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SNM1A and SNM1B are 5' to 3' exonucleases that are involved in the repair of DNA 

interstrand crosslinks (ICLs); the endonuclease SNM1C is involved in the repair of DNA 

double strand breaks via non-homologous end-joining. Cells depleted in SNM1A and 

SNM1B show increased sensitivity toward clinically used ICL inducing drugs, such as 

cisplatin or mitomycin C and those cells depleted in SNM1C display increased sensitivity 

towards ionising radiation. Inhibitors of SNM1A, SNM1B, and SNM1C could potentiate the 

effects of these commonly used cancer drugs or prevent the development of resistance to 

them. 

A high-throughput screen was carried out to identify SNM1 hits for use as a foundation for 

the development of new inhibitors. Building on these hits, sets of structural analogues were 

synthesised to investigate structure-activity relationships (SAR). The developed compounds 

were initially tested using a fluorescence-based assay, with activity for apparent inhibitors 

being validated by radioactive gel-based assays.  

The hydroxamic acid group was identified as a pharmacophore targeting the active site of 

SNM1 nucleases. Initial sets of hydroxamate-based compounds inhibited all three SNM1 

nucleases, demonstrating no selectivity. By application of iterative rounds of SAR analysis 

informed by crystallographic data, improved hydroxamate-based inhibitors were developed. 
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The work culminated in a series of compounds that selectively inhibits SNM1B with IC50s 

in the low nanomolar range. Although potent inhibition was observed against purified, 

recombinant SNM1B, achieving a similar result in human cell lines was more challenging 

despite the use of a prodrug strategy.  

Overall, the work reveals that potent and selective inhibition of human SNM1 nuclease 

isoforms is viable. Future work can focus on optimising the cellular potency of SNM1 

inhibitors. 
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Chapter 1. Introduction  

1.1.  Threats to genome integrity 

Every day, in each cell in the human body, thousands of spontaneous and induced DNA 

damaging events occur, caused by both endogenous and exogenous sources.1 Accumulation 

of such DNA damage can lead to apoptosis or genome instability, resulting in the 

development of cancer, neurodegenerative diseases, and ageing.2, 3 

1.1.1. Endogenous sources of DNA damage 

Under physiological conditions, the stability of DNA is at constant risk. The presence of 

appropriately located water molecules can lead to hydrolysis of N-glycosidic bonds and 

cleavage of nucleic acid bases, resulting in apurinic/apyrimidinic (AP) sites; DNA 

depurination is 500 times more frequent than DNA depyrimidination.4,5 Single-strand breaks 

(SSBs) may occur via ɓ-elimination and cleavage of a 3ǋ phosphodiester bond in case if the 

AP site is not repaired.6 Furthermore, hydrolysis of cytosine leads to deamination, thus 

fascitilating the formation of a mismatch base pair or a point mutation.7  

Reactive oxygen species (ROS), such as hydrogen peroxide, superoxide radicals, or 

hydroxyl radicals, are byproducts of many normal metabolic processes. While ROS can 

cause many different types of DNA lesions, the two most common ones are SSBs and the 

oxidation of guanine into 8-oxo-guanine (8-oxo-G).8, 9 Additionally, ROS can cause lipid 

peroxidation that results in the formation of reactive aldehydes products, such as 

malondialdehyde or 4-hydroxynonenal. These aldehydes can cause the formation of 

mutagenic base adducts (e.g. pyrimidopurinone (M1G)) and DNA crosslinks 
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(Figure 1.1).10,11 Errors in physiological processes involving nucleic acids, such as DNA 

replication, can lead to insertion, deletion, or mismatch of base pairs in the DNA.12 

 

Figure 1.1: Summary of reactions of malondialdehyde with DNA. 

1.1.2. Exogenous sources of DNA damage 

On top of all the DNA lesions caused by endogenous physiological factors, DNA damage 

can be induced by a myriad of environmental factors. Ultraviolet (UV) radiation from the 

sun can cause dimerisation of pyrimidines to form cyclobutane pyrimidine dimers (CPDs) 

or pyrimidine-pyrimidone (6-4) photoproducts ((6-4)PPs).13 These lesions primarily occur 

between two adjacent thymidine bases, potentially impeding replication or causing 

misreading of the DNA. Ionising radiation, which has higher energy than the UV radiation 

from the sunlight, not only does generate ROS, but also induces double-strand breaks 

(DSBs).14,15 DSBs are very carcinogenic partly because they can lead to genome 

rearrangement, making them one of the most lethal DNA lesions. Since ionising radiation 

has the ability to slow cell division or cause cellular death, it is commonly used in 

radiotherapy to treat cancerous tumours.16 
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Many environmental pollutantsðfrom tobacco smoke or the combustion of fossil fuels, 

amongst othersðare cancerogenic.17, 18 Similarly to ionising radiation, chemical DNA 

damaging agents, which can covalently bind to the DNA, are used in cancer treatment 

because of their cytotoxicity.19 Clinically used DNA crosslink inducing chemotherapeutics 

include cisplatins, nitrogen mustards, and mitomycin C (Figure 1.2). These drugs primarily 

generate mono-base adducts or intrastrand cross-links between adjacent bases. On rare 

occasions, they can also generate interstrand crosslinks (ICLs) between two strands of the 

DNA duplex.20,21 ICLs are particularly cytotoxic, with about 20ī40 ICLs being lethal to a 

cell.22 Most commonly, ICL inducing agents react with nitrogens at N2 or N7 position in 

guanines.23 Reaction mechanisms for the formation of DNA interstrand crosslinks by 

cisplatins, nitrogen mustards, and mitomycin C are shown in Figure 1.3. 

 

Figure 1.2: DNA crosslink inducing agents. A: Cisplatins; B: Nitrogen mustards; C: Other types of 

crosslinking agents. 
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Figure 1.3: Reaction scheme for ICL formation by A: Cisplatins; B: Nitrogen mustard; C: Mitomycin C. 

1.2.  DNA damage response processes 

The continuous formation of lesions in the DNA, caused by endogenous and environmental 

factors, has forced cells to evolve and develop a DNA damage response (DDR) processes to 

maintain genome integrity.24 The DDR machinery senses specific lesions and initiates a 
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signalling cascade response. The latter can trigger apoptosis, senescence, alteration of gene 

expression, or a DNA repair pathway, depending on the extent and type of DNA damage in 

the genome. In eukaryotic DDR poly(ADP-ribose) polymerases (PARPs) and 

phosphatidylinositol 3 kinase-like protein kinases (PlKKs), including ataxia telangiectasia 

mutated (ATM), ATM and Rad3 related (ATR), and DNA-dependent protein kinase (DNA-

PK), play important roles.25,26  While ATR and PARP enzymes are primarily involved in the 

repair of SSBs, ATM and DNA-PK are mainly involved in the repair of DSBs.27   

1.2.1. DNA damage repair pathways  

Repair of specific DNA lesions occurs in many different ways, ranging from simple 

chemical reversals of a lesion to complex multistep pathways of DNA repair. Enzymes that 

can directly reverse chemical changes of DNA include photolyases (not active in humans), 

methyltransferases, and demethylases. For example, (6-4)DNA photolyase catalyses bond 

breakage in (6-4)PPs dimer to reform initial monomers.28 O6-Methylguanine DNA 

methyltransferase (MGMT) and the Ŭ-ketoglutarate-dependent DNA repair protein B (AlkB) 

can demethylate methylated DNA bases, lesions that are caused by endogenous and 

exogenous methylating agents. While MGMT reverses methylation of the O-methylated 

DNA base using nucleophilic cysteine, the AlkB dioxygenase oxidatively demethylates N-

methylated bases. 29,30 

To repair other DNA lesions, cells have developed several complex repair pathways. These 

include base excision repair (BER), nucleotide excision repair (NER), translesion 

synthesis (TLS), mismatch repair (MMR), single-strand break repair (SSBR) and double-

strand break repair (DSBR), as well as interstrand crosslink (ICL) repair pathways. Each 
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pathway has multiple steps with many proteins involved in the repair, and with several 

proteins typically being involved in repairing more than one type of lesion.31  

1.2.1.1. Base excision repair 

Base excision repair is used to repair chemically modified DNA bases (e.g. alkylated, 

deaminated, or oxidised bases) or AP sites caused by depurination and depyrimidination 

(Figure 1.4).32 The initial step in BER is excision of the damaged base by DNA glycosylase 

to generate an AP site. Excision can be done by monofunctional DNA glycosylase, which 

only catalyses the hydrolysis of the N-glycosidic bonds to remove the damaged base, or by 

bifunctional DNA glycosylase, which can additionally catalyse ɓ-elimination and cleavage 

at 3ǋ position of the AP site. The next step is the incision of the DNA backbone at the 5ǋ 

position of the AP site by apurinic endonuclease 1 (APE1).33 The repair pathways then split 

into two subpathways, short patch and long patch BER.34 In the short patch BER, the DNA 

polymerase ɓ (Polɓ) fills the gap with a single new base. In case the AP site is not removed, 

Polɓ additionally hydrolysis 3ǋ phosphodiester bond via its deoxyribosephosphodiesterase 

activity.35 Finally, the DNA is ligated by the X-ray cross-complementing 1 (XRCC1) and 

DNA ligase (LIG3Ŭ) complex.  

Long-patch BER pathway occurs when after incision PolŮ or Polŭ performs DNA 

polymerisation incorporating multiple nucleotides.36 Next, excision of the newly formed 5ǋ 

flap is catalysed by flap endonuclease 1 (FEN1). In the final step, ligation is completed by 

LIG1 to complete the DNA repair.37  
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Figure 1.4: Scheme of BER pathway. X: Damaged base. X: AP site. X: Ŭ,ɓ-unsaturated aldehyde or 

3ǋ phosphate. Green line: newly incorporated DNA sequence. SP-BER: short-patch base excision repair. LP-

BER: long-patch base excision repair. 

1.2.1.2. Nucleotide excision repair  

Whilst BER repairs small non-helix-distorting lesions, NER targets bulky lesions that distort 

the DNA helix.38 Common helix distorting lesions are M1G produced by reaction with 

malondialdehyde and UV induced CDPs and (6-4)PPs. Nucleotide excision repair 

(Figure 1.5) may occur via two subpathways: global genome NER (GG-NER) and 

transcription coupled NER (TC-NER); the only difference between them is the damage 

recognition step and the recruitment of initial repair factors.39,40 

NER is initiated by recognition of DNA damage. The recognition step can be triggered by 

the xeroderma pigmentosum complementation group C (XPC)/UV excision repair protein 

RAD23 homolog B (RAD23B) complex or due to RNA Polymerase II (RNAPII) stalling. 
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The XPC/RAD23B complex and RNAP are involved in GG-NER and TC-NER pathways, 

respectively. Following the recognition step, the transcription factor II Human (TFIIH) 

complex is recruited to the lesion, and helicases separate the DNA duplex around the lesion 

to form a transcription bubble.41 After the formation of the DNA bubble, XPG, XPA, and 

replication protein A (RPA) proteins bind to the DNA and form a pre-incision complex.42 

XPA facilitates recruitment of XPF-excision repair cross-complementing 1 (XPF-ERCC1). 

RPA binds and protects undamaged single-stranded DNA, whereas XPF-ERCC1 and XPG 

endonuclease make incisions to remove the nucleotide fragment with the lesion. The gap is 

then filled by Polŭ, Ů, or ə with the assistance of proliferating cell nuclear antigen (PCNA) 

and replication factor c (RFC).43 Finally, the process is completed when the nick in the DNA 

backbone is ligated by XRCC1/LIG3Ŭ complex or LIG1.  
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Figure 1.5: Scheme for the NER pathway. X: Damaged base. Green line: newly incorporated DNA sequence. 

1.2.1.3. Translesion synthesis 

Translesion synthesis, while not being a repair mechanism in itself, plays an essential role 

in preventing stalling of DNA replication and collapse of replication fork due to lesions in 

DNA, such as pyrimidine dimers or AP sites.44 When a DNA polymerase stalls due to DNA 

lesions, a specialised translesion polymerase is recruited.45 Translesion polymerases 

facilitate the insertion of correct nucleic bases opposite to the DNA damage site. Due to a 

lack of proofreading ability, the translesion polymerases are more error-prone and have 

lower fidelity relative to regular polymerases.46 Therefore, switching back to a regular 

polymerase is favourable after bypassing DNA lesions. The DNA lesion is later repaired 

using one of the DNA repair pathways, i.e. NER or BER. 
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1.2.1.4. Mismatch repair  

Mismatch repair (Figure 1.6) is a process responsible for repairing mispaired, deleted, and 

inserted DNA bases formed during DNA replication or homologous recombination.47 MMR 

is initiated by recognition of DNA lesions by MutSŬ and MutSɓ heterodimers. MutSŬ is 

responsible for recognising mispaired bases and short insertion and deletion loops (IDLs) 

(1-2 bases long), whilst MutSɓ recognises long IDLs (+2 bases long).48, 49 MutLŬ is then 

recruited by MutSŬ/ɓ and makes an incision on the damaged strand. RFC and PCNA are 

involved in coordinating the incision. 50 After the incision is made, exonuclease 1 (EXO1) 

removes the lesion in the 5ǋ to 3ǋ direction via its exonuclease activity.51 Finally, the gap is 

filled by Polŭ, and LIG1 ligates the nick in the DNA. Cells with defective MMR have higher 

rates of mutations and tumour formation.52 
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Figure 1.6: Scheme for the mismatch repair pathway. Green line: newly incorporated DNA sequence. 

1.2.1.5. Single-strand break repair  

Single-strand breaks, alongside depurination, are the most frequent DNA lesions.53 The 

majority of SSBs are repaired via global SSB repair.54 The repair process is initiated by 

detecting DNA damage, primarily performed by PARP1.55 Before the gap in the DNA 

backbone can be filled, DNA ends need to be restored to 5ǋ phosphate and 3ǋ hydroxyl. 

Therefore, if any end is damaged (e.g. due to adduct on the phosphate or loss of 5ǋ 

phosphate), it must be processed for the DNA ends to be compatible for polymerisation and 

ligation. The enzymes involved in the DNA end processing depend on the type of damage. 

Common enzymes involved in this step include phosphatases, kinases, nucleases (APE1), or 
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polymerases.56,57,58 The next two steps include gap filling and ligation. Similarly to the BER 

pathway, these final steps can happen via either a short patch or a long patch subpathway, 

described previously in Section 1.2.1.1. If SSBs are not repaired, they may lead to the 

formation of hazardous DSBs.59  

1.2.1.6. Double-strand break repair  

Double-strand break repair can happen via one of two major pathways: non-homologous end 

joining (NHEJ) and homologous recombination (HR). Since the homologous chromosome 

is required for the HR, it can only occur in the S and G2 phases of the cell cycle. NHEJ may 

occur at any stage of the cell cycle. The choice between the pathways depends not only on 

the cell cycle phase but also on the nature of the DSB and the availability  of the DNA ends.60  

NHEJ is a repair pathway in which two ends of the DSB are directly ligated. NHEJ repair 

occurs via two subpathways: classical-NHEJ (c-NHEJ) or alternative NHEJ (alt-NHEJ) 

pathways, shown in Figure 1.7.61 C-NHEJ repair is initiated by recognition of DSB by 

Ku70-Ku80 heterodimer, which later forms a complex with DNA-PK catalytic subunit 

(DNA-PKcs). Ku heterodimer stabilises the DNA ends and keeps them close together, while 

DNA-PKcs phosphorylates downstream substrates using its kinase activity.62 Then, 

similarly to SSB repair, the DNA ends need to be processed to produce 5ǋ phosphate and 3ǋ 

hydroxyl groups, which are necessary for ligation.63 DNA processing is primarily done by 

sensitive to nitrogen mustard 1C (SNM1C also known as Artemis), which removes damaged 

nucleotides using endonuclease activity.64 Other common end processing enzymes include 

polynucleotide kinase 3ǋ phosphatase (PNKP) and aprataxin (APTX). PNKP phosphorylates 

5ǋ ends and dephosphorylates 3ǋ ends, whilst APTX removes adenosine monophosphate 

(AMP) adducts.65,66 Once the ends are processed, any gap created upon DSB or by end 
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processing is filled by Pol ɛ or ɚ.67 Finally, the DNA ends are ligated by the XRCC4-LIG4 

complex.68 

Alternative NHEJ, also known as microhomology-mediated end joining, is activated when 

other pathways are unavailable. Alt -NHEJ is initiated by PARP1 recognising the DSBs. 

PARP1 modifies and recruits downstream factors.69 In the next step, short ssDNA overhangs 

are generated by the resection of nucleotides. Meiotic recombination 11 homolog A 

(MRE11), EXO1, and FEN1 are implicated to be involved in this short-range resection 

process.70 Following formation of the overhangs, they are annealed, guided through 

sequence homology.71 Flaps that result from the annealing are cleaved by endonucleases, 

such as XPF/ERCC1 or FEN1.72 Any remaining gaps are then filled by Pol ɗ, ɓ, ɛ, or ɚ. 

Finally, XRCC1/LIG3 or LIG1 ligates the two strands.73 Alt -NHEJ is much more error-

prone than other DSB repair pathways as it can remove large portions of DNA sequence.74 

 

Figure 1.7: Scheme of classical and alternative non-homologous recombination. Green line: newly 

incorporated DNA sequence. 
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Homologous recombination (HR) is a high fidelity DSB repair process as it uses a template 

from a homologous chromosome. HR consists of several subpathways; the main two 

subpathways of HR discussed here are synthesis-dependent strand annealing (SDSA) and 

double strand break repair (DSBR), shown in Figure 1.8.75 The SDSA and DSBR 

subpathways have the same initial pathway but diverge in the final steps. The HR repair is 

initiated when the MRN (MRE11-RAD50-NSB1) complex detects DSB and binds the end 

of DNA break.76 MRN then activates ATM, which is involved in recruiting downstream 

factors. MRE11, together with EXO1 or the DNA replication ATP-dependent 

helicase/nuclease (DNA2) in conjunction with the Bloomôs syndrome protein (BLM) 

helicase, digest a short chain of DNA in a 5ǋ to 3ǋ direction and produces 3ǋ overhangs.77 

RPA then binds the ssDNA resulting in the unwinding of the overhangs and activation of 

ATR, which recruits downstream factors through phosphorylation. Partner and localiser of 

BRCA2 (PALB2) and breast cancer 2 early onset (BRCA2) then mediate displacement of 

RPA in a RAD51-dependent manner.78 The RAD51-DNA complex is able to invade 

homologous DNA duplex and form a displacement loop (D-loop). The polymerisation is 

primarily performed by replicative Pol ŭ, but other translational polymerases have been 

implicated in this process.79 At this point, there are different possible outcomes, resulting in 

either crossover (CO) or non-crossover (NCO) products.80  

In one pathway, the D-loop can dissociate via strand displacement, and the newly 

synthesised strand may anneal back to the original DNA strand. D-Loop dissociation is a 

part of the SDSA pathway; it is dependent on the helicase activities of BLM and regulator 

of telomere elongation helicase 1 (RTEL1) and results in an NCO product.81 



Chapter 1. Introduction 

15 

 

If the D-loop does not dissociate, a second DNA strand may form another D-loop and 

generate a double Holliday-junction (dHJ). The dHJ can be separated via the dissolution or 

resolution process. In the dissolution of dHJ, the branch migration is catalysed by the 

topoisomerase activity of the BLM, DNA topoisomerase 3Ŭ (TOP3Ŭ), and RecQ-mediated 

genome instability protein 1 (RMI1) complex, leading solely to the formation of NCO 

products.82 In the resolution of the dHJ, strands are separated by structure-specific 

endonucleases, such as methyl methanesulfonate ultraviolet sensitive gene clone 81 

(MUS81) and essential meiotic structure-specific endonuclease 1 (EME1) complex.83 

Although resolution can lead to both NCO and CO products, this process mainly results in 

the formation of CO products.84 
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Figure 1.8: Scheme of homologous recombination. Green line: newly incorporated DNA sequence. Blue lines: 

DNA duplex from the sister chromatid. 

Two other subpathways involved in HR are the single-strand annealing and the 

break-induced replication pathways. Efficient and accurate homologous recombination is 
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vital for genome integrity, and inefficient HR can be oncogenic. Mutations in BRCA1 and 

BRCA2 genes, which play an essential role in regulating HR, may increase the risk of 

ovarian and breast cancer.85 

1.2.1.7. In terstrand crosslink repair  

Interstrand crosslinks are highly cytotoxic as they covalently tether two DNA duplex strands 

preventing DNA separation, thereby blocking the process of DNA transcription and 

replication.86 While the ICL repair pathways in humans have not been fully defined, simpler 

models (using yeast or bacterial cells) and studies on Fanconi anaemia (FA) provide valuable 

insight. 

FA is a rare genetic disease that increases the probability of cancer development and 

sensitivity towards ICL inducing agents. 21 FA genes, including BRCA1 and BRCA2, are 

associated with ICL sensitivity and are involved in ICL repair.87 Other repair pathwaysð

TLS, NER, and HRðare involved in repairing ICLs. ICL repair can be either replication 

dependent or replication independent. 88 The pathway of ICL repair is dependent on the phase 

of the cell cycle, with a majority of ICL repair occurring in the S-phase during the DNA 

replication.89 Due to the complexity of the ICL repair and lack of a definite repair pathway, 

a simplified version of ICL repair will be explained in this section. The scheme for the ICL 

repair is shown in Figure 1.9.  

During S-phase, ICL repair is initiated when a single replication fork collisions with an ICL 

or during a dual collision of converging replication forks.90,91 FA proteins mediate this repair 

process; these proteins help in recognising the lesion, stabilising the replication fork, 

activating downstream factors, and removing the ICL.92 Once the lesion is detected and the 
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replication fork is stabilised, the ICL is unhooked. ICL unhooking is an essential step in ICL 

repair, and several nucleases have been implicated in this incision and unhooking process.93 

The current results suggest that XPF-ERCC1, MUS81-EME1 and SLX1-SLX4 nucleases 

may be involved in the incision at position 5ǋ to the ICL. 94 Some studies indicate that 

following the initial incision, a subsequent incision at a position 3ǋ to the ICL resulting in 

unhooking is performed by FANCI-associated nuclease 1 (FAN1). SNM1A and SNM1B are 

also indicated to be involved in the unhooking process, either through the digestion past the 

crosslink following the first incision, or the digestion of nucleotides in the unhooked ICL 

adduct, thus releasing the ICL containing fragment.95 After unhooking of ICL is complete, 

TLS is performed to bypass the lesion. Finally, the lesion is probably removed by NER and 

HR repairs the double strand break.96 

In the G0 and G1 phases of the cell cycle, ICL repair occurs in a replication-independent 

manner.97 This process is connected to the NER pathway, and NER repair factors are 

involved in recognising and removing the lesion.98 After detecting the ICL, XPF-ERCC1 

and XPG make a double incision to unhook the ICL. It has been suggested that SNM1A may 

be involved in unhooking and processing to produce monobase adduct.99 Then, the TLS is 

performed to fill a gap formed by the double incision. Finally, NER is performed to remove 

the lesion.  
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Figure 1.9: Scheme of Interstrand cross-link repair. Red zigzag: interstrand crosslink. Green line: newly 

incorporated DNA sequence during the repair. Blue lines: DNA produced during the replication. 

1.2.2. DNA damage repair as a target in cancer therapy 

The success of PARP inhibitors in cancer treatment has created a paradigm shift by 

demonstrating that targeting DNA repair is a feasible therapeutic target.100 Due to the 

importance of PARP proteins in recognising the SSBs and activating factors involved in SSB 

repair, inhibition of PARP results in the reduced repair of SSBs.101 PARP inhibitors, such as 

Olaparib or Rucaparib, not only sensitise cancer cells to chemotherapeutics and ionising 

radiation but are also the first clinically approved drugs that exploit the synthetic lethality.102 

Synthetic lethality occurs when a dysfunction of two or more proteins leads to apoptosis, 

while dysfunction in each individual gene is tolerated.103 This can be taken advantage of in 
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cancer therapy, whereby inhibition of a protein can lead to a cell death if its synthetic lethal 

partner protein is not functional. A normal cell, however, can still function in these 

circumstances because its other proteins remain functional. In the case of PARP inhibitors, 

the synthetic lethal relationship between PARP and BRCA1 or BRCA2 is exploited. Due to 

the importance of PARP proteins in recognising the SSBs and activating factors involved in 

SSB repair, inhibition of PARP results in the reduced repair of SSBs. Unrepaired SSBs lead 

to the formation of DSB during replication; accordingly, PARP inhibition induces the 

formation of DSB. In the case of cells with defective HR repair due to BRCA1 or BRCA2 

mutations, the increase of DSBs caused by PARP inhibition leads to an increased reliance 

on NHEJ-mediated repair pathways. Iterative cycles of DNA replication together with the 

excessive use of NHEJ results in increased levels of mutational burden and subsequent cell 

death. Therefore, PARP inhibitors can selectively kill cancer cells with BRCA1 or BRCA2 

mutations often found in ovarian or breast cancers.104 

The success of PARP inhibitors encourages the development of inhibitors against other 

proteins involved in DNA repair pathways. This includes nucleases, which play an essential 

role in the majority of DNA repair pathways, with many nucleases involved in more than 

one pathway.105 Additionally, tumours are able to develop resistance towards DNA 

damaging therapies through the upregulation of DNA repair pathways. Accordingly, the 

development of nuclease inhibitors might be beneficial from the perspective of cancer 

treatment as they may sensitise cancer cells towards ionising radiation (e.g. SNM1C or 

MRE11) or crosslink inducing agents such as cisplatin or Mitomycin C (e.g. SNM1A/B, 

FEN1 or XPF-ERCC1).106, 107 Studies suggest that inhibiting specific nucleases (e.g. MRE11 

or FEN1) may induce synthetic lethality in BRCA depleted cells. 108,109
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1.3.  Human metallo-ɓ-lactamase fold nucleases 

Metallo-ɓ-lactamase (MBL) fold proteins were first observed in bacteria and are primarily 

known for their roles in ɓ-lactam antibacterial resistance.110 However, subsequent research 

has identified at least 18 human MBL-fold proteins that contain conserved motifs in their 

active site similar to those observed in bacterial MBLs.111 Members of the MBL superfamily 

contain the characteristic ŬɓɓŬ MBL-fold domain.112 These enzymes are primarily zinc or 

iron-dependent proteins. Human MBL-fold proteins possess a variety of functions, including 

small molecule metabolism and nucleic acid processing.113 Nine hMBL-fold proteins belong 

to the DNA/RNA interacting subfamily, out of which three enzymes are involved in DNA 

repair using their nuclease activity (SNM1A/B/C), whilst the remaining enzymes process 

RNA (ELAC1, ELAC2, CPSF73, CPSF100, INTS9, and INTS11).114 SNM1A and SNM1B 

are exonucleases, whereas SNM1C is an endonuclease. ElaC ribonuclease Z 1/2 (ELAC1/2) 

belongs to the RNAse Z family and process the 3ǋ end of tRNA via endoribonuclease 

activity.115 CPSF73 and CPSF100 dimerise to form the cleavage and polyadenylation 

specific factor (CPSF) complex that processes 3ǋ ends of mRNA.116 While CPSF73 exhibits 

exoribonuclease and endoribonuclease activity, CPSF100 does not show any nuclease 

activity.117 Similarly to CPSF100, Integrator complex subunit 9 (INT9) does not possess 

catalytic activity. Int9, together with endoribonuclease Int11, are part of the Integrator 

complex that processes 3ǋ ends of snRNA.118 Out of the DNA/RNA interacting subfamily of 

hMBLs, a self-defining ɓ-CASP (CPSF, Artemis, SNM1, PSO2) family can be further 

identified. Human MBL fold enzymes containing the ɓ-CASP domain include SNM1A/B/C, 

CPSF73 and Int11.119 Based on the structural data, the ɓ-CASP domain inserts in between 
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the MBL domain and the catalytic core is located at the interface between these two 

domains.120 

 

Figure 1.10: Top: Overlay of structures of the human SNM1A (5Q1N) In white, SNM1B (7A1F) in blue, 

SNM1C (7AF1) in pink, and yeast Pso2 (Alphafold entry E7F457) in green. The metal ions coordinated in the 

active sites are shown in the sphere indicated by the red arrow. Bottom: Cartoon representation of sequence 
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alignment for human SNM1A, SNM1B, SNM1C and yeast Pso2, showing the MBL and ɓ-CASP domains. The 

conserved MBL motifs are labelled 1ï4, and ɓ-CASP family motifs, AïC. 

The first enzyme from the SNM1 family was identified in yeast, i.e. sensitive to psoralen 

(PSO2).121 PSO2 belongs to the MBL/ɓ-CASP protein family and is specifically essential 

for ICL repair in yeast. SNM1A/B/C are human orthologues of yeast PSO2 and have a high 

level of amino acid sequence similarity that results in conserved motifs in both the MBL and 

ɓ-CASP domains. SNM1A is most similar to PSO2 with 48% sequence similarity, while 

SNM1B has 33% similarity to PSO2.122, 123 The overlay of structures of the SNM1A, 

SNM1B, SNM1C, and PSO2 is shown in Figure 1.10. The proposed phosphodiester 

hydrolysis mechanism by SNM1 nucleases is analogous to that proposed for the hydrolyses 

of ɓ-lactams by bacterial MBLs (Figure 1.11).124,125 In both catalytic reactions, the hydroxyl 

group, activated by zinc ions, performs a nucleophilic attack that leads to hydrolysis of either 

the ɓ-lactam or a phosphodiester bond.126  
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Figure 1.11: A: Proposed scheme for hydrolysis of phosphodiester bond by SNM1B. B: Scheme for hydrolyses 

of ɓ-lactam by bacterial MBL.  

1.3.1. SNM1A 

SNM1A is a 5ǋ to 3ǋ directed exonuclease. As discussed in Section 1.2.1.7, SNM1A is 

implicated in the unhooking step of ICL repair.127 While the function of SNM1A is not fully 

elucidated, experimental results strongly speak for its importance in ICL repair. Ectopic 

expression of SNM1A in PSO2 mutants partially restores the resistance to ICL inducing 
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agents.128 Hypersensitivity towards ICL inducing agents (mitomycin C or cisplatin) was 

observed in SNM1A depleted DT40 cells.129 Similarly, the enhanced sensitivity towards 

mitomycin C was observed in mice with the knockout mSNM1A gene.130 While both 

SNM1A and SNM1B are believed to digest crosslinked nucleotides in ICL repair, the 

evidence primarily points to SNM1A. However, redundancy between SNM1A and SNM1B 

was indicated, as depletion of both nucleases results in higher sensitivity towards ICL 

inducing agents than when only one gene is depleted.131 

1.3.2. SNM1B (Apollo) 

SNM1B is closely related to SNM1A. It is a 5ǋ to 3ǋ directed exonuclease, and similarly to 

SNM1A, SNM1B depletion sensitises cells towards ICL inducing agents.132 In addition to 

the SNM1B being implicated in ICL repair, probably the best characterised cellular function 

of SNM1B is in telomere maintenance.133 Initial studies on SNM1B found that it interacts 

with the telomeric repeat-binding factor (TRF2), a component of the shelterin nucleoprotein 

complex.134 The shelterin complex stabilises the formation of t-loops, a structure formed by 

strand invasion of 3ǋ overhangs, which help protect DNA ends. The 3ǋ overhangs requisite 

for t-loop formation are believed to be generated by the 5ǋī3ǋ exonuclease activity of 

SNM1B. Studies with SNM1B knockout mouse embryo fibroblasts have shown that lack of 

SNM1B leads to telomere dysfunction and chromatid fusion, confirming the importance of 

SNM1B in telomere maintenance.135 Additionally, patients with a mutation in SNM1B 

suffered bone marrow failure due to impaired DNA repair and telomer instability.136 
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1.3.3. SNM1C (Artemis)  

While SNM1A/B function as exonucleases, SNM1C is a structure-specific endonuclease. 

SNM1C is capable of cleaving DNA loops, flaps, gaps, hairpins, and overhangs.137,138  

DNA-PKcs complexes with, and phosphorylates SNM1C, which activates its endonuclease 

activity. As described in Section 1.2.1.6, SNM1C plays an essential role in non-homologous 

end-joining repair. As NHEJ factors are involved in V(D)J recombination, a process that 

produces T cell receptors and B cell antibodies, SNM1C defects may lead to severe 

combined immunodeficiency.139,140 SNM1C is considered a promising anticancer target as 

cell lines with depleted SNM1C have increased sensitivity towards ionising radiation. 

Additionally studies show that inhibition of SNM1C in tumors may activate tumor protein 

p53, which could lead to tumor regression.141 

1.4.  Metallo-ɓ-Lactamase inhibitors 

1.4.1. Bacterial MBL inhibitors  

ɓ-Lactams are the most widely used class of antibiotics.142 However, the rise of antimicrobial 

resistance puts these antibiotics at risk of becoming ineffective and threatens public health.143 

ɓ-Lactamase can be classified into four categories based on sequence and structure: the 

nucleophilic serine-ɓ-lactamases (class A, C, and D) and the metallo-ɓ-lactamases 

(class B).144 While inhibitors of serine-ɓ-lactamases are widely used clinically, the 

development of MBL inhibitors is explored to a much lesser extent. Clinically used 

inhibitors for serine-ɓ-lactamases (SBL) include Clavulanic acid, Avibactam, and 

Vaborbactam.145  
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Bacterial metallo-ɓ-lactamases can be divided into 3 sub-classes: B1, B2 and B3. Both B1 

and B3 contain two zinc ions in the active site, while B2 enzymes are mono zinc ion 

enzymes.146 Since the B1 sub-class emerged as the most clinically substantial, this sub-class 

is a primary target for the development of new inhibitors.147 Amongst others, members of 

the B1 sub-class include NDM-1, VIM-2, and IMP-1.148 The majority of bacterial MBL 

inhibitors can be classified as either metal chelators (i.e. thiols, N-heterocyclic carboxylic 

acids, or sulfonamides) or transition state analogues (boronates). 

1.4.1.1. Thiol  inhibitors of MBLs  

Thiol-based inhibitors bind to the active site of MBL using their free thiol group, which 

binds zinc(II) ions and displaces catalytic water in the active site.149 In addition to a thiol 

group, most of these inhibitors poses a carboxylic acid functional group. The presence of 

carboxylic acid not only allows for interactions with polar amino acid residues but also,  

based on crystal structures, it can be observed that the oxygen atom in carboxylic acid can 

bind one of the zinc (II) ions.150 The importance of the carboxylic acid group in inhibitors 

likely reflects the presence of a carboxylic acid functional group or equivalent sulphonic 

acid in the majority of ɓ-lactam antibiotics. Known thiol-base MBL inhibitors include 

dimercaprol, L-captopril, bisthiazolidines and thioenolates, shown in Figure 1.12.151,152 

 

Figure 1.12:  Structures of thiol-based inhibitors of bacterial MBLs. From left to right: dimercaprol, L-

captopril, bisthiazolidine and thioenolate.  
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1.4.1.2. N-Heterocyclic carboxylic acid MBL inhibitors   

An important category of metal-chelating bacterial MBL inhibitors is N-heterocyclic 

carboxylic acid inhibitors. These inhibitors are derivatives of various heterocycles, such as 

picolinic acid, 4-thiazolecarboxylic acid, and indole-2-carboxylate, shown in Figure 1.13.153 

A common feature for this class is the adjacent positioning of carboxylic acid and nitrogen 

in the heteroaromatic ring. The importance of nitrogen and carboxylic acid chelators can be 

seen in the crystal structure of picolinic acid-based inhibitors with CphA and ANT431 with 

VIM -2, as both functional groups chelate a single zinc(II) atom.154 In contrast to what has 

been observed for thiol and sulfonamide based inhibitors, the catalytic water bridged 

between two zinc(II) atoms from the VIM-2 was not displaced by ANT431. 155 

Recently, a series of novel and potent inhibitors with an indole-2-carboxylate core has been 

developed against a broad range of bacterial MBLs. The binding mode of these inhibitors 

was revealed using crystallographic studies with the B1 MBLs VIM -1 and VIM-2. Similarly 

to what has been seen in other N-heterocyclic carboxylic, the carboxylic acid in the indole-

2-carboxylate is involved in chelating metal ion in the active site. However, instead of 

chelating the metal ion, the nitrogen atom forms a hydrogen bond with the water bridging 

between the two active site metal ions.156  

 

Figure 1.13:  Structures of N-heterocyclic carboxylic acid inhibitors of bacterial MBLs. IncC: indole-2-

carboxylates. 
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1.4.1.3. Sulfonamide MBL inhibitors  

Sulfonamides are a recently emerging class of MBL inhibitors, shown in Figure 1.14.157 

With this class of inhibitors, sulfonamide acts as the primary zinc chelating functional group. 

Like free sulfur in thiols, the free nitrogen in sulfonamide can chelate both zinc (II) ions and 

displace the bridged water.158,159  Again, a common characteristic of these inhibitors is a 

carboxylic acid side chain involved in the binding through the chelation of one of the zinc 

(II) ions.  

 

Figure 1.14:  Structures of Sulfonamide inhibitors of bacterial MBLs.  

1.4.1.4. Bicyclic boronate MBL inhibitors  

Bicyclic boronates are potentially the most exciting class of MBL inhibitors, as they present 

a broad spectrum of ɓ-lactamase inhibition and are able to inhibit both MBLs and SBLs.160 

Boronôs near unique property to readily interchange hybridisation between sp2 and sp3 in 

water enables these compounds to mimic ɓ-lactam substrate (sp2) and high energy 

tetrahedral intermediate (sp3) binding, shown in Figure 1.15. Based on structural data, the 

tetrahedral (sp3) form of the boronic acid is bound to the active site, where it can displace 

the bridged water and act as a transition state analogue.161,162 A promising inhibitor within 

this class is Taniborbactam which is currently in phase III of clinical trials.163   
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Figure 1.15: A: Structures of boronate inhibitors of bacterial MBLs. B: Boronates interchange between two 

hybridisation states. C: Rection of ɓ-lactam with MBL and formation of high energy tetrahedral intermediate. 

1.4.2. Protozoan MBL inhibitors  

Acoziborole (Figure 1.16) is a novel boronate-based drug active against T.b. gambienseða 

parasite responsible for causing African sleeping sicknessðwhich is currently in clinical 

trials.164 Although acoziborole was developed using phenotypic screening, a further 

investigation identified mRNA processing as a primary target, and CPSF73 is suspected to 

be its molecular target.165 Although no crystal structure of acoziborole bound to CPSF73 is 

available, molecular docking studies have been carried out to investigate its potential binding 

mode.166 Based on the docking model, the acoziborole boron atom reacts with a water 

molecule that bridge the two zinc (II) ions in the active site, leading to tetrahedral 
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coordination around the boron atom and sp3 hybridisation. The tetrahedral coordination of 

the boron is proposed to mimic the phosphate group of the RNA substrate of CPSF73.  

 

Figure 1.16: Structure of Acoziborole. 

1.4.3. Human MBL fold enzyme inhibitors  

Probably the most thoroughly investigated human MBL inhibitor is JTE-607, shown in 

Figure 1.17.167 Although this compound was known to inhibit cytokine synthesis for more 

than 20 years, the mechanism of action was unknown for a long time. In further phenotypic 

screening, JTE-607 was shown to inhibit the growth of Ewingôs sarcoma and acute myeloid 

leukaemia.163 By using compound-immobili sed affinity chromatography CPSF73 was 

identified as a direct target of JTE-607. Additionally, it was determined that JTE-607 acts as 

a prodrug activated upon hydrolysis of ethyl ester.168 The crystal structure of hydrolysed 

JTE-607 bound CPSF73 showed that the inhibitor binds to the interfacial cavity between ɓ-

CASP and MBL domains in close proximity to active site zinc (II)  ions but does not interact 

with the metal ions directly. It is suggested that hydrolysed JTE-607 may partially mimic 

the binding mode of the pre-mRNA substrate.169  

 

Figure 1.17: Structure of JTE-607 prodrug (Left) and hydrolysed JTE-607 (Right) 
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The development of inhibitors against human MBL nucleases appears to have been rather 

unsuccessful to date, with only a limited number of inhibitors reported in the literature. Most 

of them target SNM1A nuclease and do not exhibit high potency. One of the first reported 

inhibitors of SNM1A and SNM1B nucleases were cephalosporins, a class of ɓ-lactam 

antibiotics.170 Among the screened cephalosporins, ceftriaxone (Figure 1.18A) was the most 

potent inhibitor of SNM1A and B. This finding implied an interesting chemical relationship 

between SNM1 nucleases and true MBLs. However, recent crystal structures appear to 

undermine the proposed similarities between the two families of enzymes concerning 

cephalosporin binding.167 While true MBLs bind to ɓ-lactam ring, this was not the case for 

SNM1A. In the ceftriaxone-bound SNM1A structure (PDB: 5NZW), ceftriaxone binds to a 

single metal in the active site via two oxygens from the cyclic diamide sidechain.171 

The McGouran group have attempted to develop nucleoside-based inhibitors against 

SNM1A. A library of nucleosides with modifications at 5ǋ and 3ǋ positions was screened as 

SNM1A inhibitors. Their study identified weakly potent hydroxamic acid, squaramide and 

thiosquaramide as potential metal-chelating pharmacophores that target SNM1A. 172,173 

Selected nucleoside-based inhibitors of SNM1A are shown in Figure 1.18B. 

A recent high-throughput screen of bioactive compounds against SNM1A was rather 

unfruitful; selected hits are shown in Figure 1.18C.174 Out of nine hits, four were later 

identified as potential DNA binders. One of the hits was aurintricarboxylic acid, a known 

non-specific nuclease inhibitor. In most of these hits, a common feature was catechol moiety, 

which might be another metal-chelating pharmacophore targeting SNM1A.  
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Figure 1.18: A: Structure of Ceftriaxone. Carbonyls involved in binding metal in the active site of SNM1A are 

marked in blue. B: Nucleoside based inhibitors of SNM1A from McGouran group. C: Hits identified by HTS 

of bioactive compounds. T: Thymine  

1.5.  Human nuclease inhibitors  

Although nucleases are attractive therapeutic targets, especially in cancer treatment, the 

development of human nuclease inhibitors is still in its early stage, with few compounds 

being tested in preclinical trials or used as chemical probes. There is a wide range of 

mechanisms through which the nuclease activity can be inhibited. Since most nucleases are 

metalloenzymes, metal chelators are common inhibitors of them. Examples of inhibitors that 

mimic the nucleic acid substrate are also known. While most inhibitors target the active site 

of the nucleases, targeting protein-protein interactions between nucleases and other factors 

involved in the DNA repair pathway can be just as effective.  
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1.5.1. Metal-binding nuclease inhibitors 

The prevailing characteristic among metal-chelating nuclease inhibitors is the presence of 

oxygen-based functional groups, including carbonyls, hydroxamates, catechols, or 

carboxylic acids. 2,4-Diketobutyric acid inhibitors and their structural analogues have been 

developed against FEN1 and XPG, shown in Figure 1.19.175 The exact binding mode of 2,4-

diketobutyric acid inhibitors are unknown but based on structural studies of highly related 

HIV integrase inhibitors, one may propose that 2,4-diketobutyric acids similarly chelate 

metals in the active site of nucleases.176  

 

Figure 1.19: Structure of 2,4-diketobutyric acid-based inhibitors (compounds on the left and middle) and their 

structural analogue (compound on the right). 

The N-hydroxyimide appears to be particularly effective as a pharmacophore against a broad 

range of nucleases. Compounds with this functional group have been shown to inhibit FEN1, 

XPG, ERCC1-XPF and DNase.177 Although selectivity was an initial issue, selective and 

cellularly active inhibitors against FEN1 were reported (Figure 1.20). 178, While FEN1 

inhibitors did not reach clinical trials, they ended up being useful biochemical tools. These 

inhibitors were used to further validate FEN1 as a possible druggable target in cancer 

treatment.179 FEN1 inhibitors helped identify sensitive cancer cell lines and synthetic 

lethality genetic interactions. The N-hydroxyimide (FEN1-IN-1) have been shown to bind 

to two metals in the active site of FEN1 via two carbonyl groups and a hydroxyl group. In 
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the crystal structure (PDB: 5FV7), each oxygen from the carbonyl group chelated to one out 

of two Mg2+ ions, while the hydroxyl group was bridged between both metal ions.180  

 

Figure 1.20: Structure of ATH-0013974 (initial hit) and FEN1 inhibitors 1 and 3.   

Catechols, 3-hydroxypyridones and hydroxypyrimidinones have been reported to inhibit 

ERCC1-XPF, shown in Figure 1.21.181 As these motifs are known, metal chelators, it can 

be proposed that they bind metal ions in the active site. While catechol based inhibitors 

encouragingly inhibited DNA repair in cell-based assays, the tested hydroxypyrimidinones 

did not. 182  Additionally, as the N-hydroxyimide and hydroxypyrimidinone are structurally 

similar, hydroxypyrimidinones inhibit both FEN1 and ERRC1-XPF, with a higher 

selectivity towards the latter nuclease. 

 

Figure 1.21: Structure of catechol (left), 3-hydroxypyridone (middle) and hydroxypyrimidone (right) based 

inhibitors of ERCC1-XPF. 

7-Nitroindole-2-carboxylic acid (CRT0044876) was identified as an inhibitor of APE1, 

shown in Figure 1.22.179 Molecular modelling predicts that carboxylic acid binds the metal 

in the active site. This model suggests that carboxylic acid can be used as another metal-

binding pharmacophore in nuclease inhibitors.183 
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Figure 1.22: Structure of 7-Nitroindole-2-carboxylic acid (CRT0044876)  inhibitor of APE1 

1.5.2. Nuclease inhibitors mimicking nucleic acid substrate 

Using HTS, arylstibonic acids (Figure 1.23) were identified as inhibitors of APE1 nuclease 

activity.180 Molecular modelling suggests that the arylstibonic acids mimic the abasic site in 

DNA, a substrate for APE1. The stibonic acid and carboxylic acid in the compound are 

proposed to mimic the phosphate backbone in the DNA.184 

 

Figure 1.23: Structure arylstibonic acid inhibitors of APE1 (left and middle) and abasic DNA, a substrate for 

APE1 (right). 

1.5.3. Nuclease inhibitors targetting protein-protein interactions  

Since heterodimerisation of ERCC1-XPF is required for endonuclease activity, the protein-

protein interface between ERCC1 and XPF is an attractive medicinal chemistry target. 

Virtual screening was used to isolate druggable binding sites and identify potential hit 

compounds that inhibit dimerisation of ERCC1-XPF through binding to XPF protein.185 In 

the follow-up work, a computer-aided drug design was employed to develop improved 

inhibitors of ERCC1-XPF protein-protein interaction.186 Inhibitors binding to XPF 

(Figure 1.24.A) showed promising results in cell-based assays, as they sensitised cells to the 

UV irradiation and ICL inducing agent cyclophosphamide, cisplatin, and mitomycin C.187,188  
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Another strategy to inhibit ERCC1-XPF DNA repair activity involved targeting the 

interaction between ERCC1 and XPA. While XPA is not required for endonuclease activity, 

XPA-ERCC1 interaction is essential for the proper NER function since XPA recruits ERCC1 

to the damage site.189 Like in the identification of ERCC1-XPF protein-protein interaction 

inhibitors, virtual screening was used to identify inhibitors targeting XPA-ERCC1 

interaction.190 The structure of inhibitor binding XPA is shown in Figure 1.24B. 

 

Figure 1.24: Structure of protein-protein interaction inhibitors. A:  XPF binders. B: XPA binder. 

1.5.4. MRE-11 inhibitor  

Using a forward genetic screen, mirin was identified as an inhibitor of MRN (Mre11ï

Rad50ïNbs1 complex); later, it was reported to selectively inhibits exonuclease activity of 

MRE11.191 Using structural data, a chemical library of mirin derivatives was developed. 

From this new library of inhibitors, a more potent exonuclease activity inhibitor (PFM39) 

was identified. A selective endonucleases activity  inhibitor (PFM03) was also found, as 

shown in Figure 1.25. The binding mode of these inhibitors was identified by using x-ray 

crystallography. Instead of binding to the active site, the results imply that mirin derived 

inhibitors bind in close proximity to the active site and impede the path of DNA towards the 

active site. Selective inhibitors of both endonuclease and exonucleases activity allowed for 
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further evaluation of MRN function and provided insight into the regulation of pathway 

choices.192 

 

Figure 1.25: Structures of Mre11 inhibitors. 

1.6.  Research aims of the work described in this thesis 

While the precise biological functions of human MBL nucleases SNM1A, B and C are not 

yet fully understood, these enzymes are essential for maintaining genome integrity, whilst 

their depletion leads to either chemosensitisation or radiosensitisation.129 Therefore, 

developing small-molecule inhibitors against these enzymes is believed to be beneficial for 

further the investigation of functional roles of these nucleases in DNA repair, or as 

sensitising agents in cancer treatment.  

This project has aimed at the development of potent and selective inhibitors of a human 

MBL nucleases that could be tested in cellular assays and used for target validation. Since 

all three nucleasesðSNM1A, SNM1B, and SNM1Cðplay essential physiological roles and 

are potential pharmaceutical targets, inhibitor development is not restricted to a single 

enzyme. Although the project's primary focus was on developing inhibitors against SNM1A, 

it was envisaged that selected inhibitors showing promising results should also be tested 

against SNM1B/C. In case any inhibitor, or set of inhibitors, shows a substantially better 
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potency against SNM1B/C than SNM1A, it was considered that the project could shift focus 

towards one of the other enzymes. 

Prior to this work, an extensive high-throughput screen of 400,000 compounds had been 

performed against SNM1A. 22 hits were identified, thus providing a foundation for 

developing new inhibitors. Taking these hits as a starting point, it was proposed for the 

structural analogues to be synthesised in order to investigate the structure-activity 

relationship (SAR). The study of SAR will help improve the inhibitors and understand 

potential structural differences between the enzymes that might be exploited to achieve 

selectivity. In addition to testing inhibitors by using in-vitro assays, it was envisaged that 

inhibitors could be soaked into SNM1A/B/C crystals or co-crystallised with SNM1A/B/C to 

obtain inhibitor bound crystal structures. 

It was also intended that potential inhibitor libraries would be tested throughout the project 

to identify new pharmacophores and inhibitors targeting human MBL nucleases. The 

libraries investigated include known metalloenzyme inhibitors, metal binders, and in-house 

compounds.   
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Chapter 2. Cyclic N-hydroxyimide inhibitors  

2.1.  Initial hits against SNM1A 

Prior to the initiation of the work described in this thesis, an extensive high-throughput 

screen (HTS) using a fluorescence-based assay of 400,000 compounds had been performed 

against SNM1A by the European Lead Factory (ELF) in collaboration with the University 

of Oxford (unpublished results). The HTS led to the identification of 22 potential hit 

compounds. Following the HTS, attempts were undertaken to obtain inhibitor-bound 

structures by soaking the inhibitors into crystals of SNM1A. Compounds 3 and 9 were the 

only hits found to bind to SNM1A and to successfully yield crystal structures (Figure 2.1). 

The structure of 3 is strikingly similar to the reported FEN1 inhibitors mentioned in Section 

1.5.1. 
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Figure 2.1: Inhibitor hit molecules from the HTS in complex with SNM1A A: View from a crystal structure of 

hit 3 bound to the active site of SNM1A. B: View from a crystal structure of hit 9 bound to the active site of 

SNM1A. C: Structure of hits 3 and 9. M1: Nickel. M2: Zinc. 

The crystal structure reveals that compounds 3 and 9 both chelate metal ions in the active 

site using their oxygen atoms, with octahedral coordination around each metal ion. Whilst 

the SNM1A structure complexed with 3 bound has two metal ions present in the active site, 

only one metal ion is present in the structure with 9. In the crystal structures, metal ion M1 

was assigned as nickel (II) , and M2 was assigned as zinc (II). By contrast, two zinc (II) ions 

are generally considered to be the physiologically relevant metals, though this has not yet 

been demonstrated to be the case in vivo.1 Structures of SNM1A with only the first potential 

metal ion binding site occupied are also common, raising questions about the biologically 

relevant metal ions.2 
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Interestingly, for the crystal structure with the hit 3, there are two molecules of 3 bound to 

the active site. The two molecules of 3 apparently stack with each other at a distance of 

~3.6 angstrom (Å), indicating a possible pi-stacking interaction between the two molecules. 

Both molecules of 3 chelate the active site metal ions using their cyclic hydroxymate 

pharmacophore. The N-hydroxyl group of one of the molecules of 3 bridges between the two 

metal ions displacing the catalytic water molecule. A similar mode of ligation and 

displacement of catalytic water was previously observed for thiol or sulfonamide-based 

inhibitors of true MBLs described in Chapter 1.3,4 Additionally, it can be observed that one 

of the 3 molecules displaces the Asp736, which normally chelates the M2 metal ion. There 

are no other substantial interactions between molecule 3 and SNM1A in the crystal structure 

complex, with more than 3.5 Å distance between molecule 3 and any amino acid residue 

side chain.  

Inhibitor 9 chelates metal ion M1 in the active site using two catechol oxygens from the 

cyclic diamide sidechain. Additionally, there might a be hydrogen bonding interaction 

between oxygens in Asp736 and one of the amide nitrogens from molecule 9 as there is a 

distance of 2.8 Å between these atoms. 

After obtaining structural data, compounds 3 and 9 were resynthesised for validation studies 

because the ELF provided only limited quantities. Additionally, compound 5, a structural 

isomer of 3, was synthesised as there was a discrepancy between the report from ELF and 

the obtained structural data for 3. The initial report from ELF stated that compound 5, which 

has a methoxy group at the meta-position, was tested in the HTS. At the same time, based 

on the structural data, the ELF supplied to Oxford compound 3, which has a methoxy group 
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at the para-position, instead of compound 5. The synthesis of compounds 3, 5, and 9 were 

based on previously published synthetic routes (Figure 2.2).5,6,7 

 

Figure 2.2: Scheme for synthesis of inhibitors 3, 5 and 9. Conditions for each step: a) NH2OBn.HCl, pyridine, 

reflux, 2 h; b) NaOMe, CuSO4, MeOH, reflux, 12 h; c) Pd/C, H2, DMA, RT, 4 h; d) SO4Me2, K2CO3, acetone, 

reflux 3 h; e) NH2OH.HCl, pyridine, reflux, 1 h; f) SOCl2, DMF, DCM, reflux 2 h; g) NaN3, DMF, RT, 2 h; h) 

Raney nickel, H2, MeOH, RT, 1 h; i) diethyl oxalate, reflux, 2 h. 

The synthesis of hit 3 from commercially available 4-bromo-1,8-naphthalic anhydride was 

very efficient, with each step having excellent yield (Ó 90%) with an overall yield of 83% 

over 3 steps. In step a), 4-bromo-1,8-naphthalic anhydride was reacted with 

O-benzylhydroxylamine to form 1 via a condensation reaction, using pyridine as a solvent, 

base, and nucleophilic catalyst. In step b), compound 1 was converted into 2 via nucleophilic 

aromatic substitution using sodium methoxide as nucleophile and copper(II) sulfate as a 

catalyst. Following the synthesis, compounds 1 and 2 were purified using filtration with the 
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washing of the solid precipitate to remove any soluble impurities. Finally, in step c), the 

benzyl protecting group in compound 2 was removed by hydrogenation to produce hit 3. 

Hydrogen gas and palladium on carbon catalyst was used for benzyl deprotection. After 

hydrogenation, compound 3 was purified by filtration. 

The synthesis of hit 5 from commercially available 3-hydroxy-1,8-naphthalic anhydride was 

relatively efficient, proceeding in an overall yield of 72% after 2 steps. In step d), the 

hydroxyl group, from 3-hydroxy-1,8-naphthalic anhydride, was methylated using dimethyl 

sulfate as an alkylating agent and potassium carbonate as a base to produce compound 4. 

Compound 4 was synthesised at a good yield of 74% in step d). Next, in step e), 4 was 

reacted with hydroxylamine to produce hit 5 via a condensation reaction, using pyridine as 

a solvent, base, and nucleophilic catalyst. Step e) was performed at an excellent yield of 

97%. Both 4 and 5 were purified by filtration with washing of the precipitate to remove 

soluble impurities. 

Hit 9 was synthesised from commercially available 6-chloro-3-nitroquinolin-4-ol with an 

overall yield of 24% after 4 steps. First, in step f), intermediate 6 was synthesised from 6-

chloro-3-nitroquinolin-4-ol by converting the hydroxyl group into chloride using thionyl 

chloride as a chlorinating agent and DMF as a catalyst. Compound 6 was purified using 

extraction and column chromatography. The yield of step f) was 78%. In step g), 6 was 

converted into 7 via aromatic nucleophilic substitution of chloride at position 4 with azide. 

Sodium azide was used as the source of the azide. While two chloride atoms were present in 

the intermediate 6, the substitution reaction was only observed at position 4, which is more 

reactive due to the adjacent nitro group. In step g) compound 7 was purified using extraction 

and was synthesised in a good yield of 86%. Next, in step h), compound 7 was converted 
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into 8 via hydrogenation. Initially, it was attempted to perform hydrogenation using 

palladium on carbon as a catalyst, but this resulted in an additional reduction of the chloride 

at position 6. Use of Raney nickel catalyst instead of palladium on carbon resulted in a more 

selective hydrogenation reaction with a reduction of only the azide and nitro groups. Step h) 

resulted in a nearly quantitative yield of 99%, and compound 8 could be obtained by 

filtration. Finally, in step i), compound 8 reacted with diethyl oxalate using 

cyclocondensation reaction to produce hit 9. In step i), hit 9 was produced in a very poor 

yield of 36%. Hit 9 was purified using filtration and solvent wash to remove soluble 

impurities. 

All three compounds, 3, 5, and 9, were tested using real-time fluorescence and radioactive 

gel-based assays against SNM1A (Figure 2.4). The conditions used for the fluorescence-

based assay and the gel-based assay were the same as in previously published work.8 

The real-time fluorescence-based method is an enzyme activity-based assay. The assay 

employs SNM1A or other MBL nuclease (SNM1B or SNM1C) and a chemically modified 

oligonucleotide as a substrate. The substrate used for fluorescence-based assay with SNM1A 

or SNM1B was a 20-nucleotide ssDNA labelled with fluorescein isothiocyanate (FITC) at 

the 5ǋ end and black-hole quencher 1 (BHQ) 8 nucleotides away. In the plate reader, the 

FITC is excited using radiation at a 495 nm wavelength, and the fluorescence emission is 

quenched by BHQ. Upon digestion of the oligonucleotide substrate in the 5ǋ to 3ǋ direction 

by either SNM1A or SNM1B exonuclease activity, FITC-labelled nucleotide is released. As 

the FITC labelled nucleotide is released, the fluorescence emission is no longer quenched 

by BHQ, and the fluorescence at 515 nm wavelength is emitted, as shown in Figure 2.3. The 

515 nm fluorescence emission is measured at 15-time points over 35 minutes. The rate of 
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increase of the fluorescence intensity represents the enzymatic activity of the nuclease. The 

real-time fluorescence-based assay gives quantitative results as it precisely measures the 

fluorescence emission at fixed time points and shows the enzyme activity over a specific 

duration.  

 

Figure 2.3: Schematic for the real-time fluorescence assay. 

Similarly to fluorescence-based assay, the radioactive gel-based assay is also an enzyme 

activity-based method. The substrate used for the gel-based assay was either a 21 or 50 

nucleotides long ssDNA containing phosphorus-32 (32P) at the 3ô end. In the radioactive gel-

based assay, SNM1A, B, or C, nuclease together with the radiolabeled DNA substrate were 

allowed to react for 40 min. Over the reaction time, the nuclease digests the DNA substrate 

to produce oligonucleotides of various lengths. After 40 min, the enzymatic reaction is 

quenched, and electrophoresis gel is run to separate the products of the nuclease digestion. 

Measurement of the radioactive decay of the 32P allows for the identification of specific 

DNA bands on the electrophoresis gel. The obtained products and the extent of digestion by 

SNM1 nuclease can be determined using the radioactive gel-based assay. While the 
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radioactive gel-based assay gives less quantitative results, it uses a much more 

physiologically relevant substrate than the fluorescence-based assay. The radioactive gel-

based assay was mainly used to validate inhibitors, firstly identified by a fluorescence-based 

assay. 

The gel-based assay and real-time fluorescence assay are independent methods of examining 

the nuclease activity of the enzyme as they show different readouts. The fluorescence assay 

measures only the digestion of a single nucleotide that results in fluorescence emission. In 

contrast, in the radioactive gel-based assay, we can see various products of digestion, and 

therefore, digestion of multiple nucleotides can be observed. Since the real-time 

fluorescence assay results are more quantitative,  this assay was primarily used to plot dose-

response curves and calculate the IC50 value for each inhibitor. In the dose-response curves, 

the y-axis is labelled as ñPercentage Responseò, which stands for the percentage of 

fluorescence observed, where 100% is the maximum fluorescence observed when substrated 

is treated by an enzyme with no inhibitor present, and 0% is the background fluorescence of 

the untreated probe. The fluorescence observed corresponds to the enzyme activity. The x-

axis is labelled as ñLog(Concentration/M)ò, in which ñConcentrationò stands for the 

concentration of inhibitors used. Additionally, the real-time fluorescence assay is faster and 

more high-throughput than the gel-based assay, and therefore it was a preferred method for 

testing larger sets of compounds. 

Half maximal inhibitory concentration (IC50) is a measure of inhibitor potency, indicating 

the concentration of an inhibitor at which there is 50% biological activity. Throughout the 

project, IC50 values were used to quantify the potency of inhibitors.  
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Figure 2.4: A: Dose-response curve plotted using the data from real-time fluorescence assay for inhibitor 

testing against SNM1A. Concentrations used [SNM1A] = 0.5 nM and [DNA] = 25 nM. B: IC50 values 

calculated for each inhibitor. C: Representing gel image from radioactive gel-based assay against SNM1A. 

Concentrations used [SNM1A] = 0.8 nM and [DNA (21-mer)]  = 100 nM. The indicated concentrations are in 

ɛM. UT: untreated. A red dotted line is used to separate images taken from 2 separate gels.   

Hit compounds 3, 5 and 9 were tested against SNM1A, together with ceftriaxone as a 

positive control inhibitor, by using both the real-time fluorescence-based and gel-based 

assays (Figure 2.4).7 All three hits (3, 5 and 9) were more inhibitory than ceftriaxone, one 

of the most potent SNM1A inhibitors reported in the literature. 7 The newly identified hits 

inhibited SNM1A with nearly identical potencies with IC50s measured in the low micromolar 

range; 3 = 2.4 ɛM, 5 = 2.9 ɛM, and 9 = 2.0 ɛM. With the gel-based assay, SNM1A was 

partially inhibited when using 10 and 100 ɛM concentrations of 3, 5 and 9. Because 

compounds 3, 5 and 9 have IC50 values within the same range and all showed very similar 



Chapter 2. Cyclic N-hydroxyimide inhibitors 

59 

 

inhibition on the gel-based assay, it was not possible to identify one of them as the most 

potent hit.   

Hits 3, 5, and 9, together with ceftriaxone were further tested against SNM1A from another 

batch of enzyme purified using non-standard conditions, without immobilised metal affinity 

chromatography (IMAC) (Figure 2.5). IMAC is a standard protein purification procedure 

that uses immobilised metal ions, primarily nickel (II) ions, to separate proteins and purify 

the particular protein of interest. The metal ions from the IMAC column can leach out and 

affect the metal content in the enzymes.9 Non-IMAC SNM1A protein samples were purified 

using HiTrap SP FF, ion exchange chromatography, instead of the IMAC. SNM1A purified 

with IMAC has a mixture of iron, nickel and zinc in the active site, while the batch purified 

without IMAC contains iron and zinc ions, the presence of ions was measured using ICP-

MS (Inductive coupled plasma mass spectrometry). At the same time, it is widely predicted 

that zinc ions are naturally present in SNM1A, though this has not been demonstrated in 

vivo.1 SNM1A purified without IMAC, was only used for assay presented in Figures 2.5 and 

3.2, for all other assay proteins purfied using IMAC were used, as this purification method 

was much more efficient.  
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Figure 2.5: Assays run with SNM1A that was not purified using IMAC. Top: Dose-response curve plotted 

using the data from the real-time fluorescence assay. Concentrations used [SNM1A] = 1.25 nM and 

[DNA 21 mer]  = 25 nM. Bottom: Representing gel image from radioactive gel-based assay against SNM1A. 

Concentrations used [SNM1A] = 0.8 nM, and [DNA (21-mer)]  = 100 nM. The indicated concentrations are in 

ɛM. UT: untreated  A red dotted line is used to separate images taken from 2 separate gels.   

Ceftriaxone and 9 showed much lower inhibition against the non-IMAC purified SNM1A 

construct compared to hits 3 and 5 (Figure 2.5). While in the assay against SNM1A purified 

using a standard procedure with IMAC (Figure 2.3), hit compounds 3, 5, and 9 showed 

nearly identical inhibition. Based on the results of the gel-based assay against non-IMAC 

purified SNM1A, hits 3 and 5 exhibit partial inhibition concentrations of 100 ɛM. Hits 3 and 

5 showed only partial inhibition in the fluorescence-based assay against non-IMAC purified 

SNM1A, although the inhibition is too low to calculate IC50 values accurately. Due to the 

relatively lower activity of the non-IMAC purified SNM1A construct, a 1.25 nM enzyme 
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concentration was used for fluorescence-based assay instead of 0.5 nM. When comparing 

results from assays against both SNM1A constructs, it appears that inhibition of 9 might be 

more dependent on the metals present in the active site than in the case of 3 and 5.  

Hydroxamates are known zinc binding groups that are reported to inhibit a variety of zinc 

(II) containing metalloenzymes, including carbonic anhydrase.10 Therefore 

N-hydroxyimides were chosen for further optimisation and development of SNM1A 

inhibitors. Similarly, it has been observed that the extent of inhibition of bacterial MBL can 

vary in a manner depending on the metal ions present in the active site.11  

2.2.  Development of structural analogues of 3 and 5 against SNM1A 

While the initial data for hits 3 and 5 was promising, substantial improvements had to be 

made to obtain more potent inhibitors. Both 3 and 5 have a flat polyaromatic core, which 

likely leads to their poor solubility and might enable intercalation of DNA. When designing 

structural analogues of 3 and 5, one of the aromatic rings was removed, similarly to what 

has been done when FEN1 inhibitors were optimised from hit ATH-0013974 to inhibitor 

FEN1-in-1, as discussed in Section 1.5.1.12 Additionally, the bicyclic N-hydroxyimde core 

was considered more suitable for synthesising a library of analogues as it is more easily 

modified than the initial tricyclic core of either 3 or 5. The ester functional group and 

morpholine ring were introduced to improve the solubility.13 As sulfur atoms are common 

in bacterial MBL inhibitors and are involved in chelating metals in the active site, thiourea 

was introduced in one of the derivatives. The structures and synthetic schemes for five new 

structural analogues 12, 14, 15, 18 and 20 are shown in Figure 2.6.9,14,15,16 The only novel 

inhibitor from this list above was compound 18.   
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Figure 2.6: Scheme for synthesis of analogues of 3 and 5. Conditions for each step: a) NH2OBn.HCl, TEA, 

THF, reflux, 3 h; b) triphosgene, TEA, THF, 0 °C, 2 h; c) Pd/C, H2, DMF, RT, 2 h; d) BnBr, Cs2CO3, DMF, 

80 °C, 2 h; e) conc. HBr(aq), AcOH, reflux, 1 h; f) thiophosgene, H2O, DCM, RT, 12 h; g) NH2OH.HCl, NaOH, 

H2O, CHCl3 RT, 2h; h) 2-chloroacetyl chloride, DMF, RT, 2 h; i) morpholine, DMF, 60 °C, 1 h; j) Pd/C, H2, 

MeOH, RT, 2 h; k) ethyl chlorooxoacetate, pyridine, DCM, RT, 12 h; then p-toluenesulfonic acid, toluene, 

reflux, 2 h; l) Pd/C, H2, EtOAc, RT, 15 min. 

Inhibitor 12 was synthesised from the commercially available isatoic anhydride in an overall 

yield of 51% over 3 steps. In step a), isatoic anhydride was reacted with 

O-benzylhydroxylamine to form an amide bond and produce compound 10. Compound 10 

was purified using column chromatography and was produced at a very good yield of 88%. 

Next, in step b), triphosgene was used to convert compound 10 into 11 via carbonylation-



Chapter 2. Cyclic N-hydroxyimide inhibitors 

63 

 

cyclisation. Compound 11 was purified using column chromatography and was produced at 

a yield of 66%. Finally, in step c), compound  11 was converted into inhibitor 12 through 

deprotection of the O-benzyl group using a hydrogenation reaction. Hydrogenation reaction 

in step c) was performed using standard conditions: hydrogen gas and palladium on carbon 

as a catalyst, and produced inhibitor 12 at a very good yield of 87%. 

Inhibitor 14 was synthesised from compound 11 in an overall yield of 27% over 2 steps. 

First, in step d), 11 was alkylated using benzyl bromide to produce compound 13. After 

alkylation, 13 was purified using filtration and step d) resulted in an excellent yield of 95%. 

Next, in step e), the O-benzyl group in 13 was removed to produce inhibitor 14. A 

hydrogenation reaction was not used because there were two benzyl groups in compound 

13. Instead, the O-benzyl group was selectively removed under strongly acidic conditions 

using concentrated hydrobromic acid and acetic acid. Inhibitor 14 was purified by filtration. 

The yield of step e) was very poor, resulting in only 28% yield after isolation.  

Inhibitor 15 was synthesised from the commercially available methyl anthranilate with a 

very good overall yield of 80% over two steps. First, in step f), the amine group from methyl 

anthranilate was converted into isothiocyanate using thiophosgene to form isothiocyanate 

intermediate. The isothiocyanate intermediate was purified using extraction and was then 

directly used in the next step. In step g), isothiocyanate intermediate was reacted with 

hydroxylamine, and the second ring was cyclised to form inhibitor 15. Inhibitor 15 was then 

purified using filtration.  

Inhibitor 18 was synthesised from compound 10 with a good overall yield of 73% over 3 

steps. First, in step h), 10 was reacted with 2-chloroacetyl chloride via a cyclocondensation 
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reaction to produce compound 16. Compound 16 was produced in step h) at a very good 

yield of  86% and was purified using extraction. Next, in step i), compound 16 was converted 

into 17 through nucleophilic substitution of chloride with morpholine. 17 was purified using 

column chromatography and extraction. Compound 17 was produced in an excellent yield 

of 97%. Finally, in step j) , the benzyl protecting group in 17 was removed to produce 

inhibitor 18. The hydrogenation reaction procedure used in step j)  were similar to those used 

in step c). Step j)  produced 18 in a very good yield of 88%.  

Inhibitor 20 was synthesised from compound 10 in a good overall yield of 73% over 2 steps. 

First, in step k), compound 10 was reacted with ethyl chlorooxoacetate to form an amide 

bond; this was followed by a cyclisation reaction, using p-toluenesulfonic acid as a catalyst, 

to produce 19, which was purified using column chromatography, and giving 19 in a good 

yield (75%). Next, in step l), the benzyl protecting group was removed to convert 19 into 

inhibitor 20 using hydrogenation. Similarly to steps c) and j) , palladium on carbon as a 

catalyst and hydrogen gas were used for the hydrogenation reaction. The yield of step l) was 

excellent (97%), and inhibitor 20 was purified using filtration. 

Following the synthesis, analogues 12, 14, 15, 18, and 20 were tested using the real-time 

fluorescence assay against SNM1A (Figure 2.7). 
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Figure 2.7: A: Dose-response curve plotted using the data from real-time fluorescence assay against SNM1A. 

Concentrations used [SNM1A] = 0.5 nM and [DNA] = 25 nM. B: Table of IC50 calculated for each inhibitor.  

Out of the five synthesised compounds, only inhibitor 12 showed slightly better inhibition 

than hits 3 and 5 in the fluorescence-based assay against SNM1A. Compound 12 had an IC50 

of 1.2 ɛM. The inhibition of compound 12 against SNM1A is poor compared to its inhibition 

against FEN1 and XPG, which has IC50 of 0.079 ɛM and 0.16 ɛM, respectively.9 This 

substantial difference in the IC50 between SNM1A, FEN1 and XPG might indicate structural 

differences, which may allow for the development of selective inhibitors against these 

enzymes.  

Unfortunately, 18 and 20 showed no inhibition against SNM1A, whilst 14 had an IC50 of 7.3 

ɛM. Such a potency decrease might be caused by a steric clash between the bulky benzyl 

group of 14 and a residue in the SNM1A active site. Therefore, it was considered that it 

might be more favourable to investigate modifications further away from the hydroxamate 

pharmacophore involved in chelating the metals ions. Replacing the urea with a thiourea 

functional group also lowered the potency; inhibitor 15 had an IC50 of 22 ɛM. Hence, it was 

decided to focus on metal binders containing oxygen-based functional groups.  



Chapter 2. Cyclic N-hydroxyimide inhibitors 

66 

 

Before designing another set of inhibitors, commercially available analogues of cyclic 

hydroxamic acids were tested against SNM1A in an attempt to gain more data on a structure-

activity relationship (SAR).  

2.3.  Hydroxypyrimidinone  and FEN1 inhibitors against SNM1A 

As mentioned in Section 1.5.1, FEN1 and ERCC1-XPF nucleases are inhibited by 

N-hydroxyimides and their structural analogue, hydroxypyrimidinones.17 Similarly, both 

N-hydroxyimides and hydroxypyrimidinones inhibit HIV integrase.11 Due to a high degree 

of structural and metal-binding similarity between these two pharmacophores, it was 

considered possible that hydroxypyrimidinones might inhibit SNM1A. Therefore, 

commercially available hydroxypyrimidinones (HP-1, HP-2, HP-3, and HP-4) were tested 

against SNM1A. Additionally, N-hydroxyimide based FEN1 inhibitors, including cellularly 

active FEN1-in-1, were tested against SNM1A to determine whether these inhibitors also 

exhibit the off-target inhibition (Figure 2.8).18  
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Figure 2.8: Top: Dose-response curve plotted using the data from real-time fluorescence assay. 

Concentrations used [SNM1A] = 0.5 nM and [DNA] = 25 nM. Bottom: Structures of tested compounds. 

Quite unexpectedly, none of the commercial hydroxypyrimidinones (HP-1, HP-2, HP-3, 

and HP-4) inhibitors showed inhibition against SNM1A. While both FEN1 inhibitors 

inhibited SNM1Aðwith AZA1  (also known as AZ1353160) being the more potent oneð

the inhibition was too low to calculate IC50 accurately. As FEN1-in-1 has an IC50 of 11 nM 
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against FEN1, it is doubtful that it would have off-target interaction with SNM1A. 

FEN1-in-1 was successfully soaked into crystals of SNM1A and yielded a crystal structure.  

 

Figure 2.9: Structure of two FEN1-in-1 inhibitors bound to the active site of SNM1A. M1: Nickel. M2: Zinc 

The crystal structure of FEN1-in-1 and SNM1A complex (Figure 2.9) has a very similar 

binding mode to the one observed in the structure of hit 3 bound to SNM1A (Figure 2.1A), 

with oxygen atoms from N-hydroxyl and carbonyl functional groups involved in metal 

chelating. Again, it can be observed that the N-hydroxyl group can displace the catalytic 

water bridged between metal ions. Similarly, in the two structures of SNM1A with FEN1-

in-1 and 3, two inhibitor molecules were observed bound at the active site. In the structure 

of FEN1-in-1 bound to SNM1A, the two molecules are apparently less well-stacked to each 

other than in the structure of hit 3 bound to SNM1A (Figure 2.1).  The apparently reduced 

stacking between two FEN1-in-1 molecules might be caused by a steric clash from the 

benzodioxan side chain. If the inhibition of SNM1A by either FEN1-in-1 or 3 depends on 

the binding of two molecules of the inhibitor, the additional steric clash from the side chain 
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could explain why FEN1-in-1 has a lower potency than 3. By contrast, in the structure of 

FEN1-in-1 bound to the actives site of the FEN1, only one molecule of the inhibitor is 

present.19 

Undertaken attempts to improve the N-hydroxyimide hits 3 and 5 proved relatively 

unsuccessful, whilst the intriguing presence of two molecules bound to the active site made 

the structure-based design of inhibitors difficul t. Consequently, the further development of 

cyclic N-hydroxyimide inhibitors was halted. Although no lead was directly developed based 

on hit 3, the information obtained from these compounds became useful in the later stages 

of the project described in Chapters 3 and 4. Validation of hydroxamate as a pharmacophore 

against SNM1A was helpful in designing a library of compounds based on hit 25 (Chapter 

3). Owing to its very consistent inhibition, 3 was subsequently used as a positive control in 

assays against SNM1A.  

2.4.  Cyclic N-hydroxyimide hit 3 against SNM1B and SNM1C 

When enzymes SNM1B and SNM1C became available for testing, hit 3 was tested against 

both these nucleases (Figure 2.10). As SNM1B exhibits similar exonuclease activity to 

SNM1A, the same substrates and conditions were used to test inhibitors against both 

enzymes. Similar conditions were used for testing with SNM1C. However, due to the 

difference in the catalytic activity, SNM1C is an endonuclease, a slightly different substrate 

was used for assays with it. For the real-time fluorescence assay for SNM1C, a 20-nucleotide 

ssDNA substrate labelled with FITC and BHQ was used, similar to the substrate for assays 

with SNM1A and SNM1B. Whereas, for SNM1C, fluorophore and quencher were 20 

nucleotides apart, with a FITC at the 5ǋ end and a BHQ at the 3ǋ end. Typically for the 

radioactive gel-based assay against SNM1A, a 21 nucleotide long oligonucleotide is used, 
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in this case, a 51-mer radiolabeled substrate was used instead. This 51-mer oligonucleotide 

substrate was the standard substrate used for gel-based assays against SNM1C; at the same 

time, this substrate was also utilised for SNM1A and SNM1B to make the gels more 

consistent.20 

  

 

Figure 2. 10: A: Dose-response curve plotted using the data from real-time fluorescence assay. Concentrations 

used [SNM1A] = 0.5 nM, [SNM1B] = 0.25 nM, [SNM1C]= 50 nm and [DNA] = 25 nM. B: Table of IC50 

calculated for inhibitor 3 against SNM1A/B/C. C: Gel images from radioactive gel-based assays against 

SNM1A/B/C. Concentrations used [SNM1A] = 0.5 nM, [SNM1B] = 2 nM [SNM1C] = 2nM and 

[DNA (51-mer)]  = 10 nM. The indicated concentrations are in ɛM. 
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In both fluorescence-based and gel-based assays, hit 3 inhibits all three enzymes: SNM1A, 

B, and C, and shows the best potency against SNM1C. Based on the fluorescence assay, 

inhibition of SNM1A and SNM1B by 3 is nearly identical, but in the gel-based assay, it 

appears that 3 is slightly more potent against SNM1A. Slight variations observed while 

comparing results from fluorescence-based and gel-based assays should not be surprising, 

as there is a difference in the final readout from both assays. Additionally, the difference 

between enzyme concentrations in the assays might affect the observed inhibition, e.g. a 

higher concentration of SNM1B than SNM1A is used in the gel-based assay. In contrast, a 

higher concentration of SNM1A than SNM1B is used in the fluorescence-based assay. 

Overall, these results further validate cyclic N-hydroxyimides as inhibitors of a broad range 

of nucleases.  

2.5.  Inhibition of SARS-CoV-2 nsp14-nsp10 complex 

Although the primary focus of this project was the development of hMBL nuclease 

inhibitors, since the start of the COVID-19 pandemic in 2019, there arose an urgent need to 

develop therapeutics to treat SARS-CoV-2. The nsp14-nsp10 complex has been identified 

as an attractive target owing to its role in maintaining genome stability. 21 The nsp14-nsp10 

complex comprises two non-structural proteins, where nsp14 (also known as ExoN) exhibits 

3ǋ to 5ǋ exoribonuclease activity.22 Nsp10, while not having its own nuclease activity, once 

complexed with nsp14, substantially enhances nsp14 nuclease activity. In an attempt to find 

a nsp14-nsp10 complex inhibitor, N-hydroxyimides and hydroxypyrimidinones were tested 

against it. Unfortunately, it was only possible to test inhibitors against nsp14-nsp10 complex 

using a radioactive gel-based assay. The digestion of oligonucleotides labelled with a FITC 

and BHQ, commonly used for fluorescence-based assays, by nsp14-nsp10 was found to be 
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highly inefficient due to a prolonged reaction time. Because the nsp14-nsp10 complex has 

ribonuclease activity, a 20-mer RNA substrate was used instead of a DNA substrate for the 

assays. As no other more precise assays were available, the IC50 was estimated from a gel-

based assay by quantifying the gel digestion products and using it to determine the dose-

response curves. 

 

Figure 2.11: Gel images from radioactive gel-based assays against nsp14-nsp10 complex. The indicated 

concentrations are in ɛM. Concentrations used [nsp14-nsp10] = 100 nM and [RNA (20-mer)]  = 10 nM. The 

table shows IC50 estimated from the gel-based assay. The structure of raltegravir is shown. 

All the compounds tested in Figure 2.11 showed at least partial inhibition of the 

nsp14-nsp10 complex nuclease activity. An IC50 was calculated only for four (5, 14, HP1, 

and raltegravir ) out of seven tested inhibitors, with 5 and raltegravir  being most potent 
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based on the IC50. Inhibitor 5 had an IC50 = 20.7 ɛM, while raltegravir  had an IC50 = 24.4 

ɛM. Due to incomplete or inconsistent inhibition, the IC50 was not determined for three 

compounds: 3, 12, and 15. Because the gel-based assay is not a quantitative assay, the 

calculated IC50 should only be treated as a rough estimate of potency. Still, for compounds 

5, 12, 14, HP-1 and raltegravir , full inhibition was observed at 100 ɛM inhibitor 

concentration. 

In comparison to SNM1A, which was only inhibited by N-hydroxyimides, nsp14-nsp10 is 

inhibited by both N-hydroxyimides and hydroxypyrimidinones. Raltegravir, having a 

hydroxypyrimidinone core, was tested against the nsp14-nsp10 complex because of high 

interest in drug repurposing to find a treatment against COVID-19.23 Raltegravir is a 

clinically approved drug that inhibits HIV integrase and is used in the treatment of HIV.24 

The described studies on Sars-CoV-2 nsp14-nsp10 have already been published.25 
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Chapter 3. Development of quinazoline based inhibitors  

3.1.  Hit validation  

In addition to hits 3 and 9, quinazoline hit 25 was also identified by the ELF in the HTS. 

Similarly to hits 3 and 9, hit 25 was soaked into SNM1A crystals, but no inhibitor bound 

crystal structure with 25 was achieved. While hit 25 did not yield a crystal structure, it has a 

hetero core that is much more amenable to modifications than 3 or 9 (Figure 3.1).  

 

Figure 3.1: Structure of 25 with potential modification assigned to the core and side chains. 

At position 4 of the quinazoline ring system, there is an L-leucine, which can be replaced 

with various natural and unnatural amino acids. At quinazoline position 2, there is an 

allylamine, which can be replaced by either mono- or disubstituted amines, as well as other 

substituted heteroatoms, such as alcohols or thiols. At quinazoline position 6, there is 

chlorine which could be used for a cross-coupling reaction. The quinazoline core could also 

be replaced with a variety of cores which would allow to keep amino acid and amine side 

chains at the same orientation, the examples being purine or pyrimidine. As 25 possessed 

this advantage, it was further tested using fluorescence-based and gel-based assays against 

SNM1A, purified with and without IMAC (Figure 3.2).  
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Figure 3.2: A: Dose-response curve plotted using the data from the real-time fluorescence assay for 25 with 

3 as control. Concentrations used [SNM1A (IMAC +)] = 0.5 nM, [SNM1A (IMAC ī)] = 1.25 nM and [DNA] 

= 25 nM. B: Table of calculated IC50. ND- Not determined. C: Gel image from the radioactive gel-based assay 

with 25 tested against SNM1A (IMAC +/ī). Concentrations used [SNM1A (IMAC +)] = 0.8 nM, [SNM1A 

(IMAC ī)] = 0.8 nM, and [DNA] = 100 nM. The indicated concentrations of the inhibitor are in ɛM. UT- 

untreated.  

It can be observed that hit 25 inhibits both constructs of SNM1A in fluorescence-based and 

gel-based assays. Similarly to 3, hit 25 is more potent against IMAC purified SNM1A than 

the enzyme produced without IMAC purification. As 25 is less inhibitory and more soluble 

than 3, it was tested up to a higher concentration in the fluorescence-based assay. While the 

IC50 for 3 against SNM1A (īIMAC) was not determined, it probably is more potent than 25 

is against both SNM1A (+/īIMAC) enzymes based on the dose-response curves. Although 

25 was less inhibitory than 3, it was still decided that it is worth further optimising hit 25 



Chapter 3. Development of quinazoline based inhibitors  

77 

 

since there exist many opportunities for subsequent modifications and creating a library of 

quinazoline analogues for SAR studies.  

3.2.  Initial optimisation of hit 25  

Hit 25 and its analogues can be synthesised within three steps from a commercially available 

starting material, 2,4,6-trichloroquinazoline. While 2,4,6-trichloroquinazoline is 

commercially available(£ 94 for 1 g), it was more cost-effective to synthesise it in two steps 

from 2-amino-5-chlorobenzoic acid (£ 43 for 100 g)  (Figure 3.3).1  

 

Figure 3.3: a) Urea, 170 °C, 3 h; b) POCl3, diethylaniline, reflux, 4 h.  

Synthesis of 2,4,6-trichloroquinazoline (22) proceeded in a good overall yield of 74% over 

2 steps from 2-amino-5-chlorobenzoic acid, at a scale of 10 grams. While step a) might seem 

to be a solid-state reaction, at a temperature of 170 °C urea is molten and acts as both solvent 

and reactant. Compound 21 was purified using filtration and was produced at a good yield 

of 77%. Step b) was performed using standard POCl3 chlorination. Compound 22 was 

purified using extraction and filtration through a silica plug. Step b) proceeded in an 

excellent yield of 96%. Subsequently, 22 was used to synthesise 25 and its analogues.  

When designing analogues of 25, it was hypothesised that carboxylic acid chelates the metal 

ions in the active site and may therefore be important for inhibition. To test this hypothesis, 

analogues of 25 with the carboxylic acid replaced by an amide (34), ester (24), or alcohol 

(36) were synthesised. Additionally, analogues with inverted stereochemistry and 
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methylated allylamine side chain were synthesised. The synthesis of mentioned analogues 

was based on previously published synthetic schemes for similar compounds (Figure 3.4).2 

 

Figure 3.4: Synthetic route for analogues of 25. Reaction conditions: a) Amino acid derivative, DIPEA, DMF, 

RT, 16 h; b) Allylamine or N-allylmethylamine, MeOH, 120 °C, 20 min; c) LiOH, MeOH, THF, H2O, 100 °C, 

10 min. In the synthesis of 31, reactions b) and c) were done without purification after step b) and resulted in 

an overall yield of 89% after two steps.   

The synthesis of 25 and its analogues was relatively straightforward. Step a) of the synthesis 

was aromatic nucleophilic substitution reaction at position 4, resulting in very good yields 

of  >80%. Products of step a) did not require purification using column chromatography; 

liquid-liquid extraction was sufficient to purify the products of step a) (23, 28, 33, and 35). 

It was found that precipitating the product by water dilution of the reaction mixture, and 

collecting the product using filtration, offer a more efficient process. 

Similarly to step a), the reaction in step b) was a nucleophilic aromatic substitution; 

however, as position 2 is a lot less reactive, the reaction in step b) required a much higher 

temperature. While in step a) the reaction occurred at room temperature, step b) required 

raising the temperature to over 100°C. Due to a higher temperature, step b) resulted in lower 

yield, which resulted from side reactions, particularly the formation of an amide bond 
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through a reaction of a nucleophilic amine with a methyl ester. It was found that the optimal 

condition for this reaction was the temperature of 120°C for 20 minutes in a microwave 

reactor. Performing the reaction in a sealed vial and a microwave reactor allowed for the use 

of a solvent with a lower boiling point (e.g. methanol), rapid heating and controlled reaction 

time.3 It was observed that step b) was much more efficient when N-allylmethylamine was 

used instead of allylamine. Reactions with allylamine, a monosubstituted amine, resulted in 

an average yield of 49%, while reactions with N-allylmethylamine, a disubstituted amine, 

resulted in a yield greater than 80%. This difference in yield is probably caused by 

monosubstituted amine being more reactive toward methyl ester, as it is less bulky than a 

disubstituted amine. In most cases, purification using column chromatography was required 

after step b). When synthesising 31, the reaction in step b) resulted in a conversion close to 

100% and the reaction mixture was evaporated and used in the next step (step c)) without 

any further purification.  

Step c) was initially  attempted using standard conditions for methyl ester hydrolysis, using 

5 equivalents of LiOH in a mixture of methanol and water stirred at room temperature for 

two hours, which was the time required for the reaction to go to completion.4 Unfortunately, 

while the starting material was completely consumed after two hours, most of the product 

decomposed. It was then attempted to perform the hydrolysis in a microwave under heating 

to shorten the reaction time.5 It was predicted that heat might increase the rate of hydrolysis 

more than the decomposition rate and, over a short duration, would cause the hydrolysis 

reaction to outperform the decomposition. Hydrolysis conditions using 5 equivalents of 

LiOH in a mixture of water, tetrahydrofuran and methanol heated for 10 minutes at 100°C 
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in a microwave reactor with subsequent neutralisation with hydrochloric acid worked 

satisfactorily. Ester hydrolysis in a microwave reactor was performed at a yield above 40%. 

Interestingly, the hydrolysis of methyl ester in the synthesis of 27 and 31 resulted in higher 

yields than in the synthesis of 25 and 30. For comparison, hydrolysis of 26 to form 27 

resulted in a  93% yield, while hydrolysis of 24 to form 25 resulted in a 59% yield. Therefore, 

it can be implicated that analogues with a disubstituted amine sidechain at position 2 were 

more stable in basic conditions than with monosubstituted. Still, each compound was 

purified using column chromatography after hydrolysis in step c). Following synthesis, all 

compounds were tested against SNM1A using the fluorescence-based assay. Additionally, 

compounds 27 and 30, which showed promising results in the fluorescence-based assay, 

were further tested using the gel-based assay. (Figure 3.6) 

 

Figure 3.5: Structure of hit 25 and its analogues.  
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Figure 3.6 A: Dose-response curve plotted using the data from real-time fluorescence assay. Concentrations 

used [SNM1A] = 0.5 nM and [DNA] = 25 nM. B: Table of IC50 calculated for each inhibitor. ND- Not 

determined. C: Gel image from radioactive gel-based assay for 27 and 30 against SNM1A. Concentrations 

used [SNM1A] = 0.8 nM, and [DNA] = 100 nM. The indicated concentrations are in ɛM. UT- Untreated. 

Results obtained from the fluorescence-based assay support the thesis that the carboxylic 

acid is important for inhibition since compounds 24, 34 and 36, in which carboxylic acid 

was replaced with other functional groups, showed no inhibition. Based on the fluorescence-

based assay, both inversions of the stereocenter (30, IC50 = 20 ɛM) and methylation 

allylamine side chain (27, IC50 = 31 ɛM) resulted in a substantial increase in potency 

compared to the original hit 25 (IC50 = 129 ɛM). Surprisingly when both modifications were 
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combined (31, IC50 not determined), there was a decrease in potency. The gel-based assay 

shows that SNM1A is partially inhibited by 30 at concentrations of 10 and 100 ɛM, whilst 

27 at the same concentration, inhibits SNM1A very weakly. The fluorescence-based assay 

delivered promising results with minor modifications resulting in a more than four-fold 

increase in potency (compounds 30 and 27). Because of that, the decision was made to 

develop this series of inhibitors further. Next, the decision was to focus on alterations of the 

amino acid side chain, primarily replacing leucine with other amino acids.  

3.3.  Introduction of hydroxamate functional group  

3.3.1. Identification of acyclic hydroxamate inhibitor through screening 

Alongside the development of novel nuclease inhibitors, both in-house and commercially 

available compounds were tested using the fluorescence-based assay against SNM1A 

(Figure 3.8). Tested in-house compounds included a series of amino acid-derived 

hydroxamates (HA1ī5, Figure 3.7), which were previously shown to be weakly inhibitory 

against bacterial MBLs.6 
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Figure 3.7: Structure of amino acid-derived hydroxamic acids. 

 

Figure 3.8: Dose-response curve plotted using the data from real-time fluorescence assay. Concentrations 

used [SNM1A] = 0.5 nM and [DNA] = 25 nM. B: Table of IC50 calculated for inhibitors. ND- Not determined. 

Out of the HA series, compound HA1 exhibited the highest potency, having an IC50 = 12 

ɛM. Compounds with bulkier side chains, particularly HA2 and HA3, showed a 

substantially lower inhibition than HA1. This result has further validated hydroxamates as 

effective pharmacophores against SNM1A. While in Chapter 2, cyclic hydroxamates were 

shown to inhibit SNM1A, in Figure 3.8, acyclic hydroxamates were shown to inhibit 

SNM1A. Promising results from testing HA1, together with results demonstrated in 



Chapter 3. Development of quinazoline based inhibitors  

84 

 

Chapter 2, influenced alteration in the design of analogues of hit 25, primarily by replacing 

carboxylic acid with hydroxamic acid. 

3.3.2. Hydroxamate analogues of hit 25 

A hydroxamic acid group was introduced to further improve the series of inhibitors based 

on hit 25. Additionally, because of the observed lower potency in inhibitors with bulky side 

chains in Figure 3.8, it was decided to focus on amino acids with smaller side chains such 

as alanine. The amino acids chosen to synthesise hydroxamate-based analogues of 25 

included glycine, alanine, ɓ-alanine, serine, valine, and leucine. A ɓ-alanine side chain was 

introduced to observe the effect of a longer linker between the metal chelating functional 

group and the quinazoline core. Serine was introduced to observe the impact of a polar side 

chain on the inhibition. Leucine was used because this has been the amino acid side chain in 

previously developed inhibitors, while valine was introduced since it is structurally similar 

to leucine. While both enantiomers of alanine were used, inhibitors containing other amino 

acids were synthesised as a racemic mixture. Alanine was the only one synthesised as two 

enantiomers as based on the data from Section 3.3.1, inhibitors with smaller side-chain 

(HA1) performed significantly better than those with more bulky side-chain (HA2-5). It was 

initially planned that if any of the inhibitors synthesised as racemic mixtures showed high 

enough potency, it would be synthesised as separate enantiomers too. 

The hydroxamate-based analogues of 25 were synthesised (Figure 3.9) using a similar 

scheme to the one described in Section 3.2. 



Chapter 3. Development of quinazoline based inhibitors  

85 

 

 

Figure 3.9: Synthetic route for hydroxamate analogues of 25. Reaction conditions: a) Amino acid derivative, 

DIPEA, DMF, RT, 16 h; b) Allylamine, MeOH, 120 °C, 20 min; c) NH2OH·HCl, NaOMe, MeOH, RT, 2-24 h.  

The first two steps, a) and b), were performed in the same conditions as used to synthesise 

25 and its analogues, as described in Section 3.2. Similarly to results from Section 3.2, step 

a) proved very efficient, with the majority of reactions resulting in yields exceeding 80%, 

while step b) resulted in more variable and poorer yields, mainly below 50%. Compound 

47, a product of the reaction in step b), was obtained as a methyl and ethyl ester mixture 

(Figure 3.10).  

 

Figure 3.10: UV trace and mass spectrum for compound 47. 
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The ethyl ester from the starting material 46 was partially converted into the methyl ester by 

methanol, the solvent of the reaction. The mixture of esters could not be separated using 

column chromatography and was used for the next step together. The presence of both esters 

was confirmed using LC-MS and NMR analysis. In Figure 3.10, the masses of both esters 

can be observed, and in the UV trace, two major peaks are shown and assigned. 

In step c), an aminolysis reaction with hydroxylamine was performed to convert ester into a 

hydroxamic acid. Initially, the aminolysis was attempted using commercially available 

hydroxylamine (50% solution in water) solution, but unfortunately, the presence of water 

resulted in hydrolysis as a side reaction. To avoid hydrolysis, a hydroxylamine solution in 

methanol was prepared by mixing hydroxylamine hydrochloride and sodium methoxide. 

Generally, the aminolysis was completed within 2 hours. However, for the synthesis of 54, 

the reaction time had to be extended to 24 hours as the rate was slower, possibly due to the 

steric hindrance caused by the isopropyl side chain in the valine. The aminolysis reaction 

resulted in a varying range of yields without a rational pattern. The best yield in step c) was 

observed for both L and D-alanine analogues (42 and 45), with 72% and 80% yields, 

respectively, whilst analogues with both more and less bulky sidechains (39, 51, 54, and 55) 

had substantially lower yields. After synthesis, specific rotation was measured for both 

enantiomers, 42 ‌  = +3.1 (c = 0.5 in MeOH)) and 45 ‌  = ī2.1 (c = 0.5 in MeOH)). 

While the results prove that there is enantiomeric excess in a sample of each compound, both 

values do not have the same magnitude, and therefore it is not sure if each sample consists 

of a pure enantiomer. Due to basic conditions used in step c), chiral scrambling is possible. 

Chiral HPLC could be done to further investigate enantiomeric excess in inhibitors 42 and 
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45.  All  analogues were tested using the fluorescence-based assay against SNM1A (Figure 

3.11). 

 

Figure 3.11: Dose-response curve plotted using the data from the real-time fluorescence assay. 

Concentrations used [SNM1A] = 0.5 nM and [DNA] = 25 nM. B: Table of IC50 calculated for inhibitors. ND- 

Not determined. C: Structure of hydroxamate-based analogues of 25. 

Based on the results shown in Figure 3.11, all inhibitors except for 54 were more potent 

than the initial hit 25. Particularly good potency was observed for compounds 42 (IC50 = 0.8 

ɛM), 45 (IC50 = 2.2 ɛM), and 51 (IC50 = 4.1 ɛM), with inhibitor 42 being the first inhibitor 

to have IC50 in the submicromolar range. Based on the fluorescence-based assay result, it 

can be observed that analogues with less bulky amino acid side chains are overall more 

potent inhibitors. A leucine-based analogue (55, IC50 = 33 ɛM) showed substantially lower 
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inhibition than alanine-based analogues (42 and 45), while a valine-based analogue (54) can 

be considered non-inhibitory. Although less bulky sidechains are preferred, a glycine-based 

analogue (39, IC50 = 17 ɛM), which only has hydrogen atoms in its amino acid side chain, 

exhibited lower inhibition than inhibitors alanine-based analogues, 42 and 45. An increase 

of linker length by the introduction of ɓ-alanine (48, IC50 = 27 ɛM) also decreased inhibition, 

compared to 42 and 45. Owing to the encouraging results of inhibitor 42, it was decided to 

entirely focus on the acyclic hydroxamate functional group as the primary pharmacophore 

against SNM1A and keep L-alanine as an amino acid side chain in the future analogues. As 

it appeared that the amino acid side chain had beenðat least partiallyðoptimised, it was 

decided to next focus on optimising position 2, where the allylamine was present. 

3.3.3. Testing hydroxamate-based HDAC inhibitors against SNM1A 

Following the promising results with the hydroxamate-based analogues of 25, commercially 

available hydroxamate-based histone deacetylase (HDAC) inhibitors (Figure 3.13), 

including clinically used drug Panobinosat, were tested against SNM1A by using 

fluorescence-based assay (Figure 3.12).7,8 HDAC inhibitors were tested to determine 

whether these compounds might have off-target interactions with SNM1A. 
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Figure 3.12: Dose-response curve plotted using the data from real-time fluorescence assay. Concentrations 

used [SNM1A] = 0.5 nM and [DNA] = 25 nM. 

 

Figure 3.13: Structures of hydroxamate-based HDAC inhibitors tested against SNM1A. 

Both hydroxymate-based analogues of 25 and the HDAC inhibitors (Figure 3.12) have the 

same metal-chelating functional group. All tested HDAC inhibitors inhibited SNM1A 

substantially less than most of the hydroxymate-based analogues of 25 from Section 3.3.2. 

The inhibition of SNM1A by HDAC inhibitors tested in Figure 3.12 was too low to calculate 

IC50s. The hydroxamic acid group in HDAC inhibitors is positioned on an aryl ring or alkene 

conjugated with an aryl ring, likely restricting bond rotations around the hydroxamate group. 

By contrast, the analogues of 25 have hydroxamic acids as part of the amino acid side chain, 

which is much more flexible. This difference in flexibility of side chains containing 

hydroxamic acid might explain the variation in potency between hydroxymate-based 

analogues of 25 and HDAC inhibitors. 
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3.4.  Modifications at position 2 of the quinazoline ring 

3.4.1. Introduction of the carbonyl group at position 2 

After completing optimisation at position 4, modifications at position 2 were pursued. 

Alterations at position 2 included the introduction of a carbonyl group (Figure 3.14).  

 

Figure 3.14: Introduction of the carbonyl group at position 2 of inhibitor 42. 

To introduce the carbonyl group, a new intermediate (72) with an acyl chloride at position 2 

was synthesised (Figure 3.15). For the synthesis of 72, a previously published synthetic 

route was used.9 In the synthesis of 72 and preparation of new analogues of 25, the chlorine 

at position 6 was removed because starting material, anthranilamide, was available in the 

group. 

 

Figure 3.15: Synthesis of intermediate 72. Reaction conditions: a) Diethyl oxalate, reflux, 24 h; b) NaOH, 

EtOH, H2O, reflux, 1 h; c) SOCl2, DMF, CHCl3, reflux, 3 h. 

The intermediate 72 was synthesised in 3 steps from anthranilamide, in an overall yield of 

60%. In step a), compound 71 was synthesized using a cyclocondensation reaction between 

anthranilamide and diethyl oxalate. Compound 71 was purified using recrystallisation in 

ethanol and was produced in 66% yield. Next, in step b), ethyl ester from compound 71 was 

hydrolysed under basic conditions, using sodium hydroxide as the base. After hydrolysis, 
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the newly formed carboxylic acid was allowed to crystalise under cooling in acidified 

solution, and then it was filtered out. The carboxylic acid was then directly converted into 

compound 72 using thionyl chloride as a chlorinating agent and dimethylformamide as a 

catalyst. After the chlorination reaction, the thionyl chloride and solvent were evaporated 

under reduced pressure, and since compound 72 was very reactive, it was used directly in 

the next step without any further purification. The two step synthesis of 72 from 71 was very 

efficient, proceeding in a 91% yield. 

While in the 2,4,6-trichloroquinazoline (22), position 4 was more reactive than position 2, 

the opposite is observed in the intermediate 72. Due to a highly reactive acyl chloride at 

position 2, this position became more reactive than position 4. Therefore, the decision was 

made to synthesise an analogue with an allylamine group, with the amino acid side chain 

switched around (Figure 3.16). Analogues of 25 with the carbonyl modification were 

synthesised as both carboxylic acids and hydroxamic acids. The synthesis of analogues of 

25 (74, 75, 77, and 78) was based on a previously published synthetic route and synthetic 

routes used in this project.9 
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Figure 3.16: Synthesis of 74 and 75. Reaction conditions: a) L-alanine methyl ester hydrochloride, DIPEA, 

DCM, -40 °C, 1 h; b) Allylamine, RT, 12 h; c) LiOH, MeOH, THF, H2O, 100 °C, 10 min; d) NH2OH·HCl, 

NaOMe, MeOH, RT, 2 h.  

 

Figure 3.17: Synthesis of 77 and 78. Reaction conditions: a) Allylamine, DIPEA, DCM, -40 °C, 1 h; b) L-

alanine methyl ester hydrochloride, RT, 12 h; c) LiOH, MeOH, THF, H2O, 100 °C, 10 min; d) NH2OH·HCl, 

NaOMe, MeOH, RT, 2 h.  

The synthesis of analogues 25 started with a stepwise substitution at acyl chloride and 

position 4. For the synthesis of 73, L-alanine methyl ester (1.3 equivalent) was added first, 

followed by the addition of excess allylamine (2 equivalent). 73 was synthesised at a good 

yield of 78% and was easily purified using column chromatography. 

For the synthesis of 76, allylamine (1.3 equivalent) was first added, followed by addition of 

excess L-alanine methyl ester (2 equivalent). In the synthesis of 76, a substantial amount of 
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a side product caused by the double addition of allylamine was observed. By contrast, no 

double addition of any reactant was observed in the synthesis of 73. The reason why double 

addition was only observed in the synthesis of 76 might be because allylamine is more 

reactive than L-alanine methyl ester and the fact that allylamine was added first. Attempts to 

separate the product and the side product using column chromatography proved 

unsuccessful, and the impure 76 was used in the next step. The UV trace from LCMS 

analysis of crude 76 is shown in Figure 3.18; based on it, approximately a 1:1 ratio of the 

product to the side product can be observed on the UV trace. Repeating the reaction and 

using allylamine as a limiting agent should reduce the extent of double addition at both 

positions 2 and 4. 

 

Figure 3.18: UV trace and MS spectrum from LCMS using the sample from impure 76. With structures of 

product and side product. Mass corresponding to each peak in UV trace was used to identify compounds 

corresponding to each peak. 

Intermediates 73 and 76 were then used to synthesise corresponding carboxylic acids (74 

and 77) and hydroxamic acids (75 and 78) using hydrolysis and aminolysis reactions, 

respectively. Conditions used for hydrolysis (step c)) and aminolysis (step d)) were the same 

as those used to synthesise previous analogues of 25 in Section 3.2 and 3.3.2. Synthesis of 



Chapter 3. Development of quinazoline based inhibitors  

94 

 

inhibitor 74 was the most efficient, resulting in very good yield and requiring only column 

chromatography for purification. However, the synthesis of inhibitors 75, 77, and 78 was 

more troublesome, with a substantial amount of side products being observed. Therefore, 

reversed-phase high-performance liquid chromatography (RP HPLC) was used to purify 

these derivatives (75, 77, and 78). Following the synthesis, all the derivatives of 25 

containing a carbonyl modification at position 2 were tested against SNM1A using a 

fluorescence-based assay (Figure 3.19). 

 

Figure 3.19: Dose-response curve plotted using the data from the real-time fluorescence assay. 

Concentrations used [SNM1A] = 0.5 nM and [DNA] = 25 nM. 

All the inhibitors (74, 75, 77, and 78) with the carbonyl functional group at position 2 showed 

substantially lower inhibition than 42, which at this time was the best identified inhibitor of 

SNM1A. Calculation of IC50 was only possible for inhibitor 78, which had an IC50 of 14 ɛM. 

Compound 77 showed no inhibition, while 74 and 75 showed partial inhibition. Compounds 

with a hydroxamic acid pharmacophore (75 and 78) showed better inhibition than the ones 

with a carboxylic acid functional group (74 and 77). Moving the amino acid side chain to 

position 2 (74 and 75) resulted in a decrease in potency compared to either 78 or 42, which 
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have an amino acid side chain at position 4. Therefore, for the rest of the project, the amino 

acid side chain will be kept at position 4. 

3.4.2. Replacement of allylamine at position 2 of the quinazoline ring 

Further modifications at position 2 of the quinazoline ring focused primarily on replacing 

allylamine with other amines. Analogues of 42 with a variety of amines at position 2 were 

synthesised, including monosubstituted amines, disubstituted amine, cyclic amines, amines 

with aromatic sidechains, or amines with basic side chains (Figure 3.20). Conditions for 

synthesising these analogues were based on synthetic routes shown in Section 3.3.2.  

 

 

Figure 3.20: Synthesis of analogues of 42. Reaction conditions: a) NHR1R2, MeOH, 100-120 °C, 20-40 min; 

b) NH2OH·HCl, NaOMe, MeOH, RT, 2 h.  

The synthesis of these analogues was based on that of other inhibitors in this chapter and 

used common starting material 40. Similarly to the observations described in Section 3.2, 

nucleophilic substitution at position 2 was more efficient when using the disubstituted amine 

once compared to monosubstituted amines. In the synthesis of all analogues except 70, 

Compound NR1R2 Compound NR1R2

58, 59 66, 67

60, 61 68, 69

62, 63 70

64, 65
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purification using column chromatography was performed. In the synthesis of 70, no 

purification was performed after step a), and the crude intermediate was used for the 

aminolysis reaction. After aminolysis, 70 was purified using RP HPLC because it was very 

polar due to the dimethylamine side chain. The overall yield of the aminolysis (step b)) was 

good, with most aminolysis reactions resulting in a yield above 80%.  

The use of alcohol and thiol nucleophiles for a  substitution reaction at position 2 was also 

tried. Sodium ethoxide and sodium ethanethiolate were used, and conditions similar to those 

used for amines were attempted; 100ī120°C in a microwave reactor and ethanol was used 

as the solvent (Figure 3.21). Unfortunately, there was no product formation under these 

conditions and a substantial amount of decomposition for reaction with thiol.  

 

Figure 3.21: Attempted synthesis of analogues of 42. Reaction conditions: EtOH, 100-120 °C, 20 min. 

Next, it was attempted to use acidic conditions instead of basic for reaction with alcohol, 

based on reaction published in a patent.10 For this reaction, ethanol and hydrochloric acid in 

dioxane were used (Figure 3.22). This nucleophilic substitution under acidic conditions was 

successful, and its product (56) was further used to synthesise hydroxamate-based inhibitor 

(57) under standard aminolysis conditions. Synthesis of 57 was very efficient, with high 

yields above 80% in both steps, as shown in Figure 3.22, with each being purified with 

column chromatography. No other alternative reactions were found in literature or attempted 

with thiol as a nucleophile. 
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Figure 3.22: Synthesis of 57. Reaction conditions: a) 4 M HCl in dioxane, EtOH, 50 °C; b) NH2OH·HCl, 

NaOMe, MeOH, RT, 2 h. 

3.4.3. Testing hydroxamate-base analogues of 25 against SNM1A, SNM1B 

and SNM1C 

Following the synthesis of 57, 59, 61, 63, 65, 67, 69, and 70, these compounds were tested 

against SNM1A and SNM1B. Additionally, compounds 42, 45, 51, and 78  from Section 

3.3.2 and 3.4.1, which showed good inhibition against SNM1A, were tested against SNM1B. 

From the inhibitors tested against both SNM1A and B, compounds were selected to be then 

tested against SNM1C. Only a limited number of inhibitors was tested against SNM1C since 

the current fluorescence-based assay against SNM1C uses substantially more enzymes than 

assays using SNM1A or B. Fluorescence-based assays against SNM1A, SNM1B, and 

SNM1C used 0.5 nM, 0.25 nM and 50 nM enzyme concentrations, respectively. 

Additionally, only a limited quantity of SNM1C was available for testing. Compounds 

chosen to be tested against SNM1C were 42, 45, 51, 57, 67, 78. Inhibitors 42, 45 and 51 

were selected because these compounds were the best three inhibitors against SNM1A, 

whilst 67 was chosen because it was most inhibitory against SNM1B. 67 and 78 were 

selected because of the alcohol and carbonyl modifications and relatively good inhibition 

against SNM1B. Figure 3.23 presents a table summarising the IC50 values for inhibitors 

tested against SNM1A, B, and C using a fluorescence-based assay. Figure 3.24 shows dose-

response curves of selected compounds tested against SNM1A, B and C using the 

fluorescence-based assay.
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Figure 3.23: Activities of hydroxamate-based analogues of 25 against SNM1A, SNM1B and SNM1C. IC50 

values were calculated using results from fluorescence-based assays. Concentrations used 

[SNM1A] = 0.5 nM, [SNM1B] = 0.25 nM, [SNM1C] = 50 nM and [DNA] = 25 nM. ND- Not determined. NT- 

Not tested.  

Compound R1 R2 SNM1A (IC50/µM) SNM1B (IC50/µM) SNM1C (IC50/µM)

42 0.8 19 12

45 2.2 96 49

51 4.1 24 17

57 67 13 13

59 42 40 NT

61 ND ND NT

63 20 18 NT

65 34 11 NT

67 44 2.5 3.7

69 56 32 NT

70 ND ND NT

78 84 22 8.1
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Figure 3.24: Dose-response curve for selected inhibitors plotted using the data from the real-time fluorescence 

assay. Concentrations used [SNM1A] = 0.5 nM, [SNM1B] = 0.25 nM, [SNM1C]= 50 nM and [DNA] = 25 

nM. 

Based on results from Figure 3.23, it may be concluded that hydroxamate-based inhibitors 

inhibit all three nucleases, SNM1A, B, and C. Some trends can be observed from the 

obtained data, although the assays cannot be fully  compared to one another, especially with 

assays against SNM1C using a higher enzyme concentration and different substrate than 

those against the other two enzymes (SNM1A/B). Af ter testing all the above compounds, 42 

(IC50 = 0.8 ɛM against SNM1A) was still the most potent inhibitor against SNM1A, while 

67 (IC50 = 2.5 ɛM and 3.7 ɛM against SNM1B and SNM1C, respectively) was the most 

potent inhibitor against SNM1B and SNM1C. Against all 3 three enzymes, 42 was more 

potent than 45 or 51, making L-alanine the preferred amino acid side chain modification (of 
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the derivatives made). IC50 values were not determined for compounds 61 and 70, as these 

compounds showed weak and incomplete inhibition in the initial assay screen. 

Overall, inhibitors with a monosubstituted amine modification (i.e. 42, 45, 51, and 67) at 

position 2 were more potent than inhibitors with a disubstituted amine (i.e. 59, 61, and 63) 

at position 2. For inhibitors tested against SNM1A, smaller side chains at position 2 are 

apparently preferred, such as allylamine (42, 45, and 51) rather than bulky ones like 

benzylamine (56). For comparison for SNM1B, smaller differences in inhibition can be 

observed between bulky and smaller amine modifications at position 2. Inhibitors with an 

amine side chain at position 2 (i.e. 42, 45, and 51) were generally more inhibitory against 

SNM1A than inhibitors with either alcohol (57) or amide (78). By contrast, inhibitors with 

amine (i.e. 42, 45, and 51), alcohol (57), or amide (78) modifications at position 2 showed 

very similar levels of inhibitions against both SNM1B and SNM1C. Compounds 42, 45, 57, 

67, and 78 were then tested using the radioactive gel-based assay against all three enzymes 

(Figure 3.25, 3.26, and 3.27).  
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Figure 3.25: Gel image from radioactive gel-based assays with SNM1A. Concentrations used [SNM1A] = 0.5 

nM, and [DNA 50-mer]  = 10 nM. The indicated concentrations are in ɛM.  

 
Figure 3.26: Gel image from radioactive gel-based assays with  SNM1B. Concentrations used [SNM1B] = 2.5 

nM, and [DNA 50-mer] = 10 nM. The indicated concentrations are in ɛM.  
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Figure 3.27: Gel image from radioactive gel-based assays with SNM1C. Concentrations used [SNM1C] = 2.5 

nM, and [DNA 50-mer] = 10 nM. The indicated concentrations are in ɛM.  

The gel-based assay further validates inhibition of all three enzymes by this series of 

inhibitors, although these results are not entirely consistent with the results from the 

fluorescence-based assays. From the inhibitors tested against SNM1A and SNM1B, all the 

tested compounds were shown to be inhibitory, while for SNM1C, only 57 and 67 showed 

consistent inhibition. From the gel-based assay results with SNM1A, 42 and 67 seem to be 

most inhibitory, with similar levels of DNA digestion, while based on the fluorescence-based 

assay, 42 has a substantially lower IC50 than 67. For SNM1B, 67 is the most inhibitory in the 

gel-based assay, which corresponds to the results from Figure 3.23. At the same time, 45 

seems to inhibit SNM1B more than 42, which contradicts the fluorescence-based assay 

results. Overall, this series of hydroxamate-based inhibitors might be best described as non-

selective inhibitors of SNM1A/B/C nucleases. 
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3.5.  Crystal structures of SNM1A with hydroxamate-based inhibitors 

Throughout the project, attempts were made to soak selected analogues of 25 into the crystal 

of SNM1A. Out of the compounds soaked, structures of inhibitors 42, 51, 67, and 78 bound 

to the active site of SNM1A were achieved (Figure 3.28, 3.29, 3.30, and 3.31). 

 

 

Figure 3.28:  View from a structure of inhibitor 42 bound to the active site of SNM1A. M1: Zinc. M2: Zinc 
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Figure 3.29:  View from a structure of inhibitor 51 bound to the active site of SNM1A. M1: Zinc. M2: Zinc 

 

 

Figure 3.30:  View from a structure of inhibitor 67 bound to the active site of SNM1A. M1: Zinc. M2: Zinc 
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Figure 3.31:  View from a structure of inhibitor 78 bound to the active site of SNM1A. M1: Zinc. M2: Zinc 

Clear similarities are observed in the structures of inhibitors 42, 51, 67, and 78 bound to 

SNM1A. In all four structures,  a nearly identical binding of the hydroxamate 

pharmacophore to the metals in the active site is observed. Both oxygens from the carbonyl 

and hydroxyl groups are involved in the metal chelation. The carbonyl oxygen is chelating 

metal ion M1, while the hydroxyl group is bridged between metals and displaces catalytic 

water. Both active site metal ions present in structures of 42, 51, 67, and 78 bound to SNM1A 

were zinc (II) ions. Two zinc (II) ions are considered to be the physiologically relevant 

metals.11 

Structures of SNM1A with 42, 67, and 78 (Figure 3.28, 3.29, and 3.30) are very similar, 

with the similar positioning of the core and L-alanine amino acid side chain. In the structures 

with these 3 inhibitors, both metal ions have an octahedral coordination. This orientation of 

the core might be preferred due to ˊ-interaction between the aromatic ring in the quinazoline 

and the Asp736, as shown in Figure 3.32. Additionally, as apparent in Figure 3.32, a 

possible interaction exists between the chloride at position 6 and Ser735. No further direct 
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interactions were observed, especially between the side chain at position 2 and the protein, 

with this side chain pointing away from the active site.   

In the structure of 51 bound to SNM1A (Figure 3.31), the position of the quinazoline core 

is in a different orientation to that observed in the other structures. This shift in orientation 

of the inhibitor core apparently results in a displacement of Asp736, causing it to no longer 

chelate the metal ion M2. Due to the lack of chelation by Asp736, metal ion M2 no longer 

has the octahedral coordination geometry. 

 

Figure 3.32:  View from a structure of inhibitor 42 bound to the active site of SNM1A, showing possible 

interaction between 42 and side chains of the SNM1A. Yellow dotted line: interaction between chlorine and 

Ser735. Magenta dotted line- -́interaction between quinazoline and Asp736. 

These crystal structures of inhibitors bound to the active site of SNM1A were found to be 

useful for the rational structure-based design of new inhibitors as pursued in the remaining 

part of the project. 

3.6.  Modifications at position 6 of the quinazoline ring 

Following modifications at positions 2 and 4, the next to be modified was position 6 where 

chloride was present. Due to the potential interaction with Ser735 shown in Figure 3.32, it 
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was decided to substitute chloride with fluoride and methoxy groups, which might form a 

hydrogen bond with the hydroxyl group from the serine side chain. Additionally, a phenyl 

group was introduced at position 6 to investigate the effects of a bulkier group on inhibition. 

Since the Suzuki coupling procedure, used for cross-coupling usually requires basic 

conditions, a dimethylamine modification was used at position 2 for synthesis inhibitors, as 

shown in Figure 3.33. Previously, as described in Section 3.2, it was observed that 

analogues of 25 with disubstituted amines at position 2 were more stable toward basic 

conditions; therefore, dimethylamine, which is the smallest disubstituted amine, was used. 

For cross-coupling, a starting material with bromide instead of chloride was used as bromide 

is normally more reactive. 

 

Figure 3.33: Synthesis of analogues of 42. Reaction conditions: a) L-Alanie methyl ester hydrochloride, 

DIPEA, DMF, RT, 16 h; b) 2 M NHMe2 in THF, DMF, 100 °C, 4 h; c) PhB(OH)2, NaHCO3, Pd(dppf)Cl2, 1,4-

dioxane, H2O, 100 °C, 1 h; d) NH2OH·HCl, NaOMe, MeOH, RT, 2 h. 
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Steps a) and d) were performed using conditions previously described in Section 3.3.2. For 

step b) new conditions for the aromatic nucleophilic substitution were used. Instead of using 

microwave and methanol as solvent, the reaction was performed using a hot plate and 

dimethylformamide as a solvent. Dimethylformamide can also be substituted with other 

solvents with a higher boiling point like dioxane. This change resulted in excellent yields 

(above 88%). However, this condition was not checked in a reaction using monosubstituted 

amines. In step c), there was an initial problem with decomposition due to the hydrolysis. It 

was found that the reason for hydrolysis was the use of K3PO4 as a base; thus, replacing it 

with the less basic NaHCO3 resulted in a very efficient conversion giving 94 in a yield of 

89%. Following step c), compound 94 was purified using extraction and column 

chromatography. After aminolysis in step d), all the compounds had to be purified using RP 

HPLC due to the presence of an unknown contaminating material, which could not be 

removed by standard column chromatography. Following the synthesis, compounds  85, 88, 

91, and 95 were tested against SNM1A and SNM1B using the fluorescence-based assay 

(Figure 3.34). 

 

Figure 3.34: Activity of hydroxamate-based analogues against SNM1A and SNM1B. IC50 values were 

calculated using results from fluorescence-based assays. Concentrations used [SNM1A] = 0.5 nM, [SNM1B] 

= 0.25 nM, and [DNA] = 25 nM. ND: Not determined.  
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The introduction of phenyl (95), fluoride (88), or methoxide (91) groups did not improve the 

inhibition potency compared to inhibitors 42 or 67. IC50 values for the inhibition of 

compounds 95 against both SNM1A/B, and 91 against SNM1B was not determined due to 

an incomplete inhibition at the highest used concentration (100 ɛM). While the inhibition by 

analogues with chloride (85) and fluoride (88) groups was similar, the methoxy (91) and 

phenyl (95) derivatives showed lower potency. These results, therefore, indicate that the 

introduction of a functional group larger than chloride at position 6 might decrease 

inhibition. Modifications at position 6 did not increase potency. It was decided to further 

investigate modifications at position 2 using the structural data described in Section 3.5. 

3.7.  References

 
1 R. A. Smits, I. J. P. de Esch, O. P. Zuiderveld, J. Broeker, K. Sansuk, E. Guaita, G. Coruzzi, 

M. Adami, E. Haaksma and R. Leurs, Journal of Medicinal Chemistry, 2008, 51, 7855-7865. 
2 L. Zhu, J. Jin, C. Liu, C. Zhang, Y. Sun, Y. Guo, D. Fu, X. Chen and B. Xu, Bioorganic & 

Medicinal Chemistry, 2011, 19, 2797ï2807. 
3 C. O. Kappe, Angewandte Chemie International Edition, 2004, 43, 6250-6284. 
4 B. Dayal, G. Salen, B. Toome, G. S. Tint, S. Shefer and J. Padia, Steroids, 1990, 55, 233-

237. 
5 B. Dayal, G. Salen and V. Dayal, Chemistry and Physics of Lipids, 1991, 59, 97-103. 
6 M. W. Walter, M. H. Valladares, R. M. Adlington, G. Amicosante, J. E. Baldwin, J.-M. 

Frère, M. Galleni, G. M. Rossolini and C. J. Schofield, Bioorganic Chemistry, 1999, 27, 35ï

40. 
7 A. Grassadonia, P. Cioffi, F. Simiele, L. Iezzi, M. Zilli and C. Natoli, Cancers, 2013, 5, 

919-942. 
8 J.-D. Liu, C.-Y. Sun, L. Tang, Y.-Y. Wu, Q.-Y. Wang, B. Hu and Y. Hu, Scientific Reports, 

2016, 6, 27361. 
9 C. Hao, F. Zhao, H. Song, J. Guo, X. Li, X. Jiang, R. Huan, S. Song, Q. Zhang, R. Wang, 

K. Wang, Y. Pang, T. Liu, T. Lu, W. Huang, J. Wang, B. Lin, Z. He, H. Li, F. Li, D. Zhao 

and M. Cheng, Journal of Medicinal Chemistry, 2018, 61, 265-285. 
10 US20100069383 

 



Chapter 3. Development of quinazoline based inhibitors  

110 

 

 
11 B. Sengerová, C. K. Allerston, M. Abu, S. Y. Lee, J. Hartley, K. Kiakos, C. J. Schofield, 

J. A. Hartley, O. Gileadi and P. J. McHugh, Journal of Biological Chemistry, 2012, 287, 

26254-26267. 



Chapter 4. Development of selective SNM1B inhibitors  

111 

 

Chapter 4. Development of selective SNM1B inhibitor 

4.1.  Identification of phosphate-binding pocket as a target 

Obtained crystal structures of 42 bound to the active site of SNM1A revealed that the 

allylamine side chain, while not directly interacting with any part of the protein, was in close 

proximity to the phosphate-binding pocket (Figure 4.1). The allylamine side chain was 

observed to be ~7.3ī8.3 Å away from the phosphate-binding pocket residues, Lys883, 

Ser992, and Glu993. 

 

Figure 4.1: Structure of 42 bound to the active site of SNM1A showing close proximity between the allylamine 

side chain at position 2 of the quinazoline ring and the phosphate-binding pocket residues (Lys883, Ser992, 

and Glu993). 

An active site phosphate-binding pocket is present in both SNM1A and SNM1B and is 

apparently not present in SNM1C. This pocket is proposed to be essential for exonuclease 

activity as it interacts with the 5ô-phosphate group in DNA.1 The conserved phosphate-

binding pocket residues are highlighted in Figure 4.2.  
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Figure 4.2: Structural sequence alignments of the human SNM1 nuclease family enzymes. The structural 

alignment was carried out using PROMALS3D.2 Ŭ-Helices are drawn as red cylinders and the ɓ-strands as 

blue arrows. The conserved MBL family motifs are labelled as 1ï4, and the canonical ɓ-CASP motifs are 

labelled AïC. The conserved phosphate binding residues in SNM1A and SNM1B are highlighted in yellow. 

The residues that made up the zinc finger-like structure in SNM1C are highlighted in pink.  

The majority of SNM1 nuclease inhibitors developed up to this point have been non-specific 

and inhibit all three SNM1 enzymes at relatively similar concentration ranges. As the 

phosphate-binding pocket is seemingly only present in SNM1A and SNM1B, designing an 

inhibitor that would interact with both the active site and the phosphate-binding pocket might 

increase selectivity towards these enzymes. Developing an inhibitor that would selectively 

inhibit SNM1A and SNM1B, while not inhibiting SNM1C, might be beneficial, especially 
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since SNM1A and SNM1B are both involved in the interstrand-cross link repair, and they 

might exhibit some redundancy in this pathway.3 

4.1.1. Testing bacterial MBL inhibitors containing a phosphonate group 

against SNM1A and SNM1B 

In the search for compounds that might potentially interact with both metal ions in the active 

site and the phosphate-binding pocket, bacterial MBL inhibitors containing a phosphonate 

group were chosen since this functional group is a phosphate bioisostere. Compounds 81 

and 83 were synthesised using reported synthetic routes (Figure 4.3).4,5  

Figure 4.3: Synthesis scheme for 81 and 83. Reaction conditions: a) PBr3, CHCl3, 0 °C, 4 h; b) P(OEt)3, 

toluene,  reflux, 2 h; c) 6 M HCL(aq), reflux, 16 h; d) P(OEt)3, 1,4-dioxane, reflux, 2 h; e) 4 M HCL in 1,4-

dioxane, reflux, 24 h. 

Compound 81 was synthesised from methyl 6-(hydroxymethyl) picolinate in an overall yield 

of 61% over 3 steps. In step a), methyl 6-(hydroxymethyl) picolinate was converted into 79 

via bromination reaction using phosphorus tribromide. 79 was produced in a good yield of 

71% and was purified using column chromatography. Next, in step b), 79 was converted 

into 80 using nucleophilic substitution reaction using triethyl phosphite as the nucleophile.  

80 was produced at an excellent yield of 91% and was purified using column 

chromatography. Finally, in step c), 80 was converted into 81 via simultaneous deprotection 
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of methyl ester and two ethyl phosphate esters under heat and acidic conditions. 81 did not 

require any purification and was produced at an excellent yield of 95%. 

Compound 83 was synthesised from 4-(bromomethyl)quinolin-2(1H)-one in a very good 

yield of 83% over steps. In the synthesis of 83, steps d) and e) were performed in similar 

conditions to those used for steps b) and c). Purification using column chromatography was 

only required after step d), while no purification was necessary after the deprotection of the 

ethyl phosphate esters in step e). The yield of steps d) and e) was 85% and 98%, respectively. 

Following synthesis, 81 and 83 were tested against SNM1A and SNM1B. Neither of these 

compounds inhibited SNM1A or SNM1B, although unexpectedly, 81 was observed to 

apparently enhance the activity of SNM1A. When SNM1A was treated with at least 10 ɛM 

of 81, the rate of digestion of the DNA substrate increased, as shown in Figure 4.4. No 

similar effect was observed for SNM1B.  

 

Figure 4.4: Enzyme activity assay with SNM1A. Measurement of fluorescence emission released upon 

digestion of modified DNA by SNM1A. The fluorescence emission is proportional to the extent of digestion of 

DNA substrate. [SNM1A] = 0.5 nM and [DNA] = 25 nM. 
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4.1.2. Crystal structure of 81 bound to SNM1A 

Although neither 81 nor 83 displayed inhibition of SNM1A, they were still soaked into 

crystals of SNM1A. Consequently, a structure of 81 bound to the active site of the SNM1A 

was obtained (Figure 4.5). 

 

Figure 4.5: View from a crystal structure of 81 bound to SNM1A. The carboxylic acid in 81 chelates to the 

metal in the active site and phosphonate group interacts with phosphate-binding pocket residues. Amino acids 

involved in chelating metals in the active site are in white. Amino acids that are part of the phosphate-binding 

pocket are in yellow. M1: Zinc. 

In the crystal structure of 83 with SNM1A, 83 is observed to interact with the metal M1 in 

the active site and the phosphate-binding pocket. Compound 83 chelates metal ion M1 using 

both oxygens in its carboxylic acid. The second metal is missing from the active site, which 

is common for structures of SNM1A, as mentioned in Section 2.1. The phosphonate site 

chain interacts directly and indirectly with the phosphate-binding pocket. One oxygen in the 

phosphonate hydrogen bonds with the hydroxyl group from Tyr 841. At the same time, two 
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oxygens from the phosphonate group indirectly interact with amino acids Lys883, Glu993 

and Ser993 via hydrogen bond interactions with water molecules. This structure validates 

the strategy of simultaneously targeting the active site and phosphate-binding pocket.  Based 

on these encouraging results from the new crystal structure, it was decided to introduce 

phosphate bioisostere modifications, including a phosphonate, into the hydroxamate-based 

inhibitor series developed in Chapter 3. 

4.2. Introduction of phosphate bioisostere to analogues of 25 

4.2.1. Synthesis of analogues of 42 containing phosphate bioisostere 

A phosphonate group was chosen as the phosphate bioisostere since this was the functional 

group found in 83, and it is commonly found in clinically used drugs. It was decided to 

introduce this functional group into the side chain at position 2 of the quinazoline ring found 

in analogues of 42.6  

Initially, the intention was to synthesise analogues of 42 containing a phosphonate group 

using the reaction between intermediate 40 or 72 and amino phosphonic acid, as shown in 

Figure 4.6. The use of amino phosphonic acid in an aromatic nucleophilic substitution was 

unsuccessful as the amineôs nucleophilicity is probably decreased by the adjacent 

phosphonic acid. Next, it was attempted to react the more reactive acyl chloride in 72 with 

amino phosphonic acid, however this reaction also failed since the amino phosphonic acid 

was only soluble in a basic solution of methanol or water. 
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Figure 4.6: Initial  strategy to introduce a phosphonate functional group. 

After the failed attempts to synthesise an analogue of 42 containing a phosphonate group, an 

extensive literature search for reactions with amino phosphonic acid was carried out. A 

promising amide coupling reaction between amino phosphonic acid and an 

N-hydroxysuccinimide (NHS) ester in a mixture of water, dimethylformamide and base was 

found.7 Following this finding, a new intermediate 100, containing a benzyl protected 

L-alanine hydroxamic acid side chain at position 4 and an NHS ester at position 2, was 

synthesised (Figure 4.7). Benzyl protected hydroxamic acid was used since it allows for the 

introduction of the hydroxamic acid functional group earlier in the synthesis, whilst 

protecting the hydroxamic acid makes it much more stable and compatible with other steps 

within the synthetic route. The benzyl protection can easily be removed at any stage of the 

synthesis using a simple hydrogenation reaction. Due to the introduction of the benzyl 

protection, the chloride on position 6 was removed from the compound. Previously, while 

synthesising compound 9 (Section 2.1), unintended reduction of the aromatic chloride was 

observed as a side reaction of hydrogenation. 
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Figure 4.7: Synthesis scheme for active ester 100. Reaction conditions: a) SOCl2, DMF, CHCl3, reflux, 3 h; b) 

L-alanine tert-butyl ester hydrochloride, TEA, DCM, RT, 72 h; c) 4 M HCL in 1,4-dioxane, DCM, RT, 16 h; d) 

NH2OBn·HCl, HATU, DIPEA, DCM , RT, 16 h; e) 2 M KOH(aq), THF, 0 °C, 2 h; f) NHS, DCC, DMF, RT, 

16 h. 

The synthesis of active ester 100 from starting material 71 was relatively efficient, with an 

overall yield of 43% after 6 steps and was done on a multi-grams scale. The synthesis route 

began with step a), chlorination of 71 using thionyl chloride to produce 96 in quantitative 

yield. Compound 96 did not require any purification. Next, in step b), the chloride of 96 was 

replaced by L-alanine tert-butyl ester via a nucleophilic aromatic substitution to give 97. The 

substitution reaction to produce 97 resulted in a very good yield of 87% and required column 

chromatography for purification. Using both ethyl ester and tert-butyl ester simultaneously 

allowed for two selective deprotections at different points in the synthetic route. First, the 

tert-butyl ester 97 was selectively removed in step c) under acidic conditions and, without 

any purification, to produce intermediate carboxylic acid. The newly formed intermediate 

carboxylic acid was used, in step d), in amide coupling with O-benzylhydroxylamine and 

HATU, as the coupling reagent, to give 98. After amide coupling, the intermediate 98 was 

purified using column chromatography, and the overall yield after ester hydrolysis and 

amide coupling was 79%. Following the coupling reaction, ester hydrolysis of 98, step e), 

was performed under basic conditions using potassium hydroxide. The hydrolysis of 98 



Chapter 4. Development of selective SNM1B inhibitors  

119 

 

resulted in an excellent yield of 94% of 99, which was obtained by extraction. Finally, the 

NHS ester was synthesised using carboxylic acid 99, with NHS and DCC as coupling agents. 

The NHS ester 100 was purified first by filtration to remove dicyclohexylurea precipitate 

and then using column chromatography. The NHS ester 100 was obtained in a yield of 67%. 

The active ester 100 was then used for an amide coupling reaction with amino phosphonic 

acids (Figure 4.8). 

 

Figure 4.8: Synthesis of analogues of 25 containing a phosphate bioisostere. Reaction conditions: g) Amino 

phosphonic acid or amino sulfonic acid, 0.4 M NaHCO3(aq), DMF, RT 3 h; h) Amino sulfonamide, TEA, DMF, 

RT, 3 h; i) H2(g), Pd/C,  MeOH or H2O/DMF mixture, 3 h. 

2-Aminoethylphosphonic acid was initially used for the reaction with NHS ester 100. 

Successful amide coupling and benzyl deprotection produced inhibitor 102.  It was then 

decided to synthesise inhibitors with 4 different chain lengths to the phosphonate group to 

find the optimal linker length. For reactions with amino phosphonic acids, the reaction was 
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initially attempted with triethylamine as a base, but it was later discovered that an aqueous 

sodium bicarbonate solution resulted in better solubility. 

For step g), NHS ester 100 was dissolved in DMF, and amino phosphonic acid in an aqueous 

sodium bicarbonate solution was added dropwise. This reaction was monitored using 

LC-MS and reached completion within 3 hours. No purification was done after the amide 

coupling, although the solution needed to be acidified before the hydrogenation step. When 

the hydrogenation was performed under basic conditions, the N-O bond in the hydroxamate 

was hydrogenated, and amide was produced as a side product. In contrast, no N-O bond 

cleavage was observed under neutral or acidic conditions. Hydrogenation was performed 

under a hydrogen atmosphere, and palladium on carbon was used as the catalyst. After 

deprotection of the benzyl group, the catalyst was removed using filtration through celite. 

Due to the high polarity and poor solubility in organic solvents, inhibitors 101ī104 were 

purified using RP HPLC.  

Following the successful synthesis of analogues of 25 containing a phosphonate group, it 

was decided to introduce different phosphate bioisosteres. From a list of potential 

bioisosteres, sulfonate and sulfonamide were chosen due to their simplicity and the 

commercial availability of amino sulfonic acid and amino sulfonamide starting materials.8 

For reaction with amino sulfonic acid, the same reaction conditions were used as for the 

reaction with phosphonic acids. However, for reactions with the amino sulfonamides, the 

aqueous solution was no longer required as these compounds were much more soluble in 

organic solvents, and the use of DMF or MeOH as a solvent was possible. The products 

105ī107 were purified using RP HPLC.  
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The synthesis of inhibitors 101ī107 from NHS ester 100 resulted in relatively poor yields 

of between 14ī44% after 2 steps, with the highest yields for the reactions with amino 

sulfonamides.  

4.2.2. Testing of analogues of 25 containing phosphate bioisostere 

After synthesising inhibitors in Section 4.2.1, the compounds in question were tested against 

SNM1A and SNM1B using a fluorescence-based assay (Figure 4.9).  

 

Figure 4.9: A: Dose-response curves for inhibitors 101-107 tested against SNM1B plotted using a real-time 

fluorescence assay. B: Dose-response curve for inhibitors 101 and 103 tested against SNM1B plotted the data 

from real-time fluorescence assay. The graph shows a curve over a wider range of concentrations of inhibitors. 

C: Dose-response curve for inhibitors 101ī107 tested against SNM1A plotted the data from real-time 

fluorescence assay. D: Table of IC50 values calculated for inhibitors tested against SNM1B. Concentrations 

used [SNM1A] = 0.5 nM, [SNM1B] = 0.25 nM, and [DNA] = 25 nM. ND: Not determined. 

Initially , all inhibitors (101ī107) were tested at concentrations ranging from 0.5 nM to 100 

ɛM against both SNM1A and SNM1B; however, at 0.5 nM, inhibitors 101 and 103 still 

showed partial inhibition against SNM1B. Therefore, inhibitors 101 and 103 were tested at 
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a much wider range of concentrations, including at 5 pM. These experiments demonstrated 

that inhibitors containing the phosphonate functional group are exceptionally potent 

inhibitors of SNM1B, with compounds 101 (IC50 = 261 nM against SNM1B), 103 (IC50 = 

25 nM against SNM1B), and 104 (IC50 = 332 nM against SNM1B) having IC50 values in the 

subnanomolar range. Compound 103 was the best inhibitor of this series with an IC50 of 

25 nM, suggesting that it has its phosphonate group at the optimal linker length. 103 is the 

most potent inhibitor developed in this project overall. Sulfonate 107 (IC50 = 4280 nM 

against SNM1B)  also showed inhibition against SNM1B, although it was lower than the 

comparable phosphonate, 103. Inhibitors 105 and 106, which contain the sulfonamide 

functional group, did not inhibit either SNM1A or SNM1B.  

This series of compounds (101ī107) was substantially more potent against SNM1B than 

SNM1A. None of the inhibitors tested against SNM1A showed complete inhibition, even at 

100 ɛM. Inhibitor 103 was the most potent against SNM1A, but only displayed about 50% 

inhibition at 100 ɛM. Next, the phosphonate-based inhibitors (101ī104) were tested against 

SNM1A and SNM1B using the gel-based assay (Figure 4.10). 
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Figure 4.10: Gel image from radioactive gel-based assays testing inhibitors 101-104 against SNM1A and 

SNM1B. The structure of tested inhibitors is shown below gels. Concentrations used [SNM1A] = 0.5 nM, 

[SNM1B] = 1.0 nM and [DNA 50-mer] = 10 nM. 2% DMSO was used as a control. The indicated inhibitor 

concentrations are in ɛM.  

Results from the gel-based assays with inhibitors containing a phosphonate group were 

reasonably consistent with the fluorescence-based assay. In both assays, these inhibitors 

were very potent against SNM1B, while showing insignificant inhibition of SNM1A. In the 

gel-based assay, it was observed that 101 showed substantially better inhibition than 104, 

while in the fluorescence-based assay, these inhibitors had IC50 values of a similar 

magnitude. Similarly to the result obtained from the fluorescence-based assay, inhibitors 101 

and 103 were the most potent compounds and showed almost complete inhibition at 0.1 ɛM 

in the gel-based assay with SNM1B. Therefore, it was decided to test these two inhibitors 

(101 and 103) in a gel-based assay with a wider concentration range (Figure 4.11). 
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Figure 4.11: A: Gel image from radioactive gel-based assays testing inhibitors 101 and 103 against SNM1B. 

B: Gel image from radioactive gel-based assays testing inhibitors 103 against SNM1A. C: Gel image from 

radioactive gel-based assays testing inhibitors 103 against SNM1C. Concentration used [Inhbitor] = two-fold 

dilutions (from 100 ɛM to 0.75 nM), [SNM1A] = 0.5 nM, [SNM1B] = 1.0 nM, [SNM1C] = 2.5nM  and [DNA 

50-mer] = 10 nM. 2% DMSO was used as a control.   

Further gel-based assays confirmed that inhibitor 103 is more potent than 101 against 

SNM1B. After 103 showed such an outstanding inhibition against SNM1B, it was decided 

to additionally test it against SNM1A and SNM1C at the wider concentration range using a 

gel-based assay. Unexpectedly, 103 was more potent against SNM1C than SNM1A, 

although SNM1C has no assigned phosphate-binding pocket. Still, 103 was a substantially 

better inhibitor of SNM1B than the remaining two enzymes. In the gel-based assays in 

Figures 4.11A and 4.11C, inhibitors were tested at a wide range of concentrations, and a 

range of digestion products between no digestion and full digestion was observed; however, 

this was not the case for SNM1A. Therefore, it was decided to use the data from these 

gel-based assays to estimate IC50 values for SNM1B and SNM1C (Figure 4.12B). 
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Additionally, 103 was tested against SNM1C using a fluorescence-based assay (Figure 

4.12A). 

 

Figure 4.12: A: Dose-response curves for inhibitors 103 tested against SNM1B and SNM1C plotted using a 

real-time fluorescence assay.   Concentrations used [SNM1B] = 0.25 nM, [SNM1C] = 5 nM, and [DNA] = 25 

nM. B: Inhibition profile curves generated from gel-based assays with 103 against SNM1B and SNM1C in 

Figure 4.11. Digestion products from the gel-based assays were quantified and fitted to a dose-response curve 

using non-linear regression. C: IC50 values calculated using data from both fluorescence-based and gel-based 

assays. D: Structure of 103. 

In both fluorescence-based and gel-based assays, 103  was more potent against SNM1B than 

SNM1C. Against SNM1B, the IC50 values for 103 were 3.8 nM and 25 nM in the gel-based 

and fluorescence-based assay, respectively, whilst against SNM1C, the IC50 values were 

22400 nM and 3300 nM. Based on a gel-based assay, the estimated IC50 value for inhibitor 

103 against SNM1C was more than 5000-fold higher than SNM1B. While, based on a 

fluorescence-based assay, the estimated IC50 value for inhibitor 103 against SNM1C was  

130-fold higher than the value for SNM1B. Based on these IC50 values and lack of 

substantial inhibition of SNM1A, inhibitor 103 may be considered a selective inhibitor of 

SNM1B. Since inhibitor 103 was potent and selective against SNM1B in in vitro studies, it 


