g. hydrogen-bonding with the 
amine of the aminocyclohexyl ring. The most potent VIM-2 inhibitor was 
compound 13, suggesting that this structure may be a lead for the development 
of inhibitors against multiple VIM-variants. The lack of the amine attached 
benzyl group (compound 14) and the core change from ortho-methoxyphenyl 
to pyridine ring (compound 9) show 17 to 25-fold activity drop compared to 
13, respectively. This highlights possible important interactions of the ortho-
methoxy group and the amine attached benzyl moiety with the VIM-2 active 
site, however, the effect of the structural alteration is not as drastic as for 
VIM-1 inhibition. The importance of the benzyl group suggests possible π-π 
or cation-π interactions. The low inhibitory potency of 9 against VIM-1 and 
VIM-2 may be rationalized by loss of interaction to Asn210 when compared 
to analogue 13, which allows hydrogen bonding through its methoxy group. 
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Figure 4.2. Inhibitory activities of phosphonic acids possessing different core struc-
tures, measured using a fluorogenic substrate by Gurleen Kaur at the University of 
Oxford. IC50 values below 100 μM are highlighted in bold. Compounds 15a,n and 
16a,n,o were synthesised by Bo Li (CAS SIMM). 

 
Relative VIM-2 activity was also assessed in the presence of the inhibitors at 
a fixed concentration of 100 μM on purified enzyme and on the enzyme within 
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OMVs (without and with membrane permeabilization) (Figure 4.3). The car-
boxylic acid derivatives 16a,n,o were the least active compounds whereas the 
best performing inhibitors were 13 and 15a, in accordance with our IC50 meas-
urements. The permeability data highlights that all compounds penetrate the 
Gram-negative outer membrane. 

Generally, we achieved weaker inhibition for all inhibitors against NDM-
1 as compared to VIM-2, which was not observed for the compounds having 
a hydroxyphenyl core. Dramatic activity loss was observed when pyridine was 
used as a core, but overall all core changes from the hydroxyphenyl had an 
adverse effect on NDM-1 activity, regardless of aromaticity. It suggests that 
an electron rich system is needed for binding, and that the hydroxy function-
ality has an observable positive effect on NDM-1 binding. When comparing 
the influence of the amide attached moieties for compounds with the same 
core, we observed that the amide attached moiety does not play a significant 
role and NDM-1 tolerates changing this part of the molecule even better than 
VIM-2, for instance. None of the α-aminophosphonic acids lacking the amide 
moiety were suitable inhibitors of NDM-1. This indicates that for NDM-1 in-
hibition, either the aromatic ring needs to have a free hydroxy group, an amide 
moiety, or the protonated quaternary amine has an adverse effect on the inter-
action with the NDM-1 binding pocket. 

Assessing the GIM-1 activity data, the tripeptide analogue 16o was the only 
possible lead candidate, which highlights that interaction with the binding 
pocket was lost by modification of the hydroxyphenyl core. The aromatic thi-
ophenes or the aminocyclohexyl scaffold are unable to engage in interactions 
in the GIM-1 binding pocket, and the loss of binding by the core-change could 
only be partially compensated by attaching several aromatic amino acid resi-
dues to the amide linker. The measurable activity of the tripeptide analogue 
16o shows that GIM-1 as well as NDM-1 tolerate bulkier inhibitors in their 
binding pocket. However, the data measured on OMVs suggest that all com-
pounds with different core than hydroxyphenyl behave similarly, and act as 
very weak inhibitors of GIM-1. Interestingly, the bulky tripeptide attached 
phosphonic acid 16o crosses the Gram-negative outer membrane (Figure 4.3), 
despite its size and polarity.   

Promising inhibitory activities against IMP-1 were observed for 16a, and 
measurable activity for 15n.  This suggests that possible phosphonic acid in-
hibitors of IMP-1 need to be generally smaller, which corresponds to the re-
ported findings of the IMP binding pocket being slightly narrower and more 
rigid. In those structures, only one aromatic moiety is tolerated on either side 
of the molecule. Interestingly, compound 12b also shows IMP-1 activity, 
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which indicates that the orientation of the amide attached moiety is also im-
portant for IMP-1 binding, similar to that observed for VIM-2. However, the 
opposite effect appears for the two enzymes, namely the amide sidechain orien-
tation that is favorable for VIM-2 is unfavorable for IMP-1 inhibition. The α-
aminophosphonic acids proved to be only very weakly active against IMP-1 in 
the cases of both the ortho-methoxyphenyl- and pyridine-core, indicating that 
there is probably no additional interaction between the methoxy group and any 
IMP-1 amino acid residue in the binding pocket. The α-aminophosphonic acid 
structures may be possible to optimize for successful IMP-inhibition.  

Comparing the different cores of the amide type compounds in general, the 
ortho-hydroxyphenyl and the thiazole-4-carboxylate phosphonic acids may 
have a potential to become VIM-1 inhibitors upon structure optimization, but 
successful VIM-1 inhibition might be easier achieved starting from the amine-
type phosphonic acids. VIM-2 is a potentially good target for phosphonic acid 
inhibitors, as several of the structures including those possessing different core 
structures, amide-sidechains and the amide or amine-type compounds showed 
good inhibitory activity against this enzyme. NDM-1 was best inhibited by the 
ortho-hydroxyphenyl phosphonic acids, however also compounds possessing 
different core structures showed potential for NDM-1 inhibition, after struc-
ture optimization. The amine-type compounds were less successful against 
NDM-1. Lastly, IMP-1 was only inhibited by the smaller phosphonic acid 
structures, likely because of its binding pocket size. It might be inhibited by 
phosphonic acids, however, only after a careful structure optimization on the 
amide attached scaffold. 
 

 
Figure 4.3. Normalized relative activities of (a) VIM-2 and (b) GIM-1. Purple bars 
represent the purified enzyme activity, blue bars represent the enzyme activity within 
OMVs and green bars represent the enzyme activity within the OMVs where the mem-
brane was permeabilized with Triton-X.  
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Similar to the first set of phosphonic acids, none of the compounds possessing 
a modified core structure showed significant cytotoxicity on HepG2 cells 
(CC50 values are ranging between 0.8 mM for compound 15a and 7.5 mM for 
compound 13). 

The binding of the most potent inhibitors of VIM-2 were evaluated with 
solution NMR. The pyridine-core bearing compound 12a and the α-amino-
phosphonic acid 13 were titrated to VIM-2 and the amino acid residues af-
fected by their binding were identified (Figure 4.4). According to the NMR 
studies, these compounds bind in the same binding pocket of VIM-2, close to 
the zinc ions, as the phosphonic acids in Chapter 3. The α-aminophosphonic 
acid 13 showed shifted binding mode when compared to the previous com-
pounds 6a-m possessing a hydroxyphenyl-core and amide-linker. β-Sheet-3 
(residues 67Y-72L) was much more affected by the binding of compound 13 
than by the binding of inhibitors 6a-m, highlighting the location of 13 being 
closer to this β-sheet and to the Zn2 site (Asp/Cys-site). This appears to be a 
difference in binding mode when compared to compounds 6a-m that were 
bound between the two zinc ions accommodated by multiple of the active site 
flexible loops. Significant chemical shift perturbations were more pronounced 
along loop-10 (196G-216L) for compound 13, whereas the other active site 
flexible loops were much less affected. Several residues surrounding the Zn2 
coordination site (237I-242G) were influenced upon titration of VIM-2 with 
compound 13, while only residues His240 and Gly241 showed changes for 
inhibitors 6a-m, further suggesting that compound 13 is located closer to Zn2 
of the active site. Compounds 6a-m and the α-aminophosphonic acid 13 
showed similar intensity decrease, line broadening (intermediate exchange) 
and disappearance (slow exchange) of several backbone resonances, indicat-
ing high flexibility and/or several binding modes with slower interconversion 
between states. To the contrary, throughout the titration, compound 12a 
showed mostly fast exchange, well-defined, averaged backbone cross peaks 
suggesting a single dominant binding pose and confirming its moderate affin-
ity. While the residues showing slow exchange were similar for 6a-m and for 
13 and 12a, intermediate exchange was not observed for compound 12a. The 
overall CSPs of compound 12a can be described as a mixture of CSPs ob-
served for compound 13 and for 6a-m. Significant CSPs were observed upon 
titrating VIM-2 with 12a in β-sheet 2 to β-sheet 3, loop-9, loop-10 and loop-
12. Loop-3, connecting β-sheet 2 and 3, was affected similar to that observed 
upon titration with inhibitors 6a-m, but CSPs were expanded also along the 
entire β-sheet 3, as observed upon titration with compound 13. Although the 
most influenced region was loop-10 for the three inhibitors (6a-m, 13 and 
12a), in the case of compound 12a, the affected residues all showed significant 
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CSPs, while the cross peaks mostly disappeared or showed intensity de-
crease and/or line broadening upon titration with the α-aminophosphonic 
acid 13, and for 6a-m. The affected residues in loop-12 were His240-
Leu242 when VIM-2 was titrated with compound 12a, showing detectable 
significant CSP and no cross peak disappearance. The results from the ti-
trations of compound 12a suggest a single, dominant, less flexible binding 
mode located close to the Zn2 site. 
 

 
Figure 4.4. Superimposition of the 1H,15N HSQC spectra of free VIM-2 (black) and 
VIM-2 in the presence of 10 molar equivalent inhibitor 12a (magenta) and 13 (blue). 
Residues labeled with red showing differences in the binding of the two ligands. 

 
Compound 13 was also co-crystallized with VIM-2 to further confirm its bind-
ing mode and to identify specific interactions with amino acid residues of the 
active site. The crystal structure corroborates the findings from the NMR ti-
trations studies, highlighting the binding of the ligand closer to the Zn2 site, 
accommodated by residues in β-Sheet-3 and loop-10. 

4.4 ADME predictions  
The pharmacokinetic properties and drug-likeness of the inhibitors were eval-
uated computationally. According to the expectations, the introduction of a 
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pyridine ring was predicted to further increase the aqueous solubility, as com-
pared to the hydroxyphenyl ring-substituted analogues. However, this simul-
taneously lead to slightly decreased lipophilicity, which might be undesirable. 
The topological polar surface area (TPSA) slightly decreased, which made 
these compounds comply even better with druglikeness-rules195-198 than the 
hydroxyphenyl core based series (Table 4.1). With the pyridine ring, but also 
with the amine linker-containing compounds, we removed a hydrogen-bond 
donor from the inhibitors as compared to the hydroxyphenyl based-com-
pounds. This did not necessarily indicate the removal of interactions with the 
binding pocket, as no trend of decreasing activity was observed upon the re-
moval of HBDs. A remarkable improvement was observed in the predicted 
gastrointestinal absorption of the compounds having pyridine core as com-
pared to the hydroxyphenyl-ring containing compounds (Table 4.1).  

Introduction of a thiazole-4-carboxylate ester increased the number of hy-
drogen-bond acceptors and rotatable bonds and lead to a higher TPSA as com-
pared to the ortho-hydroxyphenyl inhibitors (Table 4.1). A favorable change 
was observed in the decreased plasma-protein binding (Table 4.1). 

The carboxylic acid-type inhibitors showed similarities with the thia-
zole-containing compounds in ADME properties, yet with even more pro-
nounced differences when compared to the original hydroxyphenyl-com-
pounds. Upon changing to the carboxylic acid core, the number of hydrogen-
bond acceptors and TPSA increased, contributing to a significantly decreased 
logP and the plasma-protein binding of these compounds is predicted to be 
even lower than of the previously discussed compounds (Table 4.1).  

Comparing the ADME properties of the α-aminophosphonic acids to the 
amide-linker containing molecules, the primary amine encompassing com-
pound 14 is not suitable as a drug candidate due to its limited activity and 
highly polar nature, the α-aminophosphonic acids 13 and 14 confer promising 
overall drug-like properties. They are predicted to have similarly favorable 
ADME features as the amide-type phosphonic acids 6a-m (Chapter 3). These 
α-aminophosphonic acids showed however increased water solubility, de-
creased plasma protein binding and increased gastrointestinal absorption. 

There are no other significant changes in the predicted pharmacokinetic 
properties of these compounds as compared to the previous series shown in 
Chapter 3, and thus they similarly comply with most criteria for oral bioa-
vailability (e.g. Lipinski’s Rule of Five195, the CMC-like rule196, Muegge 
filter197 or the Veber filter198). 
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Table 4.1. Predicted properties of compounds 6a, 12a, 15a, 16a, 13. 

Physicochemical properties 6a 12a 15a 16a 13 
MW [g/mol] 313 298 376 265 307 
Nr. of heavy atoms 20 19 23 16 21 
Nr. of aromatic heavy 
atoms 

11 11 10 5 12 

Nr. of H-bond acceptors 5 5 7 6 5 
Nr. of H-bond donors 4 3 3 4 3 
Molar refractivity 75 71 85 55 81 
Nr. of rotatable bonds 5 5 8 5 6 
TPSA [Å2] 145 138 192 162 89 
SwissADME predictions 6a 12a 15a 16a 13 
Consensus Log Po/w 0.89 0.59 1.01 -0.56 0.94 

Water solubility Soluble 
Very 

soluble/ 
Soluble 

Soluble/ 
Moderately 

soluble 

Very 
soluble/ 
Soluble 

Very 
soluble/ 

Moderately 
soluble 

BBB permeant No No No No No 
P-gp substrate No No No No No 
CYP3A4 inhibitor No No No No No 
CYP2D6 inhibitor No No No No No 
CYP2C19 inhibitor No No Yes No No 
CYP2C9 inhibitor No No No No No 
CYP1A2 inhibitor No No No No No 
GI absorption Low High Low Low High 
PreADME predictions 6a 12a 15a 16a 13 
Water solubility [mg/L] 17552 81657 14064 7715 8888 
logP 1.69 0.94 1.53 -0.02 2.17 
BBB penetration 0.15 0.11 0.06 0.13 0.51 
HIA [%] 60.0 65.4 33.1 17.7 91.9 
Pgp inhibition No No No No No 
CYP3A4 inhibition No No No No Non 
CYP2D6 inhibition No No No No Yes 
CYP2C19 inhibition No No No No No 
CYP2C9 inhibition Yes Yes Yes No Yes 
Caco-2 permeability 0.37 0.38 0.44 0.36 0.83 
MDCK permeability 4.4 8.4 2.0 0.7 232.9 
PPB [%] 94.4 89.8 86.1 33.5 82.7 
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5. α-Aminophosphonic acids for improved 
inhibitory potency (Paper IV) 

5.1 Design and predicted properties of  
α-aminophosphonic acids 
((Benzylamino)(2-methoxyphenyl)methyl)phosphonic acid 13 was identified 
as a potent VIM-2 inhibitor. We designed derivatives of 13 to explore the im-
pact of structural changes on its VIM-2 binding potency. Compound 13 was 
seen as an attractive starting point for further development due to its synthetic 
accessibility that facilitates easy structural modifications, its good inhibitory 
activity and ADME predicted properties. 

Among phosphorous-compounds, α-aminophosphonic acids represent a so 
far underexplored compound class for targeting metallo-β-lactamases.225 
These compounds are bioisosters of α-amino acids, offering easy modification 
for versatile substituent patterns and favorable aqueous solubility.226-228 
α-Aminophosphonates might even possess antimicrobial activity.229-236 De-
spite their polarity, small α-aminophosphonic acids cross the Gram-negative 
outer membrane through porin channels. 237,238 However, there is no compre-
hensive analyses of this scaffold so far. Understanding how structural modifi-
cations influence binding affinity, binding mode and enzyme selectivity is ex-
pected to facilitate their rational development into MBL inhibitors.  

Halogenation was introduced as a central modification strategy, targeting 
both the hydroxyphenyl ring and the benzyl moiety attached to the amine (Fig-
ure 5.1 and Scheme 5.1). Halogens are widely employed in medicinal chem-
istry to increase binding affinity, influence molecular properties, as they can 
enhance hydrophobic interactions, introduce steric bulk, and modulate elec-
tronic effects.239-249 For MBL inhibition, such modifications may improve 
complementarity with hydrophobic regions close to the zinc ions or with the 
hydrophobic active site loop 3, important for substrate binding.83 Accordingly, 
different halogens (F, Cl, Br), substitution patterns, and substitution numbers 
were explored on the aromatic rings to probe pocket size, shape, and van der 
Waals contacts. In addition, fluorination can enhance metabolic stability by 
blocking labile sites.247-249 
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Hydrophobicity and conformational flexibility were further adjusted by in-
corporation of methyl groups either to the benzyl ring or to the secondary 
amine of 13. Alternatively, the linker between the amine and the unsubstituted 
phenyl ring was elongated by one methylene unit. Increased flexibility may 
enable adaptation to isoenzymes that differ in loop conformations or residue 
compositions, whereas methylation of the amine decreases hydrogen-bond do-
nor capacity and adds steric bulk that may alter binding orientation. Methyl 
substitution on the benzylamino ring increases hydrophobic surface area and 
can subtly influence aromatic ring orientation and electronic properties, 
thereby adjusting binding affinity and selectivity without significantly com-
promising solubility. As the phosphonic acid moiety confers good aqueous 
solubility, small hydrophobic substituents can improve lipophilicity, aiding 
Gram-negative outer membrane penetration. 
 

 
Figure 5.1. The structurally modified α-aminophosphonic acid inhibitors. Modifica-
tions highlighted with blue. 

 
These compounds were designed to balance pharmacokinetic properties and 
to comply with the most common drug-likeness rules. All of the designed α-
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aminophosphonic acids fulfil the criteria of most commonly used filters (e.g. 
Lipinski, CMC, Veber, Egan, Muegge, MDDR, WDI) meaning that the com-
pounds’ structure and physicochemical properties resemble those of typical 
orally bioavailable approved drugs. Their molecular weight is below 
400 g/mol, they have 3 hydrogen bond donors, 5-6 hydrogen bond acceptors 
(except compound 22w with 9 HBAs), 5-7 rotatable bonds, 88.6 Å2 TPSA, 
show good aqueous solubility but also favourable lipophilicity, and are pre-
dicted to have high gastrointestinal absorption, no blood-brain barrier pene-
tration, no CYP-enzyme inhibition and acceptable plasma protein binding (ex-
cept compound 22w). 

5.2 α-Aminophosphonic acid synthesis 
The synthetic route of the α-aminophosphonic acid inhibitors 18p-q, 20 and 
22r-w is summarized on Scheme 5.1. α-Aminophosphonate 3, the common 
structure for derivatization, was synthesized with the Kabachnik-Fields reac-
tion as described in Chapter 3. Compound 3 was then modified with 1-3 syn-
thetic steps to provide a variety of α-aminophosphonic acid inhibitors. Thus, 
the secondary amine of 3 was methylated with paraformaldehyde and formic 
acid in methanol within 6 hours to give compound 19, or debenzylated with 
hydrogen gas and palladium catalyst in ethanol to obtain compound 4. Alkyl-
ation of the primary amine of 4 with a variety of aryl halides in the presence 
of potassium carbonate as a base allowed the synthesis of α-aminophospho-
nate ethyl esters 21r-w. Alternatively, compound 3 was selectively mono-hal-
ogenated on the para-position to the methoxy group on the methoxyphenyl 
ring with NBS or NCS in HFIP as solvent, at room temperature in 3 hours 
yielding compounds 17p-q. The last step of hydrolysing the diethyl phospho-
nates was carried out with the McKenna reaction using TMSBr or TMSI under 
microwave (μW) conditions at 85 °C in 15 min affording compounds 18p-q 
and 22r-w or with BBr3 in toluene at 60 °C to obtain compound 20. The final 
compounds were purified by preparative RP-HPLC resulting in 55-78 % yield. 
In total, 9 new α-aminophosphonic acids were synthesized and evaluated for 
MBL inhibition (Figure 5.1). 
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Scheme 5.1. The synthesis of the α-aminophosphonic acids. 
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5.3 Inhibition of VIM-2 and GIM-1 
To assess the enzyme binding affinity of the 9 new α-aminophosphonic acids, 
their IC50 values were measured against VIM-2, NDM-1 and IMP-26 (Table 
5.1). Corroborating our preliminary observation for molecule 13, these α-ami-
nophosphonic acids were most active against VIM-2, while only some were 
slightly active against NDM-1, and they were inactive against IMP-26. It has 
been reported difficult to develop potent inhibitors against IMP-type en-
zymes58,94,95,133,250 and so far, α-aminophosphonic acid-type compounds were 
not tested against them. All compounds showed good activity against VIM-2 
with IC50 values ranging from high nanomolar to low micromolar. The com-
pounds could be divided into three groups based on their potency. Compound 
18q bearing a bromide on the methoxyphenyl ring and compound 22t with a 
chloride in the ortho position on the benzylamino ring, were the most active 
with 728 nM and 1.3 μM IC50, respectively. The second group included com-
pounds 18p and 22s with a 5-10-fold activity decrease. Compound 18p is 
equipped with a chloride on the methoxyphenyl ring (IC50 7.0 μM) and com-
pound 22s possesses the flexible phenethylamino ring (IC50 7.5 μM). The re-
maining compounds 20, 22r, 22u-w belong to the least active group with 
~22-52-fold increase in IC50 values as compared to 18q. These compounds 
still showed moderate activity with IC50 values between 16-38 μM against 
VIM-2. From our IC50 measurements, the halogenation on the methoxyphenyl 
group, together with increasing the flexibility on the second, amine-attached 
substituent was the most beneficial for increased VIM-2 potency. The modi-
fications on the second, benzylamino ring were not advantageous when com-
pared to the starting molecule 13, but all the modified compounds remained 
active against VIM-2. This suggests, that the second aromatic ring is needed 
but its substitution pattern does not play a crucial role in VIM-2 binding. Sim-
ilar conclusion can be drawn about the amine group of the molecule, where 
the methyl protection did not significantly influence the binding potency, in-
dicating that any hydrogen bonding present must be weak. However, it is im-
portant to note that for the N-methylated compound 20, the first ring has an 
unprotected hydroxy group capable of compensating with additional hydrogen 
bonding interactions. 

The most potent inhibitors of NDM-1 were compounds 22u, 22w and 18q. 
These α-aminophosphonic acids are certainly not suitable clinical inhibitors 
of NDM-1, however it is to note, that the original compound 13 was com-
pletely inactive against NDM-1, while with simple structural modifications, 
promising inhibitor candidates were achieved. 
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Table 5.1.  The IC50 values of the α-aminophosphonic acid compounds suggest good 
inhibitory activity against VIM-2. 

Inhibitor 
IC50 (μM) 

VIM-2 NDM-1 
20 19 681 

18p 7.0 204 
18q 0.73 60 
22r 16 196 
22s 7.5 288 
22t 1.3 165 
22u 38 58 
22v 21 767 
22w 21 82 

 
The Gram-negative membrane permeability of the inhibitors was addressed 
using outer membrane vesicles, which carry VIM-2 or GIM-1 in their lu-
men.205-207 Normalized relative activities of the enzymes were measured both 
on the purified enzymes and on the enzymes within OMV-s (without and with 
permeabilizing the membrane) (Figure 5.2). L-Captopril and water were used 
as positive and negative controls, respectively. All α-aminophosphonic acids 
showed decrease in VIM-2 activity within the OMV-s suggesting their ability 
to cross the Gram-negative outer membrane and successfully reaching their 
target in the periplasm. The most potent compounds 18p-q and 22t showed 
comparable potency to L-captopril, a known MBL inhibitor often used as a 
positive reference (IC50 4.4 μM251). The compounds demonstrated activity 
against GIM-1 as well (Figure 5.2b). Whereas there was no clear trend in the 
substitution’s influence on VIM-2 or NDM-1 potency, in the case of GIM-1 it 
is clear that halogenation on the 2-methoxyphenyl ring (18p-q) has a signifi-
cant advantage compared to alterations on the amine attached scaffold. Im-
portantly, compound 18p and 18q outcompeted L-Captopril. Both the VIM-2 
and GIM-1 data demonstrate that despite the polarity of the α-aminophos-
phonic acids, the Gram-negative membrane permeability is not a limiting fac-
tor as the relative activities of the purified enzymes are almost the same as for 
the enzymes inside the OMVs (Figure 5.2).  
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Figure 5.2. Relative activities of (a) VIM-2 and (b) GIM-1 in the presence of the α-
aminophosphonic acid inhibitors. 

 
As the compounds showed good activity against purified VIM-2 as well as for 
the VIM-2-containing OMVs, their efficacy was subsequently evaluated in 
whole bacterial cells. This was performed to assess whether in addition to their 
binding, they would be able to reach their target in the periplasm and exert a 
synergistic effect in combination with a β-lactam antibiotic. The minimal in-
hibitory concentration (MIC) of meropenem, a last-resort carbapenem antibi-
otic, was determined on VIM-2 expressing E. coli using 500 μM of the α-
aminophosphonic acid inhibitors (Figure 5.3). All the compounds decreased 
the MIC of meropenem from 1 mg/L to 0.06 mg/L indicating their ability of 
crossing the outer membrane, avoiding rapid efflux, reaching and binding 
VIM-2 in the periplasm and being stable under cellular conditions. The 
~16-fold decrease in meropenem MIC might suggest the potential for these α-
aminophosphonic acids to restore the susceptibility of VIM-2 expressing 
strains to meropenem.  

The α-aminophosphonic acids had CC50 values ranging between 0.9 to 4.3 
mM tested on HepG2 cells. This translates to selectivity index values between 
13 and 1099, indicating that these compounds are non-cytotoxic. 
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Figure 5.3. MIC heat map showing no bacterial growth when α-aminophosphonic 
acid inhibitors (500 μM) were used in combination with 0.06 mg/L meropenem. 

 
The most potent compound 18q was titrated to VIM-2. The most affected 
VIM-2 residues were located loop-3, β-sheet 3, loop-10 and loop-12 (only the 
Zn2 binding residue His240 and its neighbouring amino acid Gly241). The 
conserved active-site perturbations indicate a similar binding mode as that of 
analogue 13 and they occupy similar region of the active site (Figure 5.4). 
However, residues at the N-terminus (33Y-39I), β-sheet 1 (44V-47Y) and C-
terminus (254N-262R) which are distant from the catalytic pocket, showed 
significant chemical shift perturbations when the brominated compound 18q 
was titrated to VIM-2. The distal CSPs likely reflect subtle conformational or 
dynamic effects propagated through the protein scaffold. Bromine is bulky, 
polarizable and hydrophobic which may result in increased van der Waals 
contacts, improved hydrophobic packing and/or better shape complementarity 
in the binding pocket. The bromine may slightly alter how the ligand sits in 
the pocket. According to the NMR chemical shift perturbation results, com-
pound 18q locks VIM-2 into a more defined inhibited conformation, which is 
consistent with its increased affinity. The bromine does not alter the binding 
mode but it changes how strongly and how rigidly the compound binds. It 
significantly increases affinity by packing and polarizability effects, and the 
formation of a halogen bond cannot be excluded. The increased affinity prob-
ably results from thermodynamic strengthening of the interactions. It is not 
uncommon in drug development that a halogen substitution significantly en-
hances affinity while preserving the fundamental binding mode.240 
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Figure 5.4. Superimposition of the 1H,15N HSQC spectra of VIM-2 in the presence of 
10 molar equivalent inhibitor 18q (magenta) and 13 (blue). Residues labeled with red 
showing differences in the binding of the two ligands. Residues far from the active site 
were significantly affected by the titration of compound 18q. 

5.4 NMR backbone resonance assignment of German-
imipenemase 1 
GIM-1 represents an interesting target within the B1 MBL subclass as it has 
the most different binding site with more aromatic residues as compared to 
other B1 MBLs.107,108 Understanding the binding of the most different member 
of the MBL B1 subfamily might contribute to the design of broad spectrum 
inhibitors. Currently there is no co-crystal structure available of GIM-1 to-
gether with an inhibitor, and the NMR assignment of this enzyme is not 
known. No NMR studies were previously reported on GIM-1. The availability 
of resonance assignment will enable the solution NMR investigation of the 
binding of GIM-1 inhibitor candidates. 

We expressed single 15N- and double 15N,13C-labeled GIM-1, consisting of 
232 amino acid residues, and performed 1H,15N HSQC experiments to address 
the stability of the enzyme. 1H,15N HSQC spectra were recorded at 25 °C once 
per day on single labelled GIM-1, for 6 days, indicating that the enzyme was 
stable. No disappearance of cross peaks was observed. This was important as 
backbone resonance assignment needs several days’ spectral acquisition. A 
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series of variable temperature 1H,15N HSQC experiments were measured be-
tween 7-37 °C to find the ideal temperature for the backbone assignment (Fig-
ure 5.5). The best result, meaning largest number of well resolved peaks, was 
obtained at 30 °C. In order to identify the resonance frequencies (chemical 
shifts) of GIM-1’s backbone nuclei (N, Cα, Cβ, Hα, C=O), the 3D HNCA, 
HNCACB, HNcoCA, HNcoCACB, HNCO and HNcaCO experiments were 
measured on 250 μM GIM-1 at 30 °C and pH 7.0, in a solution containing 
20 mM HEPES, 0.1 mM ZnCl2, in 90% H2O/10% D2O. 
 

 
Figure 5.5. Superimposition of the 1H,15N HSQC spectra of GIM-1 at 7-37 °C. 

 
During the data analysis, first specific amino acids that have typical Cα and Cβ 
chemical shifts (δ) were identified. For instance, glycines only have Cα and no 
Cβ cross peaks, whereas threonines and serines have their δCβ at higher chem-
ical shifts then their δCα and this δCβ is also at a much higher chemical shift 
than the usual amino acid Cβ chemical shift range. Furthermore, alanines have 
their δCβ at a much lower chemical shift than all the other amino acids. These 
were easily recognizable diagnostic features, providing suitable starting points 
for the assignment. Each 1H,15N HSQC cross peak represented an amino acid 
residue’s δH and δN (in case of no overlap) and had a corresponding δCα, δCβ 
(except glycines) and carbonyl δC. Connectivity was established by finding 
neighbouring residues as e.g. in the HNCA spectrum one could see the δCα of 
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amino acid residue (i) and in the HNcoCA one could see the δCα of the neigh-
bouring amino acid residue (i-1). This latter δCα (i-1) from the HNcoCA 
should be found then in the HNCA as the chemical shift of another amino acid 
residue (j) and one could go on to the neighbour of this amino acid residue in 
the HNcoCA where one could find then the δCα (j-1) (Figure 5.6a). The process 
was similar when examining the HNCO and HNcaCO spectra. Here however, 
one could identify the carbonyl δC of amino acid residue (i) from the HNcaCO 
experiment, and the δC of the neighbouring amino acid residue (i-1) from the 
HNCO experiment (Figure 5.6b). This process provided valuable information 
about the sequential connectivity of amino acids in the protein backbone. Fur-
thermore, the HNCACB and HNcoCACB experiments gave us Cβ cross peaks 
and information about the δCβ of amino acid residue (i) and (i-1). 
 

 
Figure 5.6. NMR backbone resonance assignment connection points using the (a) Cα- 
or the (b) carbonyl C cross peaks. 

 
Backbone assignment is a prerequisite for determining the three-dimensional 
structure of proteins, understanding their dynamics, and studying their interac-
tions with ligands or other molecules by solution NMR spectroscopy. Similar 
to all metallo-β-lactamases in the B1 family, GIM-1 is a highly flexible enzyme. 
Accordingly, 21 % of the cross peaks are not visible in the spectra most probably 
due to intermediate exchange regime dynamics and/or the long helical regions. 
In the GIM-1 sequence, ten amino acids are prolines that lack the backbone NH 
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cross peak, and accordingly they cannot be identified in the 1H,15N HSQC spec-
trum. In total, 166 amino acid residues were assigned out of the theoretically 
possible 222 residues (75 %, Figure 5.7). However, owing the dynamic nature 
of the enzyme and disappearance of 21 % of the cross peaks in our spectra, the 
maximum reachable assignment with our data is 79 %.  

 

 
Figure 5.7. 1H,15N HSQC spectrum of GIM-1 with the assignment and the GIM-1 
amino acid sequence. Prolines are highlighted with red, the NMR assigned residues 
are highlighted with green. 

 
Although the full assignment of the enzyme was not possible with our data, 
this partial assignment is still useful for mapping ligand-induced chemical 
shift perturbations, allowing the identification of ligands that bind and their 
binding regions and providing insight into inhibitor interactions and dynamics 
with the enzyme. This can be particularly useful for comparative studies with 
other metallo-β-lactamases, where the NMR backbone assignment is known. 
It also supports investigations of protein dynamics, folding, and stability in 
solution, and can be integrated with structural and computational data to guide 
inhibitor design. 
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6. Peptidic phosphonic acids for IMP-1 
inhibition 

6.1 Design introducing natural amino acids 
The binding studies of the first series (Chapter 3) of phosphonic acid-based 
inhibitors revealed that there is an empty space in the binding pocket sur-
rounded with acidic amino acid residues offering H-bonding sites. Therefore, 
we decided to change the amide attached aromatic phenyl, thiophene and ben-
zothiophenes moieties, which did not interact strongly with the binding pocket 
and were mostly solvent exposed, to natural amino acids encompassing 
sidechains capable of H-bonding to the amino acids of the binding site (Figure 
6.1). Using natural amino acids in drug design has a series of advantages.252,253 
They offer a diverse range of functional groups capable of interacting with 
biological targets, thereby improving binding affinity and specificity. Thereto, 
they are readily available and cheap, are usually recognized and processed by 
biological systems, enhancing bioavailability and metabolic compatibility. 
Being the building blocks of proteins, natural amino acids are well-tolerated 
and unlikely to cause adverse reactions, making them a safe choice in drug 
development.253 The primary goal with the introduction of amino acids was to 
optimize the interactions within the enzyme’s binding pocket. This might de-
crease oral bioavailability and membrane permeability, however, these prop-
erties can subsequently be adjusted when the functional groups important for 
binding have been identified. 
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Figure 6.1. The amino acid substituted phosphonic acid inhibitors. 

6.2 Docking simulations 
To identify amino acids to be attached to the phosphonic acid core, the possi-
ble target compounds were docked to VIM-2 and NDM-1 and those having 
the best docking scores and the most possible interactions within the binding 
pocket were selected (Lys, Ser and Gln) for synthesis. 

Computational docking of the lysine-containing molecule 24x (Figure 6.1) 
predicted that the two stereoisomers have similar binding mode and orienta-
tion (Figure 6.2a), both showing comparable affinity to VIM-2 (docking 
scores (DS) of -9.1 kcal/mol (RS)- and -9.2 kcal/mol (SS)-isomer). Both of the 
amino groups of lysine were predicted to possess H-bonding and salt bridges 
with Asp117, Asp213 and Glu146 for both stereoisomers. In contrast, these 
stereoisomers docked to NDM-1 were bound with 180 ° flipped orientation 
(Figure 6.2b) and with slightly worse their docking scores (DS of -8.9 
kcal/mol (RS)- and -8.5 kcal/mol (SS)-isomer) than those for VIM-2. The ly-
sine amino group was predicted to interact with Asn220, Phe70, His250 or to 
Glu152 and Asp223 of NDM-1.  
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Figure 6.2. The binding poses of (RS)-24x (yellow) and (SS)-24x (magenta) when 
binding to (a) VIM-2 and (b) NDM-1. 

 
The (RS)-diastereomer of compound 24y, which possesses a glutamine moiety 
(Figure 6.1), was predicted to bind VIM-2 with higher affinity, with docking 
score of -9.4 kcal/mol, while its (SS)-diastereomer had a docking score of -7.9 
kcal/mol, yet still fitted into the binding pocket. This difference is attributed 
to the different binding interactions of the two isomers. While for the (RS)-
isomer, both the amide NH2 and the carboxylic O was predicted to bind along 
with the amino group, for the (SS)-isomer the amide NH2 was solvent exposed. 
However, the orientation of the core structure of the two stereoisomers re-
mained unaltered, despite the amino acid moiety having a different placement 
in the binding pocket (Figure 6.3a). The two stereoisomer of compound 24y 
docked to NDM-1 were flipped by 180 ° (Figure 6.3b), with docking scores 
of -9.0 kcal/mol for (RS-isomer) and -8.4 kcal/mol for (SS)-isomer. The pri-
mary amino group of glutamine was predicted to not have any interactions to 
the binding pocket of NDM-1. 
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Figure 6.3. The binding poses of compound (RS)-24y (yellow) and (SS)-24y (magenta) 
docked to (a) VIM-2 and (b) NDM-1. 

 
Compound 24z functionalized with a serine moiety (Figure 6.1) had compa-
rable docking scores to the above analogues (DSVIM-2 of -9.1 kcal/mol (RS)- 
and -8.6 kcal/mol (SS)-isomer). When docked to VIM-2, the (SS)-isomer 
showed the same orientation as the (RS)-isomer, with only the serine moiety 
being placed differently in the pocket whereas the arylphosphonic acid core 
remaining oriented identically for the diastereomers (Figure 6.4a). The amino 
group of the serine moiety was predicted to interact with Asp117, whereas its 
hydroxy functionality to H-bond to Trp87. The two stereoisomers of com-
pound 24z in the NDM-1 pocket were flipped by 180 ° (Figure 6.4b), with 
slightly worse docking scores than the previous amino acid substituted ana-
logues (DS of -8.3 kcal/mol (RS)- and -7.9 kcal/mol (SS)-isomer). 
 

 
Figure 6.4. The docked binding poses of compound (RS)-24z (yellow) and (SS)-24z 
(magenta) to (a) VIM-2 and (b) NDM-1. 
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Bigger differences between the docking scores of the members of this inhibi-
tor series was observed than for the previous series of phosphonic acids, most 
probably because of the additional and more specific interactions the amino 
acid moieties were predicted to possess within the enzymes’ binding pocket. 
Comparison of the ligand efficiencies (LE) of these compounds rather than 
their docking scores may therefore be more informative. The ligand efficiency 
of a compound describes its binding free energy value normalized by its num-
ber of heavy atoms.254 Comparing ligand efficiencies is advised when the sizes 
of the compounds to be compared are different, as this provides a measure of 
how efficiently each atom contributes to binding. This can be important be-
cause larger molecules often have higher docking scores simply due to having 
more atoms, which does not necessarily reflect that they would be better bind-
ers. Judging solely from the ligand efficiencies, the (RS)-isomer of the serine-
substituted inhibitor (LE = -0.48 kcal/mol for VIM-2 and -0.44 kcal/mol for 
NDM-1) was the most promising among the candidates. However, the differ-
ences were not significant and in general, it is rarely a good idea to base a drug 
development decision on docking or on ligand efficiency score only. 

Overall, the amino acid moieties in this series of compounds are predicted 
to form H-bonding and salt bridges with the aspartic acid and glutamic acid 
residues, and some π-cation interactions with tyrosine in the MBL binding 
pocket. The key interaction between the phosphonic acid core and the zinc 
ions of the enzymes remains the most important for binding.  

6.3 Synthesis of the peptidic inhibitors 
The synthetic route (Scheme 6.1) was adapted from the first series (Chap-
ter 3), and compound 4 was prepared accordingly. The amide coupling reac-
tion time could be reduced to 2 hours retaining good yields (64-88 %), using 
protected amino acids (Boc, Fmoc, Trt) for the reaction. The deprotection step 
was done using boron tribromide which effectively removed the amine pro-
tecting groups along with cleaving the ether and hydrolysing the phosphonic 
ester in one step. Using natural amino acids, a second stereocenter was intro-
duced, yielding a pair of diastereomer products. The final compounds were 
purified with preparative RP-HPLC accomplishing the separation of the dia-
stereomers of compounds 24y-z. Reacting compound 23z’ with boron tribro-
mide additionally resulted in the brominated analogue 24z-Br that was sepa-
rated on HPLC and also tested against metallo-β-lactamases. 
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Scheme 6.1. The synthesis of the amino acid substituted phosphonic acid-type  
inhibitors. 

6.4 Enzyme inhibitory activities 
The half-maximal inhibitory activities were measured with the fluorescence 
method on VIM-1, VIM-2, NDM-1 IMP-1 and GIM-1 (Table 6.1). While 
some of these compounds showed measurable activity against VIM-1, VIM-2 
and NDM-1, they were not suitable inhibitors for these enzymes and generally 
performed worse than the aryl-substituted analogues 6a-m in Chapter 3. This 
suggests that increasing the number of HBDs and HBAs is not a viable strat-
egy for improving potency against these enzymes or that these highly polar 
molecules were disrupting the H-bonding network of the enzymes’ active site. 
Interesting to note is that NDM-1 is less sensitive to the alteration of the amide 
attached moiety than to the change of the aryl core, indicated by the generally 
better inhibitory activities for the amino acid substituted compounds keeping 
the 2-hydroxyphenyl core (24x-z-Br) than for the compounds with altered 
core structures described in Chapter 4. However, these compounds showed 
promising activity against IMP-1. This observation is consistent with our find-
ings in Chapter 4, indicating that improved inhibition of IMP-1 is achieved 
when only one aromatic moiety is present. This is likely due to the slightly 
narrower active site of IMP-1 compared to other B1 MBLs. In most cases, we 
observed differences in the binding potency of the two stereoisomers of the 
compounds presented in this chapter, as predicted by molecular docking. This 
suggests that specific interactions with the amide attached amino acids occur 
within the binding pocket. This is further corroborated with the observation 
that these differences decreased when the serine-containing compound 24z 
was changed to the brominated analogue 24z-Br. 
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Table 6.1. The acitivities of the amino acid substituted phosphonic acids on purified 
metallo-β-lactamases measured by Gurleen Kaur at the University of Oxford. 
Promising activites are highlighted with green. 

Compound 
IC50 (μM) 

Stereochemistry 
VIM-1 VIM-2 NDM-1 IMP-1 GIM-1 

24x 389 102 >1000 282 >100 mixture 
24y-1 135 74 62 26 >100 diastereomer 1 
24y-2 >1000 141 >1000 112 >100 diastereomer 2 
24z-1 >1000 389 178 87 >100 diastereomer 1 
24z-2 >1000 200 54 23 >100 diastereomer 2 
24z-Br-1 >1000 195 65 28 >100 diastereomer 1 
24z-Br-2 >1000 117 72 38 >100 diastereomer 2 

 
This was the only series in this work designed partially relying on docking to 
VIM-2 and NDM-1. However, the compounds showed worse inhibitory ac-
tivity than the first series shown in Chapter 3, the crystal structure of which 
were used as a starting point for the docking. This highlights the difficulties 
of computational simulation for successful MBL inhibitor design, as discussed 
in Chapter 2.4. However, the activity against IMP-1 matches with our con-
clusions from the core-changed derivatives shown in Chapter 4. Hence, for 
successful IMP-inhibition, only one aromatic moiety is preferred. IMP-1’s 
slightly narrower binding site accommodates the more flexible and aliphatic 
natural amino acid sidechains better than the previous, bulkier aromatic thio-
phenes and benzothiophenes. It has been proven very difficult to obtain inhib-
itors of IMP-1. Potential IMP-inhibitory structures are therefore highly valu-
able given the high clinical relevance of this enzyme. There are very few co-
crystal structures of IMP-1 and its NMR backbone assignment is not available. 
Accordingly, experimental binding information of ligands to IMP-1 is very 
limited making inhibitor design extremely difficult. It is very common in lit-
erature that the transition state analogue and zinc-targeting inhibitor strategies 
still do not work on IMP-1 despite these being common features of the B1 
MBL family. 

6.5 ADME property predictions 
The ADME properties of this series were computationally evaluated. Attach-
ment of amino acids to the phosphonic acid core, replacing aromatic moieties, 
resulted in a significant decrease in logP and an improvement in aqueous sol-
ubility. The lipophilicity decrease is undesirable and is expected to signifi-
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cantly reduce the Gram-negative bacterial membrane permeability. To over-
come this issue, at least partially, the phosphonic ester moiety may be mono-
hydrolysed, instead of hydrolysing it completely (Figure 6.5). The mono-
ethyl ester analogue of the compounds is predicted to still fit into the binding 
pocket and keep the key interaction between the phosphonic acid moiety and 
the zinc ions, and their synthesis is also achievable.69 Another option could be 
to incorporate fluorine atom(s) into the molecule, a common strategy in me-
dicinal chemistry to alter the ADME properties without significantly effecting 
activity.249,255 In our case, a fluorine atom could be added to the aromatic ring. 
(Figure 6.5) The gastrointestinal absorption was predicted to be low thanks to 
the hydroxyphenyl core. The change of the aryl moieties to amino acids in-
creased the topological polar surface area, which violates most drug-likeness 
rules. However, upon this substitution, an improvement was observed with 
significantly decreased plasma protein binding. This is desirable, as only the 
free, non-bound molecules are able to act as MBL inhibitors. The CYP2C9 
inhibition is attributed to the aromatic moiety attached to the amide side, as 
inhibition was predicted for both the hydroxyphenyl- and pyridine-based se-
ries but not for the amino acid functionalized series. A potential CYP2D6 and 
CYP3A4 inhibition is, however, predicted for compounds containing amino 
acids with a sidechain amide motif, such as glutamine and asparagine. 
 

 
Figure 6.5. Modification of the peptidic inhibitor design to optimize ADME  
properties. 
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7. Halogenated arylphosphonic acids inhibit 
VIM-2 

7.1 Design of the inhibitors 
The phosphonic acid moiety played the most important role for binding of all 
our previous inhibitors designed in this thesis. Furthermore, halogenation has 
proved its ability to significantly enhance inhibitory potency. To further eval-
uate the potential of halogenation and of introducing a second phosphonic acid 
moiety for improving MBL inhibition potency, a series of halogenated aryl 
phosphonic acids as well as aliphatic and aromatic bisphosphonic acids were 
synthesised (Schemes 7.1 and 7.2). 

Bisphosphonic acids are used to treat osteoporosis and other bone dis-
eases.256-258 Their two phosphonic acid groups may interact with both zinc ions 
of the B1 MBL active site. To investigate the optimal distance between the 
two phosphonic acid groups, 1,2- and 1,3-bisphonsphonatedbenzene and ali-
phatic bisphosphonic acids with different linker lengths were synthesised. The 
flexible aliphatic bisphosphonic acids were expected to allow the adaptation 
to different zinc distances across isoenzymes. In contrast, the aromatic 
bisphosphonic acids introduced rigidity, and a well-defined spatial orientation 
between the two phosphonic acid groups. Halogenated arylphosphonic acids 
may alter binding affinity, as it was observed for the α-aminophosphonic acid 
inhibitors in Chapter 5 and alter physicochemical properties. Overall, this 
compound set was designed to explore metal coordination, scaffold flexibility, 
hydrophilic versus hydrophobic and electronic effects. A few examples of 
bisphosphonic acids were tested for MBL inhibition and they were identified 
as promising candidates.259-261 However, the binding was not experimentally 
explored so it is not known whether those compounds coordinate to the zinc 
ions with both of their phosphonic acid groups. 

7.2 Microwave synthesis 
The target aliphatic and aryl phosphonic acids were synthesized using micro-
wave-assisted phosphorous chemistry (Schemes 7.1 and 7.2). These reactions 
use microwave irradiation instead of conventional heating that enables a more 
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uniform and controlled temperature profile. Microwaves heating allows sig-
nificantly shorter reaction times,262 offering energy efficiency, cost-effective-
ness, and often milder reaction conditions, higher yields and higher purity, 
providing improved sustainability.262-265 The target compounds were synthe-
sised from a dihalogenated starting material in two synthetic steps. To obtain 
the aryl phosphonic acid, the dihalogenated starting materials 1,2-dibromo-
benzene, 1,3-diiodobenzene or 1-chloro-3-iodobenzene were reacted with di-
ethyl phosphite in the presence of palladium acetate catalyst and the amine 
base triethyl amine or DIPEA in a Hirao-coupling reaction. Hirao-coupling is 
the palladium-catalysed cross-coupling reaction of vinyl- or aryl halides or 
triflates and a phosphorous reagent with at least one P-H bond, to form a phos-
phorous-carbon bond.266,267 For the synthesis of 1,3-substituted phosphonate 
38, 1,3-diiodobenzene 37 was reacted with diethylphosphite (neat) for 1 hour 
using triethyl amine as the base. (3-Chlorophenyl)phosphonate 40 was ob-
tained under the same reaction conditions starting from 1-chloro-3-iodoben-
zene 39. These reaction conditions, however, did not work for the synthesis of 
1,2-phenylenebis(phosphonate) 35 but delivered instead mono-phosphonated 
compound as the main product (Table 7.1). Changing to a polar and protic 
solvent and the less reactive dibromobenzene as starting material yielded the 
bisphosphonate 35. The sterically hindered, non-nucleophilic DIPEA was uti-
lized instead of triethyl amine as a base to suppress the formation of the mono-
halogenated 36 and non-halogenated 34. 1,2-Phenylenebis(phosphonate) 35, 
phenylphosphonate 34 and (2-bromophenyl)phosphonate 36 were obtained af-
ter preparative RP-HPLC separation.  
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Scheme 7.1. Hirao-coupling followed by the McKenna reaction to synthesise ar-
ylphosphonic acids. The final compounds are circled. 

 
To create the alkyl (sp3) carbon-phosphorous bond, the Michaelis-Arbuzov (or 
just Arbuzov) reaction was used. In this reaction, an alkyl halide was reacted 
with a trivalent phosphorous ester to create a pentavalent phosphorous spe-
cies.268 The aliphatic tetraethyl methylenebisphosphonate 44 was synthesised 
in the microwave-assisted Arbuzov reaction of 1,2-diiodomethane and triethyl 
phosphite at 135 °C in 20 min. The same reaction of 1,2-diiodoethane, how-
ever, did not give the corresponding bisphosphonate 45. Therefore, 1,2-dibro-
moethane was reacted with triethyl phosphite at 140 °C for 30 min to give 
tetraethyl ethylenebisphosphonate 45. Lastly, tetraethyl(1,3-propyl-
ene)bisphosphonate 46 was obtained from the reaction of 1,3-dibromopropane 
and triethylphosphite at 150 °C for 60 min. The aliphatic bisphosphonates 
were purified on silica gel. All phosphonates were finally hydrolysed with 
TMSBr in acetonitrile at 85 °C within a 15 min microwave McKenna reaction. 
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Scheme 7.2. Arbuzov reaction followed by the McKenna reaction to synthesise ali-
phatic bisphosphonic. The final compounds are circled. 

 
Table 7.1. Reaction conditions for the 1,2-phenylenebis(phosphonic acid) synthesis.  

Starting material Solvent Base (+ligand) Products 

 
EtOH Et3N 34 (main) + 36 + 35 (minor) 

 
neat Et3N 

36 (only) 
no 34, no 35 

 
ACN Et3N 

36 (main) + 34 
no 35 

 
neat Et3N 

36-I* (main) + 34 
no 35 

 
ACN DIPEA + dppf 

36-I* (only) 
no 34, no 35 

 
EtOH DIPEA 

34 (main) + 35 (traces) 
no 36-I* 

 
EtOH DIPEA 

35 (main) + 34 (~4:1) 
no 36 

* 36-I is the corresponding (2-iodophenyl)phosphonic acid due to the use of 1,2-dii-
odobenzene instead of 1,2-dibromobenzene as the starting material. 

7.3 Activity and binding studies 
The inhibitory activity of the aliphatic- and aryl phosphonic acids was deter-
mined on purified VIM-2, NDM-1 and IMP-26 (Table 7.2). The aliphatic 
compounds were inactive against all three MBLs. Hence, flexibility increase 
resulted in decreased affinity to MBLs. Only compound 30, with the least ro-
tatable bonds showed measurable VIM-2 activity. Out of the aromatic com-
pounds, the halogenated ones were more potent against VIM-2 as compared 
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to the compounds with two or one phosphonic acid groups lacking a halogen. 
Significant increase in potency was observed upon halogenation, resulting in 
the most potent compound 27 of this series with 25 μM IC50 against VIM-2. 
Halogenation did not increase affinity for NDM-1. The chlorinated compound 
29 was inactive, while the brominated 27 showed measurable activity, but 
with a worse IC50 value than the non-halogenated monophosphonic acid 25. 
While the 1,3-substituted bisphosphonic acid 28 was completely inactive 
against all studied enzymes, the 1,2-substituted analogue 26 showed compa-
rable, but high μM activity against VIM-2 and NDM-1. Similarly, the phe-
nylphosphonic acid 25 had the same activity on VIM-2 and NDM-1, yet with 
high IC50 values. However, bisphosphonic acid 26 was the most active of all 
studied compounds in this chapter against NDM-1. 
In addition, the bisphosphonates were among the least cytotoxic compounds 
(HepG2 cells) of the phosphonic acids developed and evaluated in this thesis 
(Table 7.2). 
 
Table 7.2. Inhibitory activities against selected metallo-β-lactamases and cytotoxici-
ties against HepG2 cells of the aliphatic and aryl phosphonic acids. 

Compound 
IC50 (μM) CC50 (mM) 

VIM-2 NDM-1 IMP-26 HepG2 

25 
 

308 303 >1500 2.5 

26 
 

212 195 >1500 9.1 

27 
 

25 490 >1000 1.3 

28 
P

OH

O
OH

P
OH
OH

O  

>1500 inactive inactive 2.7 

29 
 

57 >1000 >1000 2.4 

30 
 

649 inactive inactive 6.6 

31 
 

>1500 inactive inactive 2.9 

32 
 

inactive inactive inactive 8.8 
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The similar relative enzyme activity decrease on purified enzymes as well as 
on enzymes within the OMVs suggest that these compounds, despite their 
highly polar nature, were still able to go through the Gram-negative outer 
membrane (Figure 7.1). This, along with our previous data, suggests that 
phosphonic acids reach MBLs through the Gram-negative outer membrane 
and stay soluble and accumulate in the periplasm. 
 

 
Figure 7.1. Normalized relative activities of VIM-2 in the presence of aliphatic- and 
aryl phosphonic acids. Purple bars represent the purified enzyme activity, blue bars 
represent the enzyme activity within OMVs and green bars represent the enzyme ac-
tivity within the OMVs where the membrane was permeabilized with Triton-X. 

 
To understand the binding of the most potent inhibitor 27 to VIM-2, solution 
NMR was used. The binding of 27 induced significant chemical shift pertur-
bations at the end of loop 3 and in β-sheet 3 (64G-71G), in loop 10 (206T-
214T), for the zinc binding residues 179H, 240H and its neighbouring residue 
241G. This indicates that compound 27 binds with its phosphonic acid group 
close to the zinc ions of the enzyme active site. The significant CSPs of 179H 
and 240H suggest that there is direct interaction with the dinuclear zinc center. 
Perturbation in loop 3 and β-sheet 3 indicate that the aryl ring is positioned 
towards the substrate-binding hydrophobic wall formed by those structural el-
ements of the enzyme. CSPs in loop 10 demonstrates that the ligand extends 
toward the Zn2 site. The phosphonic acid group is likely located between the 
two zinc ions while the rest of the molecule is oriented towards the hydropho-
bic pocket formed by loop 10 and loop 3 towards the Zn2 site. All CSPs could 
be followed and no significant broadening was observed in contrast to the ti-
trations with the previous inhibitors described in this thesis. The data suggests 
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that compound 27 induced local structural perturbations only, without large 
conformational changes of the enzyme. The data also indicates stable binding 
and that the complex did not exhibit dynamic behaviour. The bromine substit-
uent most likely enhances hydrophobic contacts, van der Waals interactions 
and polarizability therefore strengthening packing interactions within the 
pocket. However, this is not proven by the NMR data. The weaker activity of 
compound 27 against NDM-1 most probably originates from the differences 
in the amino acid sequence mainly in loop-3 between VIM-2 and NDM-1 (Ta-
ble 7.3). As the NMR data indicates that the aromatic ring of 27 is shifted 
towards the Zn2 site, there might be π-π stacking between this ring and Tyr67 
of VIM-2. There is also a possibility for halogen-π interactions or halogen 
bonding between the bromine and the phenolic oxygen of tyrosine and for 
hydrophobic and van der Waals interactions.  At the same position, NDM-1 
has a valine instead of a tyrosine, which may form non-specific, weak hydro-
phobic interactions. 
 
Table 7.3. Amino acid residues of VIM-2 loop 3, β-sheet 3 and loop 10 that showed 
significant CSP when binding compound 27, and the corresponding residues of NDM-
1 in the same position. Differences highlighted in bold. 

CSP for VIM-2 VIM-2 NDM-1 
0.08 Gly64 Phe70 
0.10 Val66 Ala72 
0.11 Tyr67 Val73 
0.14 Ser69 Ser75 
0.09 Gly71 Gly77 
0.09 Thr206 Lys216 
0.18 Ala208 Leu218 
0.13 Gly209 Gly219 
0.12 Asp213 Asp223 
0.09 Ala214 Ala224 
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8. Concluding remarks 

Antibiotic resistance is a critical global health issue exacerbated by the emer-
gence of metallo-β-lactamase enzymes that degrade our precious, worldwide 
most-used β-lactam antibiotics. Combination therapy using β-lactam antibiot-
ics with enzyme inhibitors offers a potential solution for resistance against β-
lactams. However, no metallo-β-lactamase inhibitors are currently available 
on the market. This research focuses on the investigation of phosphonic acids, 
which have recently emerged as promising metallo-β-lactamase inhibitor can-
didates. 

We developed phosphonic acid-based transition state analogue inhibitor 
candidates of the bacterial enzymes. Following synthesis, they were evaluated 
against purified metallo-β-lactamase enzymes, several of them showing inhib-
itory activities. The compounds were predicted to have favourable ADME 
properties, fulfil the criteria used for describing drug-likeness, they were non-
cytotoxic to human cells and were are able to cross the Gram-negative outer 
membrane. The binding mode of the inhibitor candidates was confirmed by 
NMR spectroscopic, X-ray crystallographic and computational methods 
indicating that the key interaction is between the phosphonic acid core and the 
zinc ions in the active site of the enzymes. This is conserved and is essential 
for all metallo-β-lactamases in the clinically most relevant B1 family. To 
evaluate and understand the structural features needed for broad-spectrum 
alternatively for selective MBL inhibition, the phosphonic acid-type 
molecules were structurally modified.  

In the first project, dynamically chiral phosphonic acids containing an or-
tho-hydroxyphenyl core and an amide-linked aromatic thiophene or benzothi-
ophene moiety were developed. These showed comparable inhibition of VIM-
2, NDM-1, and GIM-1, demonstrating potential as broad-spectrum inhibitors. 
The stereodynamic adaptability of the inhibitors was demonstrated to allow 
adaptation of alternative binding orientations, with both stereoisomers binding 
VIM-2 yet with a 180 ° flipped binding mode, and acting as competitive tran-
sition-state analogues. 

In the second project, the ortho-hydroxyphenyl core was changed to pyri-
dine-, thiazole-4-carboxylate or a carboxylic acid scaffold, and the effect of 
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the modifications on metallo-β-lactamase inhibition were evaluated. Chang-
ing the core scaffold reduced activity on NDM-1 and GIM-1, whereas VIM-2 
remained tolerant to core alterations. 

The third project explored α-aminophosphonic acids, where replace-
ment of an amide with an amine linker improved potency against VIM-2 
and GIM-1. Halogenation of the aromatic ring further enhanced inhibitory 
activity for these enzymes, although this strategy did not translate to NDM-
1 or IMP-1 inhibition. Importantly, these compounds were able to reduce 
the meropenem MIC in VIM-2–expressing E. coli and were shown to act 
as time-independent inhibitors. 

In the fourth project, we developed IMP-1 and NDM-1 inhibitors by alter-
ing the amide-attached scaffold from aromatic moieties to natural amino acids. 
Lastly, we evaluated aliphatic and aromatic bisphosphonic acids and halogen-
ated aryl phosphonic acids. Bromination was shown to significantly enhance 
VIM-2 potency. 

This thesis work explored several phosphonic acid compound classes and 
proved the possibility of successfully targeting a variety of clinically relevant 
metallo-β-lactamases with phosphorous-scaffold. We demonstrated that phos-
phonic acid–based molecules represent a versatile platform for the development 
of metallo-β-lactamase inhibitors and that they have potential to become lead 
compounds for combating antibiotic resistance mediated by these enzymes. 
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9. Sammanfattning på svenska 

Antibiotikaresistens utgör ett allvarligt globalt hälsoproblem. Resistens mot 
β-laktamantibiotika orsakas ofta av bakteriella metallo-β-laktamaser (MBL) 
som hydrolyserar och därmed gör β-laktamer ineffektiva. En möjlig strategi 
för att motverka sådan resistens är kombinationsbehandling där β-laktamanti-
biotika kombineras med enzymhämmare. Trots omfattande forskningsinsatser 
finns i dagsläget inga kliniskt godkända hämmare av metallo-β-laktamaser. 
Denna avhandling fokuserar på utveckling och syntes av fosfonsyrabaserade 
hämmare. Dessa har identifierats som lovande kandidater för MBL-hämning 
på sistone. 

Jag utvecklade flera serier av fosfonsyrabaserade molekyler som efterlik-
nar övergångstillståndet i den enzymatiska reaktion som bryter ner β-lakta-
mer. Efter syntes utvärderades de med isolerade metallo-β-laktamasenzymer, 
där flera av molekylerna visade hämmande aktivitet. Föreningarna förutsågs 
ha gynnsamma ADME-egenskaper, uppfyllde kriterier för läkemedelslikhet, 
var icke-cytotoxiska för humana celler samt kunna passera det gramnegativa 
yttermembranet. Bindningssätten undersöktes med en kombination av NMR-
spektroskopi samt röntgenkristallografiska och beräkningsbaserade metoder, 
vilka visade att interaktionen mellan fosfonsyragruppen och de katalytiska 
zinkjonerna i enzymets aktiva centrum var viktigast för binding. Denna inter-
aktion är avgörande för aktivitet mot den kliniskt mest relevanta B1-familjen 
av metallo-β-laktamaser. För att utvärdera och förstå de strukturella egenskap-
erna som krävs för bredspektrum- respektive selektiv metallo-β-laktamas 
hämning varierades fosfonsyrornas struktur systematiskt. 

I det första projektet utvecklades dynamiskt kirala fosfonsyrahämmare 
innehållande en orto-hydroxifenylkärna och en amidbunden aromatisk tio-
fen- eller bensotiofendel. Dessa föreningar visade jämförbar aktivitet mot 
VIM-2, NDM-1 och GIM-1 och uppvisade därmed potential som bred-
spektrumhämmare. Hämmarnas stereodynamiska flexibilitet möjliggjorde 
att båda stereoisomererna band till VIM-2 med ett liknande men 180°-vri-
det bindingssätt. Båda stereoisomererna agerade som kompetitiva över-
gångstillståndsanaloga hämmare. 
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I det andra projektet modifierades orto-hydroxifenylkärnan till pyridin-, 
tiazol-4-karboxylat- eller karboxylsyraderivat för att utvärdera effekten av 
strukturella förändringar på metallo-β-laktamase-hämning. Dessa modifie-
ringar påverkade bindningen till NDM-1 och GIM-1 negativt, medan VIM-2 
visade större tolerans för förändringar i kärnstrukturen. 

Det tredje projektet utvärderade α-aminofosfonsyror som potenta hämmare 
av VIM-2 och GIM-1. När amidgruppen i den ursprungliga designen byttes 
mot en amin resulterade det I förbättrad hämningspotential mot dessa enzy-
mer. Halogenering av orto-metoxifenylringen förstärkte den hämmande akti-
viteten mot VIM-2 och GIM-1, medan motsvarande effekt var inte observe-
read för NDM-1 eller IMP-1 hämning. α-Aminofosfonsyrorna kunde dock 
sänka MIC-värdet för meropenem i VIM-2-uttryckande Escherichia coli och 
visade sig fungera som tidsoberoende hämmare. 

I det fjärde projektet utvecklade vi hämmare av IMP-1 och NDM-1 genom 
att ersätta den amidbundna aromatiska strukturen med naturliga aminosyror. 

Slutligen, jag undersökte alifatiska och aromatiska bisfosfonsyror samt ha-
logenerade arylfosfonsyror, där bromering ökade den hämmande aktiviteten 
mot VIM-2 avsevärt. 

Detta avhandlingsarbete utforskade flera klasser av fosfonsyraföre-
ningar som enzyminhibitorer. Resultaten visar att  fosfonsyraföreningar 
utgör en mångsidig och lovande plattform för utveckling av metallo-β-lak-
tamashämmare. Arbetet bidrar till en fördjupad förståelse av de struktu-
rella faktorer som styr metallo-β-laktamas hämning och demonstrerar att 
fosfonsyror är potentiella kandidater i utvecklingen av nya läkemedel ör 
att bekämpa antibiotikaresistens. 
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