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Abstract 
The requirement for developing antibiotics is continually increasing due to the rise in 

antibiotic resistance and lack of novel compounds that bypass the known resistance 

mechanisms. A well-characterised target for such development is DNA adenine 

methyltransferase (Dam), a suitable candidate because it is connected with virulence in 

a number of highly pathogenic bacteria as well as the lack of a human equivalent 

enabling selectivity. A fluorescence-based activity assay has been developed to identify 

potential Dam inhibitors, which then require structural analysis to confirm mode of 

binding and allow structure-activity relationships to be identified. 

 

The bi-substrate nature of the enzyme, requiring DNA and S-adenosylmethionine 

(SAM), provides the opportunity for it to be targeted in two pockets. This has been 

exploited by the development of a library of SAM analogues, including the attachment 

of an adenine mimic using different linker lengths to the core scaffold. The kinetic 

characterisation of these compounds has revealed selective inhibition of Dam over the 

human equivalent cytosine methyltransferase Dnmt1. To understand the reasons for 

such inhibitory properties, a number of compounds were co-crystallised with E. coli 

Dam so that a detailed 3D representation of the mechanism of inhibition could be 

probed. The active site of the enzyme revealed the addition of the ethylindole or 

ethylbenzothiophene moiety displaces a key residue (W10) in the SAM binding domain, 

rather than occupying the pocket typically filled by the adenine base as expected. This 

alternative mode of binding has resulted in a selective inhibitor over Dnmt1, a feature 

which must be retained during further rounds of compound modification. 

 

The screening of a fragment library yielded sixteen hits for structural analysis with E. 

coli Dam, but relatively high IC
50

 values restricted the crystallisation of the 

enzyme:inhibitor complexes. The crystal structure for one fragment bound in the 

active site was solved, revealing the adenine-like fragment binding the pocket typically 

occupied by the adenine moiety of SAM. The crystal structures of more 

enzyme:fragment complexes are needed to enable the growing, merging or linking of 

the compounds, resulting in an inhibitor that fully occupies the active site whilst 

lowering the IC
50

 value for further inhibitory potency. 
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MDR    -  multidrug resistant  

MRSA   -  methicillin-resistant Staphylococci aureus  

NAG    -  N-acetylglucosamine 

NAM    -  N-acetylmuramic acid 

NCI/DTP  -  National Cancer Institute‘s Developmental Therapeutics  

  Program  

NMR    -  nuclear magnetic resonance 

P. aeruginosa  -  Pseudomonas aeruginosa 

P. horikoshii  -  Pyrococcus horikoshii 

Pap    -  pyelonephritis-associated pili 

PBP    -  penicillin binding protein 

PDB    -  protein data bank 

PEG    -  polyethylene glycols 

Phenix   -  Python-based Hierarchical Environment for Integrated 

Crystallography 

pI    -  isoelectric point 

PMSF    -  phenylmethylsulfonyl fluoride  



   

xx 

 

R-factor   -  statistical residual index factor 

R-free   -  free R-factor 

RM    -  restriction-modification  

S. enterica   -  Salmonella enterica 

S. typhimurium  -  Salmonella typhimurium 

SAH    -  S-adenosylhomocysteine  

SAM    -  S-adenosylmethionine  

SAR    -  structure-activity relationship  

SDS-PAGE   -  sodium dodecyl sulfate polyacrylamide gel electrophoresis  

SPR    -  surface plasmon resonance 

STD-NMR   -  saturation transfer difference-NMR  

UPEC    -  uropathogenic E. coli 

XDS    -  X-ray Detector Software 

Y. pestis   -  Yersinia pestis  

YOP    -  Yersinia outer protein  
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1. Introduction 
 

1.1 The Need for New Antibiotics: A Historical Perspective 

 
1.1.1 Timeline of antibiotic development 

The era of antimicrobial research began with Pasteur’s observations in the 1870s, 

identifying the interactions between two microorganisms that can be simultaneously 

detrimental to at least one of them1. The subsequent work by Paul Vuillemin in 1889 

focussed on exposing infectious organisms to microbial extracts and the associated 

consequences, an interaction termed “antibiosis”1. Further investigation into the 

interactions between microbes and antibiotics continued throughout the remainder of 

the 19th century, but experimental evidence for antibacterial activity was first reported 

in 1899, when Emmerich and Low prepared Pyocyanin from Pseudomonas aeruginosa 

(P. aeruginosa) for administration in hospitals2 (figure 1.1, 1).  The lysed extracts of 

the bacterial growth showed activity against a number of pathogenic organisms such 

as cholera, typhoid and anthrax2,3. However, inconsistent results and the high levels of 

toxicity towards humans involved in the extract preparation caused the treatment to 

be abandoned4.  

 

The next significant development along the antibiotic timeline was the “magic bullet” 

protocol reported by Paul Ehrlich5. This concept was based upon selectively targeting 

the causative organism of the disease whilst leaving the host unharmed. Ehrlich 

targeted the sexually transmitted disease syphilis, which was treated with an inorganic 

arsenic salt with known severe side effects6. His laboratory employed a large-scale 

systematic screening approach to identify higher efficacy analogues. In 1909, the sixth 

compound in the 600th series cured syphilis-infected rabbits and was therefore carried 

forward for human trials7. The success of the trials led to the market-release of the 

developed drug Salvarsan and its less toxic analogue Neosalvarsan (figure 1.1, 2 and 3 

respectively), both of which became the most frequently prescribed drug before 

penicillin was commercialised in the 1940s4. A sub-compound of the arsenic-based 

antibiotics known as Stovarsol was developed in 1921 by Ernest Fourneau at the 

Pasteur Institute, a compound noted for its higher efficacy against syphilis as well as 

being orally active2 (figure 1.1, 4). 
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Figure 1.1: Selected compounds important in the historical development of 

modern clinical antibiotics. Structures 7-9 are core structures and F indicates 

fluoroquinolones.  
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In the 1930s, Ehrlich’s systematic screening approach opened a discovery pathway for 

the first class of synthetic antibiotics known as sulfa drugs4. The first drug, 

sulfonamidochrysoidine (Prontosil, figure 1.1, 5), was synthesised by Bayer chemists 

Klarer and Mietzsch followed by biological testing carried out by Gerhard Domagk8. 

The level of antibacterial efficacy against Streptococcus pyogenes established this 

readily water-soluble sodium salt as a successful treatment against a number of 

infections, which allowed for further development with the original scaffold of the 

sulfonamide maintained9. The next generation of compounds resulting from the 

development of the sulfanilamide scaffold, provided a compound capable of inhibiting 

the bacteria without harming the body10. 

 

The most significant biosynthetically derived family of antibiotics are the penicillins 

and related cephalosporins (figure 1.1, 7 and 8 respectively). Their serendipitous 

discovery began with the observations of Fleming in 1928, identifying Penicillium 

activity against a number of microorganisms11. However, the antibacterial mode of 

action was not determined until an Oxford team led by Howard Florey and Ernest Chain 

purified penicillin, the metabolite from Penicillium mould, on a large enough scale to 

provide sufficient quantities to be clinically tested in 19389,12. The success of the trials 

endorsed the mass production and distribution of the antibiotic to begin in 1945, 

coinciding with the end of World War II. 

 

Since the introduction of nalidixic acid in 1962 (figure 1.1, 6), no new class of 

antibiotics were produced until linezolid in 2000 (figure 1.1, 11). The vast majority of 

‘new’ antibiotics introduced in this period were in fact chemically tailored derivatives 

of four scaffolds, the penicillins, cephalosporins, quinolones and macrolides (figure 

1.1, 7-10 and figure 1.2)13-15. This strategy of altering original structures is usually only 

a short-term solution to the emergence of resistant strains, which is aided by the 

frequency of mutation during bacterial replication13,16. In the future, the discovery and 

development of novel antibacterial scaffolds will help counteract the rise of resistant 

strains by targeting new mechanisms of inhibition17. However, the pharmaceutical 

industry no longer considers the antimicrobial market sufficiently profitable. The 

conventional short-term treatments do not balance the costs of discovery research and 

clinical validation, whilst the high dosage often required for antibiotics implies a 

stringent requirement for low toxicity18-20. 
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Figure 1.2: Antibiotic research timeline. The antibiotics of natural product origin are 

shown in black and those of synthetic origin are shown in blue with the associated 

resistance developed in red. The technologies used for antibiotic discovery and 

development are in green whilst the Gram-positive bacteria are in purple and Gram-

negative bacteria are in pink (reproduced and modified from references 21,22).  

 

1.1.2 Antibiotics - modes of action 

During the development of penicillin as an antibacterial agent, Fleming warned of the 

possibility of resistance if the treatment dosage was too low or for too short a period 

of time23. For each of the antibiotics discovered in the post-war era a clinically 

significant resistance mechanism has been identified, often immediately following 

their introduction (figure 1.2)14,15,24-26. As discussed previously, the use of well-known 

scaffold derivatives for which resistance mechanisms have been characterised results 

in the rapid emergence of new resistant strains. Therefore, the demand for developing 

novel antibiotics is significantly high. 

 

Antibiotics are typically classified on the basis of their structure and mode of action27. 

There are four main antibiotic classes that target either bacterial cell wall biosynthesis, 

protein biosynthesis, DNA and RNA biosynthesis or folate biosynthesis14 (figure 1.3).  

For each biosynthetic pathway targeted, an associated resistance mechanism has been 

identified27. 



Jenny Harmer  Chapter One 

 5   

 

Figure 1.3: An overview of the biosynthetic routes targeted by antibiotics in Gram-

positive and Gram-negative bacteria. Where DHP is dihydropteroate, DHF is 

dihydrofolate and THF is tetrahydrofolate 16,27.  

 

Inhibition of bacterial cell wall biosynthesis 

The composition of the cell wall depends on whether the bacterium is gram-positive or 

negative but both contain a core peptidoglycan layer. This layer is a product of cross-

linking of the glycan strands to peptide strands by the action of transglycosidase and 

transpeptidase, respectively16. The bifunctional enzyme containing these catalytic 

domains is the target of penicillins and cephalosporins, collectively termed β-lactams28. 

This class of antibiotic acts by acylating the active site of the transpeptidase (also 

known as a penicillin binding protein (PBP), figure 1.4a and 1.5))28. Acylation inhibits 

the formation of cross-linkages within the peptidoglycan layer and therefore interrupts 

its biosynthesis. In addition to the β-lactams, vancomycin (figure 1.7, 12) also targets 

cell wall biosynthesis by forming hydrogen bonds with the terminal D-alanyl-D-alanine 

moieties of the N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) peptide 

subunits (figure 1.4b). NAM and NAG are the core structural components of the cell 

wall, blocking the transpeptidase and transglycosidase29. As a result, the cross-links 

cannot form making the cell wall susceptible to osmolysis.  
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Figure 1.4: a) Penicillin mode of action on cell-wall biosynthesis. b) Vancomycin 

mode of action on cell-wall biosynthesis. a) Penicillin blocks the active site of the PBP 

so that it can no longer form the vital cross-links between the peptide side chains for 

the peptidoglycan layer (gram-positive bacteria utilise pentaglycine chains for the 

cross-links). b) The compound forms hydrogen bonds to the two D-alanine residues, 

blocking the action of transpeptidase and transglycosidase, thereby inhibiting the 

formation of cross-links.  

a 

b 
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Figure 1.5: Mechanistic formation of cross-links to form the peptidoglycan layer. 

The transpeptidase forms a direct amide bond between the amino group of L-lysine to 

the carboxyl group of the distal D-alanine in gram-negative bacteria. Penicillin behaves 

as an alanine mimic and forms the serine-ester linked PBP which is nearly completely 

inactivated from further cross-linkage formations.  

 

Inhibition of protein biosynthesis  

Protein biosynthesis is a complex multistep process for the assembly of amino acids 

into polypeptide chains involving initiation, elongation and termination and is 

catalysed by ribosomes which can be targeted by a range of antibiotics30. A key 

advantage of inhibiting protein biosynthesis is that the machinery of the prokaryotic 

ribosome differs substantially to its eukaryotic counterpart; therefore effective 
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antibiotics against protein biosynthesis in prokaryotes are highly selective. The two 

nucleoprotein components of the prokaryotic ribosome, termed the 30S and 50S 

subunits, have each been targeted by clinically useful antibiotics. The conserved 

sequences of the 16S rRNA of the 30S subunit are targeted by aminoglycosides and 

tetracyclines (figure 1.7, 13) whilst the 23S rRNA of the 50S subunit interacts with the 

macrolides, phenicol, lincosamides and quinupristin-dalfopristin (Synercid) (figure 1.7, 

14-17)31-33.  

 

Inhibition of DNA and RNA biosynthesis 

The DNA uncoiling stage of DNA replication is a viable target for antibiotic 

development34-36. Specifically, DNA gyrase, which is a type II topoisomerase, has been 

targeted by the quinolone family of antibiotics, first identified in 196237. They act on 

the double-strand cleavage/double-strand religation equilibrium in the gyrase catalytic 

reaction27. Shen and coworkers have suggested a cooperative binding event of the 

drugs to the single-stranded DNA-binding pocket, previously opened by the action of 

gyrase catalysing DNA cleavage38,39. Alternatively, transcription can be targeted through 

the inhibition of RNA polymerase. This multi-subunit enzyme can be inhibited by 

rifampin (figure 1.7, 18), which targets an allosteric binding site that has been 

confirmed by X-ray crystallography40,41.  

 

Inhibition of folate biosynthesis 

Folate is a form of the water-soluble vitamin B9, which is a cofactor and is essential in 

a number of cellular processes in mammals and bacteria, such as amino acid 

biosynthesis and DNA synthesis and repair. For example, tetrahydrofolate donates one 

carbon atom during the formation of methionine and thymine42,43. However, bacteria 

must synthesise folate de novo via the full biosynthetic pathway, which is absent in 

mammals, making the pathway an attractive antibiotic target42. The observation that 

sulfonamides, such as sulfamethoxazole (figure 1.6, 1), target this pathway was made 

in the 1930s and they are used clinically in combination with trimethoprim (figure 1.6, 

2)44. When used individually, these drugs are bacteriostatic (able to slow cell growth 

and replication) whereas combination therapy results in a bactericidal agent (able to 

kill the bacteria)45. Dihydropteroate synthase, targeted by sulfamethoxazole, has no 

known human homologue making its inhibitors inherently selective for the bacterial 

target whilst dihydrofolate reductase, a key enzyme responsible for tetrahydrofolate 

production in all organisms, is preferentially targeted in bacteria (figure 1.6)27,44.  
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Figure 1.6: Folate biosynthetic pathway.  The two antibiotics, Sulfamethoxazole 1 

and Trimethoprim 2, are used cooperatively to target two stages of the same pathway. 
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1.1.3 Consequences of antibiotic use - resistance 

Pathogenic bacteria have developed a number of resistance mechanisms towards 

individual antibiotics46,47. These can be combined in a single bacterial strain and may 

include bacterial efflux pumps that efficiently remove antibiotics and provide the 

bacteria with multidrug-resistance (MDR)48.  

 

The three main mechanisms of resistance are as follows30,47: 

 Antibiotic inactivation or modification 

 Efflux pumps 

 Alteration of target site 

 

These are discussed in more detail below, whilst the antibiotic modes of action and 

resistance mechanisms are summarised in table 1.1. 

 

Firstly, resistance can develop over a short period typically due to the action of a single 

gene product. For example, the expression of the hydrolytic enzyme β-lactamase, has 

provided resistance to β-lactam antibiotics by opening the functionally important 

strained β-lactam ring49. Conversely, resistance to vancomycin has taken over thirty 

years to develop, in part because it required the acquisition of a five-gene resistance 

cassette44. A possible method to overcome antibiotic inactivation is by the introduction 

of structural modifications to the acyl side chains of the β-lactam antibiotics. This bulky 

side chain can sterically block the position typically occupied by water in the 

deacylation step and dramatically reduce enzymatic hydrolysis44. Alternatively, 

naturally occurring β-lactamase inhibitors such as clavulanic acid have been identified 

and integrated into the use of the conventional antibiotics. The antibacterial 

formulation of Augmentin, a combination of clavulanic acid and amoxicillin, has 

circumvented the effects of many β-lactamases, allowing amoxicillin to target bacterial 

cell wall biosynthesis50-52.  

 

The second resistance mechanism utilises efflux pumps, where transmembrane 

proteins are employed  to export antibiotics, often against concentration gradients and 

ensuring that therapeutic concentrations cannot be reached53. Typically, these pumps 

are relevant for β-lactam antibiotics, macrolides, fluoroquinolones and tetracyclines. It 

is estimated that approximately 5-10% of all bacterial genes are involved in transport 

mechanisms with a majority encoding efflux pumps54-56. These pumps are normally 

required for export of specific metabolites as well as removal of foreign molecules but 

drug efflux is also made fully functional by coupling export with the counterflow of 

protons or Na+ ions, a process that requires partner proteins and subunits44. Two 

approaches have been investigated to reduce the effectiveness of efflux pumps. The 
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first is to identify derivatives of existing antibiotics that are no longer recognisable by 

the transporter protein. The second approach requires the discovery and development 

of therapeutic agents which disrupt the activity of the efflux pump and can then be 

used in combination with the original antibiotic. This approach is successful for pumps 

of gram-positive bacteria that span a single membrane. However, typical MDR pumps 

of gram-negative bacteria are intrinsically resistant due to the presence of the outer 

membrane, which acts as a barrier that efficiently controls the movement of 

hydrophilic solutes57,58.  

 

Table 1.1: Antibiotic classes and associated resistance mechanisms49. 

 

Antibiotic Class Example(s) Target Mode(s) of Resistance 

β-Lactams Penicillins (ampicillin), 
cephalosporins (cephamycin), 
penems (meropenem), 
monobactams (aztreonam) 

Peptidoglycan 
biosynthesis 

Hydrolysis, efflux, altered 
target 

Aminoglycosides Gentamycin, streptomycin, 
spectinomycin, tobramycin 

Translation Phosphorylation, 
acetylation, nucleotidylation, 
efflux, altered target 

Glycopeptides Vancomycin, teicoplanin Peptidoglycan 
biosynthesis 

Reprogramming 
peptidoglycan biosynthesis 

Tetracyclines Minocycline, tigecycline Translation Monooxygenation, efflux, 
altered target 

Macrolides Erythromycin, azithromycin Translation Hydrolysis, glycosylation, 
phosphorylation, efflux, 
altered target 

Lincosamides Clindamycin Translation Nucleotidylation, efflux, 
altered target 

Streptogramins Synercid Translation C-O lyase (type B 
streptogramins), acetylation 
(type A streptogramins), 
efflux, altered target 

Oxazolidinones Linezolid Translation Efflux, altered target 

Phenicols Chloramphenicol Translation Acetylation, efflux, altered 
target 

Quinolones Ciprofloxacin (fluoroquinolone), 
nalidixic acid 

DNA replication Acetylation, efflux, altered 
target 

Pyrimidines Trimethoprim C
1
 metabolism Efflux, altered target 

Sulfonamides Sulfamethoxazole C
1
 metabolism Efflux, altered target 

Rifamycins Rifampin Transcription ADP-ribosylation, efflux, 
altered target 

Lipopeptides Daptomycin (figure 1.7, 19) Cell membrane Altered target 

Cationic peptides Colistin Cell membrane Altered target, efflux 
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Figure 1.7: Chemical structures of further significant antibiotics.  Compounds 16 

and 17 are administered as a combination therapy. 

 

The antibiotic target can also be protected, replaced or modified as a mechanism for 

resistance, either by mutation at one or more sites in the target gene or introducing a 

gene encoding an isozyme that is less sensitive to the drug16. Resistance genes are 
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often collected on transposable DNA elements, which can transpose between DNA 

sequence elements within larger mobile elements, such as plasmids or directly into 

bacterial chromosomes16,59. This horizontal gene transfer encoding for resistance can 

occur via bacterial transformation, transduction or conjugation and can occur multiple 

times (figure 1.8)60. Antibiotic resistance islands on chromosomes can result from 

plasmid-sized DNA elements inserting into specific sites as a group, allowing multiple 

resistance genes to be maintained at one site and being selected for jointly61. This MDR 

development has been identified in bacteria such as methicillin-resistant 

Staphylococcus aureus62,63. 

 

Figure 1.8: Horizontal gene transfer between bacteria. Reaction A is the 

transformation of DNA where, upon cell lysis, naked DNA is released, taken up and 

then incorporated into the DNA of another organism. Reaction B is bacterial 

transduction which involves the transfer of resistance genes by bacteriophages into 

the chromosome of the recipient cell. This typically involves closely related bacteria 

due to the requirement of similar cell surface receptors. Reaction C is conjugation 

whereby direct contact between the two cells is made and the plasmids can transfer 

across a mating bridge for DNA exchange60.  
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Unlike in many other pathogens, β-lactamases are not a mechanism of resistance in 

Streptococcus pneumoniae. Instead, mutations have been identified in all five high-

molecular weight PBPs, resulting in reduced affinities for β-lactams64. It is unlikely that 

these five different mutations occurred independently, but instead, were 

simultaneously selected for to overcome the antibiotic mode of action16. A similar 

mechanism has been identified to protect bacteria from vancomycin, where the five-

gene cassette induces the reprogramming of the peptidoglycan layer termini. The 

mutation of N-acyl-D-Ala-D-Ala to N-acyl-D-Ala-D-lactate at the uncrosslinked 

peptidoglycan terminus decreases the binding constant for vancomycin by a thousand-

fold16,65. The evolution of the modified enzyme specificity highlights the continual need 

for the development of new antibiotics. However, mutations which can be acquired by 

a range of mechanisms will inevitably lead to the selection of bacterial resistance and 

this is likely to occur sooner rather than later due to the short replication time and 

frequency of replication errors leading to evolutionary change within a bacterial 

population. 

 

Although the screening of natural products has yielded the highest number of clinical 

antibiotics, the exposure time of bacterial populations to these classes of compounds 

has provided the bacteria with a significant advantage for developing an effective 

resistance mechanism. However, the timescale for the development of resistance 

towards the novel synthetic antibacterials such as the sulfamethoxazole-trimethoprim 

combination and fluoroquinolones has been more long term as a result of the 

relatively short exposure time. This pattern of bacterial resistance must be considered 

during the development of novel antibiotics and significant advantage can potentially 

come from utilising diverse compound libraries to increase the probability of 

discovering a new class of antibiotic with a novel mechanism of action20. 

  



Jenny Harmer  Chapter One 

 15   

1.2 Antibiotic Development – From Target Identification to 

Hit Discovery and Development 

 

1.2.1 Target identification 

The traditional strategy for identifying appropriate antibiotic targets involved 

phenotypic screening, in which compounds were assessed on their ability to kill the 

growing bacteria66. As an alternative, a target-based strategy is now employed, which 

has been facilitated by the rapidly increasing number of bacterial genomes that have 

been sequenced fully. To date, over 1500 bacterial genomes have been sequenced and 

more than 4800 are in progress67. Each sequence reveals all the RNA and protein 

coding capability of each genome and subsequently provides a basis for identifying 

potential drug targets. However, the following criteria must be considered during 

target selection66,68: 

 

 It must be identified in the entire spectrum of organisms under investigation 

 It should ideally be absent in humans but if not, the human equivalent must be 

significantly different for the development of selective inhibitors 

 It should be essential for bacteria growth or viability under infection conditions 

 It should be relevant to the infection process 

 Preliminary information should be known about the target to facilitate the 

development of activity assays and HTS 

 

There are limitations to the genetic-based target strategy, such as the identification of 

already well-studied antibacterial targets. Becker et al. have studied the Salmonella 

enterica (S. enterica) genome and identified the open reading frames with metabolic 

functions, assuming that these tend to make good antibacterial targets69. The 

characterisation of relevant genes by proteomic studies identified the proteins 

expressed in animal infection models of typhoid fever and S. enterica-induced 

gastroenteritis. The subsequent pathway analysis supplemented the initial studies by 

showing that virulence was significantly attenuated when the genes and pathways 

involved in metabolite synthesis were disrupted. These genes and/or pathways were 

not found in the host69. Following further target assessment, the remaining 56 proteins 

were found to be associated with aminoacylation of tRNA, peptidoglycan biosynthesis, 

isoprenoid biosynthesis and fatty acid biosynthesis; all of which are well-known 

antibacterial targets69. These results imply that the number of pathways that can be 

targeted by antibacterials may be limited which would significantly hinder the 

development of novel antibiotics70.  
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Another limitation of the genetic analysis pathway is dependent on the mode of action 

of the antibiotic, with some not directly affecting the gene product but interacting with 

the substrate68. For example, vancomycin inhibits the formation of cross-links in the 

peptidoglycan biosynthesis pathway by binding to the two distal alanines and blocking 

the binding site for the transpeptidase and transglycosidase enzymes71. Therefore it 

cannot be assumed that genetic analysis will identify all valid antibacterial targets. 

 

1.2.2 Methods of hit discovery 

The methods for hit discovery currently in use depend on the research institution, 

financial support and the type of target (table 1.2). A crucial starting point is the 

development of a biochemical assay suitable for the target in question as this allows 

for high-throughput screening (HTS) to be carried out. HTS is capable of identifying a 

relatively small subset of inhibitor molecules from a vast chemical space, which can 

include up to a million drug-like molecules72. There are often exceptions in the drug 

discovery process, but typically, the compounds are screened at a concentration 

ranging from 1-50 µM and selected for an inhibitory effect of greater than 50%73. There 

are several problems with the high throughput approach. These include the high rate 

of false positives, high rate of false negatives, relatively low ligand efficiency due to 

size of compound and the limited chemical diversity in many of the libraries that are 

screened74.  

 

The validation of hits from HTS requires a range of counter screening methods. These 

are designed to exclude non-selective or promiscuous hits. One of the most 

problematic mechanisms causing promiscuous hits is the formation of aggregates, 

which can be alleviated by using dose-response curves as well as utilising dynamic 

light-scattering, typically used to identify large aggregate particles in buffer systems75. 

Alternatively, the compound can be assayed against another member of the target 

family under the same experimental conditions, with identical results indicating either 

a promiscuous hit or a false positive that can be eliminated73. Therefore, a robust set 

of complementary assays must be optimised and ready for use to validate all identified 

hits for further analysis. 
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Table 1.2: Summary of hit discovery techniques73. 

 

An alternative method of HTS that can explore a larger area/proportion of chemical 

space with fewer compounds is fragment-based screening, which would typically 

require both biochemical assays and biophysical characterisation in combination. This 

method utilises compounds that obey the “rule of three” with a relatively small 

molecular weight (<300), clogP of ≤3 (a measure of lipophilicity) and the number of 

hydrogen bond acceptors and donors should be ≤376. Due to the low complexity of 

these compounds, the screening concentration of the compound has to be 

dramatically increased (~ 1 mM) because the binding is expected to be much weaker 

but more efficient, consequently, a more sensitive screening method can have 

substantial advantages77. In order to understand the binding mode of the fragments, 

biophysical techniques such as X-ray crystallography and nuclear magnetic resonance 

(NMR) are used simultaneously. Further information such as binding stoichiometry and 

Primary 
assay 

Molecule 
class 

Detection Hit 
discovery 
advantages 

Sampling 
of 
Chemical 
Space 

Hit 
confirmation 
challenges 

Hit discovery 
technique 

Biochemical Drug-like Mostly 
fluorescence 

Preliminary 
SAR 

Very poor Data noise, 
false positives, 
false negatives 

Affinity 
confirmation, 
counter 
screening 
(proteins, 
artifacts) 

Fragment-
like 

Mostly 
fluorescence 

Minimal 
resource 
need 

Better False positives, 
weak potency 

Multiple assays, 
counter 
screening 
(artifacts), 
preference for 
structural data 

Affinity Drug-like MS Large 
mixture 
capability 

Poor Deconvolution, 
false positives 
by MS, false 
negatives  

Biochemical 
confirmation in 
discrete format, 
mixture 
optimisation 

Fragment-
like 

NMR Structural 
information 

Better Weak potency, 
false positives, 
no SAR 

Biochemical 
confirmation, 
structure guided 
optimisation, 
site-directed 
screening 

Fragment-
like 

X-ray Structural 
information 

Better Weak potency, 
false 
negatives, no 
SAR 

Biochemical 
confirmation, 
structure guided 
optimisation 

In silico Drug-like Scoring Chemistry-
less filtering 

Better Need 
experimental 
confirmation 
and preferably 
structural data 
for model 

Biochemical 
confirmation, 
model 
refinement by 
enrichment 
studies 

Fragment-
like 

Scoring Chemistry-
less filtering 

Good Need 
experimental 
confirmation 
and preferably 
structural data 
for model 

Biochemical 
confirmation, 
model 
refinement by 
enrichment 
studies 
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on/off rates can be determined using surface plasmon resonance (SPR) spectroscopy. 

These methods also provide a means of counter-screening to characterise the binding 

site of the ligand and therefore identify the mechanisms of inhibition. If more than one 

fragment is observed to occupy different areas of the active binding domain, the 

fragments can be linked or merged to fill the entire active site. Therefore, initial 

studies that identified a number of very weak binding compounds can lead to the 

development of a high potency structure that combines several of the original 

fragments (figure 1.9).  

 

Figure 1.9: Fragment-based design of inhibitors. a) Active site of T4 Dam in complex 

with sinefungin (red) and the flipped-out adenine base (blue) with the yellow arrows 

indicating cavities still to be occupied. b) Adenosyl fragment of sinefungin (red) with a 

number of empty cavities as indicated by the yellow arrows.  c) Flipped-out adenine 

base (blue) from the bound DNA duplex with the empty SAM-binding pocket indicated 

by the yellow arrows.  d) Methionine fragment of sinefungin (red) with a number of 

empty cavities as indicated by the yellow arrows.  (PDB - 1YFL, visualised using UCSF 

Chimera78).  

 

 

 

 

 

 

 

 
 

 

 

 

a b
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As mentioned previously, biophysical techniques are essential for fragment hit 

confirmation and mode of binding studies and form an important prerequisite for the 

further development of the compound. The typical increase in interaction points from 

a number of fragments within the active site should lead to an increase in potency and 

allows for selectivity issues to be addressed at an early stage (figure 1.10)73,76. Also 

known as affinity screening, it tends to eliminate the problem of false positives caused 

by non-specific binding and poor solubility as well as assay interference73. However, 

there are still a number of disadvantages such as false negatives, ligand off rates, ease 

of crystallisation and need for isotopic labelling79.  

 

 

 

 

Figure 1.10: Typical screening pathway for a compound library. The library is 

reduced to a sub-set of compounds for structural characterisation whilst the 

compound potency is closely monitored to ensure the important interactions are 

maintained. An example of fragment-based screening is the potent inhibitor of the 

blood coagulation target Thrombin, which resulted from the linking of two relatively 

weak binders aided by X-ray crystallography77. 
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A complementary approach utilises prediction models via a docking and scoring 

system defined as: “the process of computationally placing a virtual molecular 

structure into a binding site of a biological macromolecule (docking) and flexibly or 

rigidly relaxing the respective structures then ranking (scoring) the complementarity of 

fit.”80 This method investigates whether ligand binding would be dynamically 

favourable but it requires a structure of the target protein, usually determined by 

crystallographic or NMR methods. Once the target is modelled, millions of compounds 

can be docked in silico as a powerful computational filter to yield a subset of 

compounds for experiments, a process often referred to as ‘cherry picking’81. Although 

this technique is seen as a valuable tool for reducing the number of compounds to a 

feasible screening number, it can only be regarded as a prediction technique. 

Compounds identified as potential inhibitors must be synthesised and their activity 

determined in a biochemical assay to provide the valuable feedback loop with further 

information to improve the design. It does, however, provide the opportunity to 

sample parts of chemical space in a manner that cannot be achieved at the in vitro or 

in vivo level. 

 

1.2.3 Hit to lead development 

The method of hit to lead follow-up depends upon the technique used for hit 

identification. The criteria of high potency is no longer as important when HTS has 

been utilised because improving the potency is relatively straightforward; far more 

challenging are the problems of achieving a high degree of selectivity, understanding 

the binding mode and developing a drug like molecule with optimal pharmacokinetic 

and physicochemical properties73. On the other hand, for the hits identified from 

fragment-based screening, there is little value in researching selectivity and drug-like 

properties because of the low complexity of the compounds. For the fragment 

approach, it is more important to obtain structural information that can define the 

binding sites and inform the design of more potent inhibitors by combining features 

from several fragments to form a drug-like compound. 

 

The hit to lead development can follow three main pathways which are hit evolution, 

bioisosteric replacements and hit fragmentation combined with fragment-based 

techniques. The most frequently used method is hit evolution, which allows 

multiparameter optimisation of structural analogues based on varying substituents 

around the core scaffold. The analogues are screened for improved properties which 

may include potency, selectivity or pharmacokinetics, followed by the synthesis of 

further focussed libraries guided by the results from the previous round. Alternatively, 

mixtures of compounds can be assayed using competitive affinity techniques such as 

NMR spectroscopy, which identify structures with improved inhibition constants82. 
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Bioisosteres are used as a sub-class of hit evolution methods where the potency of the 

compound is maintained but the overall profile of the hit is improved. 

 

When the hits identified from HTS are large molecules, a dramatic improvement in 

potency can be observed after hit fragmentation and reformation. This technique can 

reveal which sub-section of that compound is most effective and guide the 

optimisation whilst sampling a larger area of chemical space than if it had remained a 

large molecule. As mentioned previously, the minimal core fragments can then 

undergo fragment-based hit to lead optimisation and this can be further enhanced by 

taking advantage of structural analysis techniques, such as X-ray crystallography or 

NMR spectroscopy. This information can lead to the linking or merging of various 

fragments whilst maintaining the core potent scaffold identified from the HTS.  

 

1.2.4 Optimisation of the lead 

The term drug-like is defined as a compound that successfully completes human phase 

I clinical trials whilst exhibiting suitable absorption, distribution, metabolism and 

excretion properties83. However, with chemical space being so vast, with the potential 

of up to 10100 molecules, Lipinski has calculated the probability of finding a drug-like 

hit is only one in 1014.83,84 Although HTS is ideal for exploring chemical space, it is 

limited by the number of compound libraries available and therefore identifies 

compounds which tend to be very large, complex and hydrophobic, a combination that 

correlates poorly or even negatively with improved drug like properties85.   

 

There are a number of factors which contribute to the identification of a drug-like 

compound, such as bioavailability where solubility, cell permeability and metabolism 

play a vital role during the clinical trials phase86. The compounds that have been 

developed from hit to lead require this final optimisation so that the success rate 

during clinical trials can be further improved whilst the financial input can remain as 

low as possible. 
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1.3 Proposed Target for Antibiotic Development – DNA 

Adenine Methyltransferase 

 

1.3.1 DNA methyltransferase overview 

Hotchkiss first observed DNA methylation in calf thymus DNA in 194887, which was 

followed by the identification of the first DNA methyltransferase (DNA MTase) in 

Escherichia coli (E. coli) by Gold and Hurwitz in 196488. Subsequent research into a 

range of organisms from bacteria to human, has revealed that DNA methylation is 

present in nearly all organisms89. DNA MTases are a class of enzymes that catalyse the 

transfer of a methyl group from S-adenosylmethionine (SAM) to a nucleotide base90, 

resulting in the methylated base and S-adenosylhomocysteine (SAH, figure 1.11). The 

methylation can occur at the N6 position of adenine and the N4 and C5 positions of 

cytosine, but only the C5-methylation product has been found in higher eukaryotes91,92.  

 

Figure 1.11: Methylation reaction scheme. The highlighted methyl is transferred from 

SAM to the target base. 

 

The presence of DNA MTases in both eukaryotic and prokaryotic cells is summarised in 

table 1.3 but their associated functions are very different. Prokaryotes typically use 

DNA MTases to distinguish between self and non-self DNA using a restriction-

modification (RM) system. MTases have been shown to function in conjunction with a 

restriction endonuclease that selectively cleaves foreign or ‘invading’ unmethylated 

DNA at specific recognition sequences, a defence mechanism against bacteriophages 

that commonly infect bacteria91,93. Alternatively, one of the factors that are thought to 

control eukaryotic cellular differentiation is methylation at the C5 position on cytosine, 

which in turn modulates the expression levels of proteins. The methyl groups protrude 

from the major groove of DNA and can sterically block protein recognition signals 

required to initiate transcription94,95.  In particular, the presence of methylation in the 

promoter region can lead to gene repression by preventing the binding of RNA 

polymerase to the DNA96. These methylation systems have provided significant areas of 

medical interest with the discovery and development of antibiotics targeting adenine 

MTases as well as the C5 cytosine methylation patterns of higher eukaryotes having 

direct links to cancer development97-100.   
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Table 1.3: Types of nucleotide methylation. 

 

The addition of a methyl group at the N4 position of cytosine or the N6 position of 

adenine is catalysed by the exocyclic DNA MTases104, as the methylated nitrogen does 

not form part of a heterocyclic ring. Conversely, enzymatic methylation of the C5 of 

cytosine is carried out by an endocyclic DNA MTase104 because it acts upon a carbon 

atom that lies within the ring system of the nucleotide base (figure 1.12). In all cases, 

the sites of methylation are positioned in the major groove of B-form DNA, which 

enables the necessary hydrogen bonding and hydrophobic interactions for the efficient 

recognition of the DNA sequence105. 

 

Figure 1.12: Structures of methylated heterocyclic bases. The highlighted methyl 

groups show the exocyclic or endocyclic nature of the reaction. 

 

The methylation reaction is catalysed by DNA MTases that bind the necessary 

substrates and access the target base in a multi-step process91. In general, when the 

enzyme is part of an RM system, such as M.EcoRV, the methylation occurs in a 

distributive manner, whereby the enzyme leaves the DNA following methyl transfer 

and attaches itself to another DNA strand resulting in multiple DNA strands with a 

small number of methylation sites104. Alternatively, it is reported that independent DNA 

MTases, such as E. coli DNA adenine methyltransferase (Dam) and cell cycle-regulated 

methyltransferase (CcrM), methylate in a processive manner by remaining non-

specifically bound to the DNA and moving along the duplex by linear diffusion to 

methylate the target base within each specific recognition sequence that it comes 

Subtypes Origin Recognition 

Sequence 

Example/Species Medical 

Relevance 

2-methyladenosine101 & 

8-methyladenosine102 

Prokaryotes Ribosomal 

RNA 

E. coli MRSA102 

N4-methylcytosine103 Prokaryotes CAGCTG M.PvuII RM 

C5-methylcytosine Prokaryotes 

Eukaryotes 

GCGC 

CG 

M.HhaI 

DNMT1 

RM 

Cancer 

N6-methyladenine Prokaryotes GATC 

GATAC 

GANTC 

E. coli/Y. pestis Dam 

M.EcoRV 

CcrM 

Plague 

RM 

Model 

organism 
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across106-108. The target base is made accessible by the formation of specific interactions 

to the phosphodiester backbone of the DNA to flip the base to be methylated out of 

the DNA duplex and into the active site of the enzyme109,110. The methyl group is then 

transferred from SAM to the base leaving SAH in the active site, whilst the base can flip 

back into the double helix to reform the Watson-Crick interactions with the orphaned 

base.  

 

1.3.2 DNA adenine N6 methyltransferase 

As discussed briefly in the DNA MTase overview, most prokaryotic DNA MTases are 

part of an RM system as a mechanism for defence. However, there are two well-studied 

examples of MTase activity which are essential for the cell but not complemented by a 

corresponding restriction endonuclease, known as Dam and CcrM111. CcrM is vital in 

the life cycle of a number of α-proteobacteria such as Caulobacter crescentus (C. 

crescentus) and Rhizobium meliloti, which are important model organisms for 

investigating the regulation of the cell cycle112. On the other hand, Dam is reported to 

regulate a number of genes involved in bacterial pathogenesis and the lack of adenine 

methylation in mammals has led to Dam being proposed as an excellent target for the 

development of selective antibiotics97,98.  

 

1.3.2.1 Structure 

The availability of the structural information on E. coli Dam and the bacteriophage T4 

Dam is a considerable advantage in the design and discovery of Dam inhibitors.  The 

structures reveal a monomeric enzyme consisting of a seven-stranded catalytic domain 

with an active site cavity occupied by a SAM analogue (either SAH113 or sinefungin114). 

The second domain, responsible for DNA recognition and binding, comprises a five-

helix bundle and a β–hairpin loop110 (figure 1.13), which is conserved amongst the 

GATC-related MTase orthologs115. The main difference between the two structures is in 

the residues associating with the first base of the duplex in the DNA binding domain. 

T4 Dam is coordinated to the guanine of the GATC site through bifurcated hydrogen 

bonds with R130 at the end of the β–hairpin, a residue that is not conserved amongst 

Dam-related MTases110,116. The E. coli Dam structure shows the residue K9 interacting 

with guanine of the recognition sequence, with the lysine position corresponding to an 

alanine in the T4 Dam structure which does not form a direct contact to the DNA110. 

The second residue in contact with the guanine is Y138, but mutations of the two 

flanking residues, R137 and K139, as well as the tyrosine were shown not to affect the 

DNA binding in comparison to the wild-type116. 
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Figure 1.13: E. coli Dam in complex with DNA and SAH. The seven-stranded catalytic 

domain (purple) and DNA binding domain consisting of a five-helix bundle (orange) 

and a β–hairpin loop (red) are highlighted (PDB – 2G1P, visualised using UCSF 

Chimera78).  

 

Previous crystallographic studies have shown the N-terminal loop of E. coli Dam to be 

involved in the binding of SAM and DNA as well as interacting with the flipped base110. 

The residue K9 is the only sequence-specific contact to the deoxyguanosine nucleotide 

of GATC substrate recognition motif whilst the G12 forms a hydrogen bonding 

interaction with the DNA phosphate110. In the 2G1P structure of Dam in complex with 

DNA and SAH, SAH is contacted by W10 and the methionine moiety is stabilised by 

interactions with the backbone of K14 (figure 1.14)113. However, the addition of DNA to 

the binary complex causes the C-α atoms of G12 and G13 to shift by over 2.0 Å110,113, 

with these two residues being part of a GXK motif which is highly conserved amongst 

GATC-selective DNA MTases114.  

DNA 

SAH 
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Figure 1.14: Active site of E. coli Dam in complex with SAH and DNA. The 

methionine of SAH interacts with the peptide backbone of G12 and K14 whilst W10 

and D54 form hydrogen bonds to the hydroxyl groups of the ribose. The residue K9 

hydrogen bonds to the deoxyguanosine nucleotide of the GATC recognition site, which 

contains the flipped-out adenine (PDB – 2G1P, visualised using UCSF Chimera78). 

 

The crystal structures of E. coli Dam and T4 Dam have also revealed vital interactions 

with the third and fourth base pairs of the recognition sequence (GATC). In E. coli 

Dam, the two hydrophobic side chains of L122 and P134 make van der Waals contacts 

with the third base pair, of which the latter is essential for the TA discrimination 

(figure 1.15)116. The interactions of these side chains were investigated by modelling a 

methyl group onto the N6 of adenine within the GATC site, resulting in a 

hemimethylated substrate110. The methyl group occupied the space between the side 

chains of L122 and P134 but lay slightly closer to leucine. Further studies revealed the 

methyl transfer to unmethylated DNA was approximately twice as fast as that for the 

hemimethylated duplex, possibly due to the number of methylation sites available or 

the methyl transfer step may be faster with unmethylated DNA110. However, the L122A 

mutant was inactivated towards unmethylated DNA but modified the hemimethylated 

substrate at a rate similar to that of the wild-type. In this regard, the mutant resembles 

the activity of the maintenance MTase, mammalian Dnmt1, which preferentially 

methylates hemimethylated cytosine-phosphate-guanine (CpG) sites over unmethylated 

CpG sites110,117,118. The guanine of the fourth base-pair interacts in a bifurcated hydrogen 
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bonding manner with R124, an interaction identical to that of T4 Dam and critical for 

the recognition of the fourth base-pair116. Mutagenesis studies involving R124A showed 

a reduction in catalytic activity but methylation occurred on two near-cognate 

substrates, GATT and GATG, identifying the importance of this residue for enzyme 

activation110,116. 

 

Figure 1.15: Interacting residues of the E. coli Dam:DNA complex. The residues K9 

and Y138 form hydrogen bonds with the first guanine of the GATC sequence. The 

hydrophobic side chains of L122 and P134 form van der Waal’s contacts with the third 

base pair whilst R124 forms bifurcated hydrogen bonds with the guanine of the fourth 

base pair (the orange dashes represent hydrogen bonding between base pairs, PDB – 

2G1P, visualised using PyMOL119). 

 

1.3.2.2 Mechanism 

The mechanism of Dam has been proposed to involve initial non-specific binding to 

the DNA followed by translation along the DNA until the methylation recognition site is 

reached and the necessary interactions are formed as described in section 1.3.2.1106,116. 

The methylation reaction then proceeds via a base-flipping pathway, where the target 

adenine dissociates from its Watson-Crick pair and flips into the active site for the 

methyl transfer120,121. The studies of base-flipping involved the introduction of the 

fluorescent adenine analogue 2-aminopurine into the GATC recognition sequence. The 

double helix stacking interactions quenches the 2-aminopurine fluorescence, but the 
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quenching stops if the 2-aminopurine flips out of the double helix. The resultant 

increase in fluorescence can be used to quantify the extent and kinetics of base-

flipping110,120,121. The crystal structure of T4 Dam in a ternary complex with the SAM 

analogue sinefungin and DNA shows the flipped-out adenine base interacting with the 

conserved catalytic D171-Pro-Pro-Y174 motif122. The N6-amino group of the base forms 

hydrogen bonds to the side chain of D171 and the carbonyl oxygen between the two 

proline residues P172 and P173 (figure 1.16)116. The adenine is further stabilised by 

face-to-face π-stacking interactions with the aromatic ring of Y174 and T-shaped 

stacking with the residue Y181116. Residue Y181 also forms a hydrogen bond between 

its hydroxyl and the ε-amino group of sinefungin, a feature that could be required to 

stabilise the base in the flipped-out orientation and subsequently allow confident 

assignment of the X-ray crystal data116. 

 

Figure 1.16: The active site of T4 Dam in complex with sinefungin and DNA. 

Adenine is flipped-out of the DNA duplex and is stabilised by π-stacking interactions 

from residues Y174 and Y181 with additional stabilisation of hydrogen bonds to the 

side chain of D171 and the backbone of residues 172-173 (PDB – 1YFL, visualised 

using PyMOL119). 

 

The base-flipping requires the simultaneous intercalation of Y119 for E. coli Dam and 

F111 for T4 Dam into the DNA duplex for the catalytic activity of the enzyme whilst the 

orphaned thymine is stabilised either by π–stacking interactions with the guanidine 

group of R137 or hydrogen bonds to the amide side-chain of N120110,116. An interesting 
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observation regarding substrate recognition in T4 Dam involves the residue R130, 

responsible for interacting with the first guanine of the sequence, as well as R116 

(figure 1.17)116. This pair of residues are able to switch their original (sequence 

independent) electrostatic interactions with the DNA phosphate backbone in the non-

specific complex to a binding mode of the specific complex, which is essential for the 

reorientation of the enzyme’s active site to accommodate the flipped base116,123. 

Figure 1.17: The orphaned base of T4 Dam. The thymine is stabilised by hydrogen 

bonds to the side chain of S112 which occupies the space left by the flipped-out 

adenine. Thymine is further stabilised by hydrogen bonding to the side chain of R130 

and the intercalation of F111 into the duplex. The side chains of residues R116 and 

R130 form key hydrogen bonds with the guanine at the beginning of each GATC site 

(the orange dashes represent hydrogen bonding between base pairs, PDB – 1YFL, 

visualised using PyMOL119). 

 

The proposed mechanism for the reaction is the direct transfer of the methyl group 

onto the N6 of adenine via an S
N
2 pathway124 (figure 1.18), where the loss of the methyl 

group from the positively charged sulfur of SAM gives the product SAH. Following the 

methylation, adenine flips back into the double helix to reunite with the orphaned 

thymine. As described in 1.3.1, the enzyme then continues along the substrate DNA in 

a processive manner until the next recognition site106,108. This proposed movement of 

the enzyme is reinforced by the crystal structure of T4 Dam which identifies Dam 

binding the DNA at non-specific sites114.  
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Figure 1.18: Mechanism of adenine methylation. Proceeds via an S
N
2 pathway. 

 

1.3.2.3 Function 

Even though Dam does not have a cognate restriction enzyme, it participates in a 

number of cellular regulatory events including the mismatch repair system125-127, 

regulation of DNA replication128,129 and control of gene expression130,131. The post-

replicative mismatch repair system utilises the methylation pattern of the DNA strand 

to recognise the parent strand with the correct nucleotide sequence to be 

distinguished from the unmethylated daughter strand that may contain replication 

errors132. The regulation is controlled by MutH, which binds specifically to 

hemimethylated DNA and cleaves the erroneous unmethylated daughter strand ready 

for removal by helicase II and one of four exonucleases133,134. The resulting break in the 

DNA is then filled by DNA polymerase III holoenzyme whilst DNA ligase repairs the 

covalent interactions of the double strand135. 

 

Methylation immediately follows DNA replication to convert the hemimethylated DNA 

into fully methylated DNA128,130. Therefore, the hemimethylated nature of the DNA is 

sustained for only a fraction of the cell cycle, unless regulatory proteins bind to the 

DNA and block methylation130. For example, the protein SeqA binds two or more 

hemimethylated GATC sites typically separated by one to three helical turns136. It can 

also bind to two regions within oriC, the E. coli origin of replication, of which each 

region contains three GATC sites136. This binding reduces the level of Dam methylation 

and prevents the DnaA protein from binding, blocking the initiation of replication137. 

The levels of SeqA and Dam are finely balanced to ensure the regulation of DNA 

replication; otherwise, reinitiation can occur more than once per cell cycle at the same 

origin of replication138. 

 

Alternative methylation patterns can be established when protein-DNA binding 

prevents methylation for the entire cell cycle, resulting in hemimethylated DNA after 

one cycle and nonmethylated DNA after two cycles128,139. These unmethylated and 

hemimethylated DNA states have a vital role in controlling gene expression, first 

reported for the pyelonephritis-associated pili (pap) operon of uropathogenic E. coli 

(UPEC)140. The binding of UPEC to uroepithelial cells is facilitated by pap which plays an 

important role in the bacterial colonisation of the urinary tract141,142. The expression of 



Jenny Harmer  Chapter One 

 31   

pap operon encoded proteins is controlled at the transcriptional level in a process 

known as phase-variation, where some bacteria within a single colony express pap 

(phase ON) whilst others do not (phase OFF)143. This phase-variation depends upon two 

regulatory GATC sites (GATC1028 and GATC1130) near the pap pilin transcription start 

site131,143. The GATC1028 site is nonmethylated in phase ON cells and methylated in phase 

OFF cells whilst GATC1130 is methylated in phase ON cells and nonmethylated in phase 

OFF cells131.  These methylation patterns have been observed to control pap gene 

expression through the use of E. coli Dam mutants, with both Dam deletion mutants 

and cells that overproduce Dam (DamOP) halting pap gene expression131.  

 

The importance of Dam in bacterial virulence was investigated by constructing 

chromosomal deletion mutants of the γ-proteobacteria Salmonella typhimurium (S. 

typhimurium)97 and Yersinia pestis (Y. pestis, figure 1.19)144. These studies showed 

Dam is not essential for the viability of all bacterial strains, but it does play a role in 

the regulation of virulence proteins such as Yersinia outer proteins (YOPs) in Y. pestis, 

which can form pores in cell membranes leading to cytolysis and interefere with cell 

signalling pathways145. Damop mutants were constructed for strains in which Dam is 

essential for viability, such as Yersinia pseudotuberculosis and Vibrio cholerae, 

resulting in an increase of the ectopic secretion of YOPs, the potential reason for the 

attenuated virulence as suggested for Salmonella146. The role of Dam in viability is 

replicated by CcrM in C. crescentus of the α–proteobacteria subdivision112. The altered 

levels of secreted proteins may also be responsible for the strains of Yersinia and 

Salmonella eliciting a fully protective immune response in vaccinated hosts97,147,148.  

 

Figure 1.19: Example bacterial strains affected by Dam levels. Left – scanning 

electron micrograph showing a mass of Y. pestis bacteria in the foregut of the flea 

vector. Right – colour-enhanced scanning electron micrograph showing Salmonella 

typhimurium (red) invading cultured human cells. (Credit for photographs: Rocky 

Mountain Laboratories, NIAID, NIH) 
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An alternative strategy for decreasing the threat of infective microorganisms is the 

development of suitable vaccines. The potential for vaccine development using strains 

of S. typhimurium and Y. pestis containing altered levels of Dam has been exploited149. 

However, directly affecting the level of Dam, which plays a significant role in gene 

regulation and the mismatch repair system, results in an unacceptable risk of mutation 

that could infer resistance or increased virulence capabilities. Methods to exploit the 

important role of Dam in bacterial virulence must therefore start from the 

identification of potent small molecule inhibitors that significantly attenuate the wild-

type bacteria97.  

 

1.3.2.4 Inhibitors 

Reich and Mashoon initiated studies into the development of inhibitors of EcoRI DNA 

MTase using natural and synthetic analogues of SAM, such as the methyl donor 

product SAH, the natural product sinefungin, N-methyl-SAM and N-ethyl-SAM (figure 

1.20)150. All four compounds showed competitive inhibition with respect to SAM but 

only sinefungin behaved as a potent inhibitor with a K
i
 of 10 nM150. However, the 

conserved nature of the SAM binding domain within a number of DNA MTases 

permitted non-specific inhibition of a broad spectrum of MTases and sinefungin was 

therefore excluded from further studies98,151. 

 

Figure 1.20: Structures of natural and synthetic SAM analogues. 20 is sinefungin, 

21 is N-methyl-SAM and 22 is N-ethyl-SAM. 

 

The specificity problem was studied further by developing a SAM analogue that could 

target both the SAM pocket and the area to be occupied by the flipped base. Benkovic 

et al. adopted this bi-substrate approach resulting in a series of borinic esters that 

selectively inhibited CcrM over the cytosine MTase M.HhaI as well as having an 

inhibitory effect on Dam, making this a route for potential further development 

towards antibiotics152,153.  

 

An alternative to modifying the structure of bi-substrate inhibitors is the HTS of 

compound libraries. This allows the sampling of large volumes of diverse chemical 

space and may provide a higher chance of success for finding a selective inhibitor not 

previously explored. This approach was employed by Reich et al. by screening the 

50,000 compound ChemBridge Prime-Collection library which resulted in the 
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identification of 57 potential Dam inhibitors with IC
50

 values of below 25 µM98. As a 

further alternative strategy, Benkovic et al. used a genetic-selection methodology to 

screen a cyclic peptide library affording three highly selective Dam inhibitors and these 

have potential for development into small molecule lead compounds154. 

 

1.3.3 Cytosine methyltransferases 

As discussed in section 1.3.2.4, the development of effective inhibitors depends upon 

their preferential activity towards the target, whilst not interfering with other cellular 

processes. The lack of methylated N6-adenine in higher eukaryotes suggests there 

may be an opportunity to develop a relatively selective Dam inhibitor that does not 

have adverse effects through the inhibition of mammalian MTases such as Dnmt1.  

 

Cytosine MTases in higher eukaryotes carry out maintenance and de novo 

methylation118, with Dnmt1 being the most abundant. Dnmt1 has an observed 20-fold 

preference for hemimethylated CpG sites over unmethylated sites117. This enzyme itself 

is an attractive target as it is critical for the control of cellular differentiation and 

development as well as gene expression, with promoter methylation leading to gene 

repression94,95. There is a significant medical interest into abnormalities found in the 

methylation patterns responsible for these processes due to the link with cancer cell 

development, specifically the disruption of tumour suppressor gene expression155. This 

reinforces the hypothesis that this protein is essential for the maintenance of the 

methylation pattern through the life of a metazoan cell156.  

 

Some prokaryotes also contain a cytosine methylation enzyme, for example M.SssI 

from the Spiroplasma sp. strain MQ1; however unlike Dnmt1, this enzyme behaves as 

a de novo methylase157. M.SssI exclusively methylates CpG sites but preferentially 

utilises the substrate when it is unmethylated, therefore initiating the pattern of 

methylation in the early stages of life of the cell. To date, the most comprehensively 

characterised cytosine MTase is M.HhaI, which is part of an RM system in the 

bacterium Haemophilus haemolyticus158,159. Structural studies of this enzyme revealed 

the first physical evidence for the base-flipping mechanism, which has provided the 

basis for the design of the bi-substrate inhibitors which can target the SAM and DNA 

pockets simultaneously (figure 1.21)104.  
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Figure 1.21: First insights into the base flipping pathway. The bacterial cytosine 

MTase M.HhaI with the flipped-out adenine base which is part of a guanine:adenine 

mismatch and SAH (PDB - 7MHT, visualised using UCSF Chimera78). 

 

1.3.4 Structural analysis as a technique for studying methyltransferases 

There have been comprehensive studies into MTases primarily using X-ray 

crystallography to investigate the mechanisms and interactions of this class of 

enzyme. The identification of the SAM and DNA binding sites has guided the 

modification of inhibitors, not possible using biochemical assays alone. The 

crystallisation of proteins is often a significant bottleneck in the development of 

inhibitors160, but initial studies can provide valuable information as a starting point for 

the crystallisation of further members of the protein family. A summary of the solved 

crystal structures for the relevant DNA MTases can be seen in table 1.4. 
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Enzyme Methylation 

Target 

PDB Codes Ligand(s) Investigated Resolution 

Limit/Å 

TaqI N6-adenine 1AQI, 1AQJ, 1G38, 2ADM, 2IBS, 

2IBT, 2IH2, 2IH4, 2IH5, 2JG3, 

2NP6, 2NP7 

DNA, SAM, SAH, 

sinefungin, inhibitors  

1.61 

RsrI N6- adenine 1EG2, 1NW5, 1NW6, 1NW7, 

1NW8 

MTA, SAM, SAH, 

sinefungin 

1.75 

MboIIA N6- adenine 1G60 SAM 1.74 

E. coli Dam 

T4 Dam 

N6- adenine 

N6- adenine 

2G1P, 20RE 

1Q0S, 1Q0T, 1YF3, 1YFJ, 1YFL 

DNA, SAH 

DNA, SAH, sinefungin 

1.89 

2.29 

DpnII N6- adenine 2DPM SAM 1.80 

PvuII N4- adenine 1BOO SAH 2.80 

HaeIII C5-cytosine 1DCT DNA 2.80 

HhaI C5-cytosine 10MH, 1M0E, 1SKM, 1SVU, 

2C7O, 2C7P, 2C7Q, 2C7R, 

2HMY, 2HR1, 2I9K, 2UYC, 

2UYH, 2UZ4, 2Z6A 2Z6Q, 

2Z6U, 2ZCJ, 3EEO, 5MHT, 

6MHT, 7MHT, 8MHT, 9MHT 

DNA, SAM, SAH, 

inhibitors, 2-

deoxycytidine 

1.70 

Dnmt1 C5-cytosine 3EPZ Selenomethionine 2.31 

Dnmt2 C5-cytosine 1G55 SAH, S-hydroxycysteine 1.80 

Table 1.4: Solved crystal structures of DNA methyltransferases. 

 

The reproducibility of crystals is also a major concern during inhibitor development161, 

especially if the fragment-based approach is adopted because without the 

determination of the binding sites in the active site, the fragments cannot be 

efficiently linked or merged to improve the potency. Problematic crystallisation can be 

overcome by the use of NMR spectroscopy as a solution-based method to confirm the 

binding modes but this requires larger volumes of soluble labelled protein, which can 

cause another significant bottleneck during the drug development pipeline162-164.   
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1.4 Aims of the Project 

 

 Screen compound libraries using a biochemical assay to identify potential Dam 

inhibitors: 

o Large chemically diverse compound library 

o Fragment-based library  

o Enriched library selected by an in silico virtual screen 

 

 Counter screen potential hits to ensure inhibition is not an artefact of the assay 

 

 Counter screen against another MTase to provide initial selectivity data 

 

 Reproduce crystallisation conditions of E. coli Dam – an ideal starting point for 

further protein:inhibitor complexes to be developed 

 

 Confirm binding mode of hits using X-ray crystallography  

 

 Use the solved structures to guide further development of inhibitors 
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2. The Optimisation of Dam Expression and 

Purification for Crystallisation Studies 
 

2.1 Introduction 

The plasmid, pJCM/5229/87, was constructed by Dr J. McKelvie (University of 

Southampton, UK) and harbours E. coli dam under the control of the pBAD promoter. 

This expression system has been used to express relatively small amounts of protein 

sufficient for enzymatic assays (~2 mgL-1)165. It is useful when attempting the structural 

analysis of proteins to develop a high-yield reproducible expression system and it 

should be possible to purify the target protein to a very pure state (typically >98%). To 

improve the expression levels of Dam, autoinduction was studied as an alternative 

system166, a technique well suited for high-level expression of a protein that is toxic to 

the cell. In most cases, autoinduction requires the target gene to be under the control 

of the isopropyl β-D-1-thiogalactopyranoside (IPTG)-inducible T7 promoter, which has 

been recognised for its success in higher target protein expression levels167,168. 

However, high expression levels often result in the formation of inclusion bodies as a 

consequence of the failure of the bacterial cell to successfully fold the nascent protein 

chain. Such factors must be taken into consideration during the expression 

studies169,170.  

 

When a gene is under the control of the T7 promoter, protein expression can be 

initiated through autoinduction or by the addition of IPTG, both of which regulate 

expression through control of the lac repressor, lacI171. This regulatory protein binds to 

the lac operator during normal growth, blocking the binding of RNA polymerase and 

thus inhibiting transcription171-173. IPTG is a mimic of allolactose which binds to the lac 

repressor, releasing it from its specific DNA binding sites and allowing access for RNA 

polymerase to the promoter which subsequently enables the target protein to be 

expressed174,175. An advantage of using IPTG is that its cellular concentrations remain 

constant because it is not a substrate for β-galactosidase, an enzyme that hydrolyses 

lactose to D-glucose and D-galactose, which can recombine to form allolactose (figure 

2.1)174,176. Autoinduction is initiated as the glucose in the growth medium becomes 

depleted, which forces the bacteria to switch their metabolism towards lactose and 

glycerol, resulting in allolactose production by the hydrolytic activity of β-

galactosidase177. This technique allows the time of induction to be optimally controlled 

by the speed and nutrient requirements of the cell growth. 
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Figure 2.1: Reaction scheme of lactose breakdown and conversion to allolactose. 

Enzyme catalysed lactose hydrolysis to galactose and glucose that can combine to 

form allolactose. 

 

Optimisation of the target protein expression and purification can be a significant 

bottleneck due to the high concentrations and purity of protein required for 

crystallography178. Very high purity is advantageous to reduce the possibility of 

contaminants that can adversely affect the crystallisation process whilst large 

quantities are often needed (> 500 mg) to comparatively explore a variety of 

combinations of reagents that could induce crystal growth (screening). Typically, 

vapour diffusion of water is used to investigate crystallisation conditions via the 

hanging drop and sitting drop techniques (figure 2.2)179. These drop procedures utilise 

a reservoir that is situated at the bottom of the main well, containing a buffered 

solution of precipitants and additives. The drops contain protein solution, usually 

mixed in a 1:1 ratio with the reservoir solution which dilutes each component by 50%. 

Once the system is sealed, vapour diffusion allows the solution concentrations to 

return to an equilibrium position. In practice, the drop volume decreases leading to an 

increase in protein and precipitant concentrations, which may result in a 

supersaturated solution and potentially leading to crystal nucleation and growth 

(figure 2.3)180.  
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Figure 2.2: Sitting drop and hanging drop water vapour diffusion. The loss of water 

increases the concentration of protein and precipitants which ideally leads to crystal 

growth using 24-well Linbro and 96-well CrystalQuick plates for screening. 
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Figure 2.3: Crystallisation phase diagram. The loss of water from the drop results in 

an increase in protein and precipitant concentration, which leads to supersaturation of 

the protein ideally into the nucleation zone. The vapour diffusion of water to the 

reservoir continues until the equilbirum is reached, during which time, the crystals 

enter the metastable zone where crystal growth occurs181. 

 

Once the conditions that induce crystallisation have been identified, they must be 

optimised to improve the crystal size and potential diffracting properties. The crystals 

can then be cryoprotected, flash-cooled and stored at -196 °C (77 K) until experimental 

beamtime permits the diffraction limits of the crystal to be measured. Once a relatively 

complete data set has been measured, the diffraction data obtained from crystals of an 

enzyme:inhibitor complex can then be solved and refined to provide a structure that 

includes the valuable information on the protein-inhibitor interaction. This information 

can guide modifications to the inhibitor structure, resulting in an inhibitor of enhanced 

potency. This approach is the core methodology for structure-based drug design182,183. 
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2.2 Results and Discussion 

 

2.2.1 Subcloning and expression studies of E. coli Dam 

The target gene, E. coli dam, had previously been amplified by PCR and during the 

PCR, a 6 x histidine-tag (His
6
) was added to the N-terminus. The His

6
 tag facilitates the 

purification of the expressed protein by metal affinity chromatography. The pBAD-

derived plasmid containing E. coli dam, pJCM/5229/87 and the pET-derived plasmid 

pRL400 (control) were digested with NcoI and XhoI to excise the gene and linearise the 

pET-backbone. The two required fragments were ligated to form the plasmid pJEH100, 

in which the dam gene was inserted into the pET plasmid, then transformed into E. coli 

TOP10 competent cells and successfully ligated plasmids selected with kanamycin 

resistance. Plasmids from selected colonies were purified, digested and analysed by 

agarose gel electrophoresis (table 2.1 and figure 2.4).  

 

 Calculated size of fragments/base pairs 

 pJCM/5229/87 pRL400 pJEH100 

Linearised plasmid 4849 7177 6091 

Backbone 3989 5231 5231 

Insert 860 1946 860 

Table 2.1: The plasmids used for cloning and their relevant base pair sizes. 

 

 

Figure 2.4: 1% agarose gel electrophoresis of analytical digest of pJEH100. L = 

ladder, 1 = undigested pRL400, 2-7 = undigested pJEH100 colonies 1-6, 8 = pRL400 

linearised by digestion with NcoI, 9-14 = pJEH100 colonies 1-6 linearised by digestion 

with NcoI 1-6, 15 = pRL400 digested with NcoI and XhoI, 16-21 = pJEH100 colonies 1-6 

digested with NcoI and XhoI. 
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The plasmid pJEH100 was transformed into the E. coli strain BL21(DE3), a strain 

developed to allow high level expression of recombinant proteins from the T7 

promoter system175. The two approaches investigated for the induction of protein 

expression were the addition of IPTG and autoinduction166,174. The level of expression 

was estimated by analysis of the soluble protein fraction by SDS-PAGE. Induction by 

IPTG yielded low levels of E. coli Dam expression whereas autoinduction growths 

showed a much higher yield (32,980 Da, figure 2.5 and 2.6 respectively).  

 

Figure 2.5: 15% SDS-PAGE of IPTG induced pJEH100 in BL21(DE3). M = molecular 

weight marker, 1 = 60 mins after induction, 2 = 120 mins after induction, 3 = 180 

mins after induction, 4 = soluble protein overnight, 5 = insoluble protein overnight.  

 

Figure 2.6: 15% SDS-PAGE of autoinduced pJEH100 in BL21(DE3). M = molecular 

weight marker, 1 = New England Biolabs Dam as a standard stored in buffer containing 

BSA (66 kDa), 2 = 240 mins, 3 = 300 mins, 4 = 360 mins, 5 = 420 mins, 6 = soluble 

protein overnight, 7 = insoluble protein overnight. 

 

The reported method for autoinduction includes the use of non-inducing media (P-

0.5G) glycerol stocks to inoculate further growths166.  In the case of E. coli Dam, it was 

M   1     2       3        4        5      

17 kDa 

43 kDa 

66 kDa 

14 kDa 

30 kDa 

72 kDa 

M       1        2        3        4      5      6       7     

17 kDa 

42 kDa 

66 kDa 

14 kDa 

30 kDa 

72 kDa 

  

  

  

  

  

  

  

  

33 kDa 

33 kDa 



Jenny Harmer  Chapter Two 

 45   

found that the source of inoculum had a significant impact on the level of soluble 

protein expression. Inoculation from a glycerol stock of BL21(DE3) transformed with 

pJEH100 and grown in the non-inducing media gave consistently low expression levels 

(figure 2.7). The age of the colony from a plate also effected expression levels, with a 

plate stored at 4 °C for more than one week yielding significantly less protein 

compared to a plate with freshly (~ 24 hr) transformed cells. 

 

Figure 2.7: 15% SDS-PAGE of autoinduced pJEH100 in BL21(DE3). M = molecular 

weight marker, 1 = 2YT glycerol stock 1, 2 = 2YT glycerol stock 2, 3 = 2YT glycerol 

stock 3, 4 = Dam standard from autoinduction 1, 5 = P-0.5G glycerol stock 1, 6 = P-

0.5G glycerol stock 2, 7 = colony 3 (old), 8 = colony 5 (old), 9 = colony 5 (new), 10 = 

colony 6 (new), 11 = colony 7 (new). ‘New’ colonies were used within 48 hours or 

transformation, whereas ‘old’ colonies had been stored at 4 °C on plates for 5-7 days. 

 

For subsequent experiments, colonies from a freshly transformed plate were used to 

inoculate the non-inducing media, followed by the autoinduction media. The timescale 

of each autoinduction experiment allowed three growths per week which consistently 

showed a high E. coli Dam expression level (figure 2.8). This level of protein 

expression was sufficient to develop purification techniques for the target protein. 
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Figure 2.8: 15% SDS-PAGE of three autoinduction growths of pJEH100 in BL21(DE3) 

in one week. M = molecular weight marker, 1 = standard marker from autoinduction 1, 

2 = colony 5, 3 = colony 6, 4 = colony 9, 5 = colony 10, 6 = colony 11, 7 = colony 12, 8 

= colony 13, 9 = colony 14, 10 = colony 16, 11 = colony 17, 12 = colony 18. 

 

2.2.2 Purification optimisation of E. coli Dam 

Metal affinity chromatography was utilised as the first stage of purification which 

employs the His
6
 tag of the overproduced E. coli Dam184,185. After cell lysis and 

centrifugation, the cleared lysate was applied to the nickel charged column, during 

which the His
6
 tagged Dam chelated to the column whilst most of the bacterial proteins 

were not retained and were eluted from the column in the wash. The tagged protein 

was then eluted by applying a buffer containing a high concentration of imidazole 

which competitively displaces histidine to allow the separate collection of the purified 

protein. However, a number of E. coli proteins are known to co-elute with target 

proteins during the metal affinity purification that could interfere with the 

crystallisation process186,187. The resultant protein therefore needed further purification 

(figure 2.9). 
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Figure 2.9: 15% SDS-PAGE of nickel affinity purification of autoinduction 10A. M = 

molecular weight marker, 1 = supernatant, 2 = flowthrough, 3-6 = wash 1-4, 7-16 = 

fractions 4-13. 

 

To improve the purity, the nickel-purified fractions were applied to an ion exchange 

column, which relies on the estimated charge of the overall protein to enable charge-

charge interactions with the column188,189. The isoelectric point (pI) of a protein is an 

indication of the pH at which the charge will be zero, therefore adjusting the pH to 

either above or below the pI will change the net charge of the overall molecule190. The 

theoretical pI of E. coli Dam is 8.78191 and choosing a pH that is below the pI results in 

a positively charged protein, essential for the active enzyme complex which binds 

negatively charged DNA. The positively charged protein binds to an SP-sepharose 

(strong cation exchange) column and can subsequently be eluted off by increasing the 

sodium chloride concentration to compete with and displace the protein.  

 

The first purification by ion exchange yielded large amounts of pure E. coli Dam but 

resulted in protein precipitation due to the high protein and salt concentration. After 

discussion with Prof. Xiaodong Cheng (Emory University, USA), 300 mM sodium 

chloride was included in the starting buffer as well as 1 mM dithiothreitol (DTT) and 1 

mM ethylenediaminetetraacetic acid (EDTA). DTT reduces intermolecular and 

intramolecular disulfide bonds which typically form between cysteine residues of 

proteins whilst EDTA inhibits the action of metallopeptidases (a possible cause for the 

lower molecular weight contaminants in figure 2.9) by chelating the metal ion required 

for activity, both of which significantly improved the purity as well as the stability of 

the protein. It also allowed for the elution of the protein over a much smaller volume, 

resulting in a high Dam concentration but with no precipitation (figure 2.10).  

 

M    1     2     3     4     5    6     7     8    9    10   11    12   13   14    15  16 

17 kDa 

42 kDa 

66 kDa 

14 kDa 

30 kDa 

72 kDa 

  

  

  

  

33 kDa 



Jenny Harmer  Chapter Two 

 48   

 

Figure 2.10: 15% SDS-PAGE of ion exchange chromatography of autoinduction 13. 

M = molecular weight marker, 1 = before column, 2 = flowthrough, 3 = wash, 4-9 = 

fractions 8-13. 

 

However, the protein fractions are typically collected when the salt concentration is 

still relatively high, approximately 1.5 M which might potentially cause problems 

during crystal growth. The presence of the salt can have significant effects on protein 

crystallisation depending on the precipitant. Therefore, after the ion exchange column, 

the protein must be efficiently exchanged into a buffer containing concentrations of 

salt and glycerol that has been optimised for crystallisation (discussion with Prof. 

Xiaodong Cheng).  

 

Gel filtration chromatography was used as a final step to further purify the protein and 

remove unwanted contaminants, such as degradation products and salts. Rather than 

binding the protein, the column separates molecules on the basis of exclusion of 

larger molecules from cavities in the chromatography medium. This results in the 

elution of molecules in approximate order of size, with the largest complexes being 

eluted first, a technique which also allows the use of a single buffer192,193. This final step 

in the purification process completes the protocol for the high concentration and 

purity of the target protein suitable for crystallisation experiments (figure 2.11). 
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Figure 2.11: 15% SDS-PAGE of gel filtration chromatography of protein pooled 

following the nickel and ion exchange columns. M = molecular weight marker, 1-8 = 

fractions 15-22. 

  

The effectiveness of the three-stage purification protocol can be observed using the 

measured protein concentration recorded by absorbance of the Bradford assay (an 

alternative would be to record the absorbance at 280 nm during protein elution). This 

method calculates the total protein concentration per fraction collected from the 

column and indicates the high concentration fractions which should typically contain 

the target protein. The nickel affinity column has a relatively broad elution peak which 

correlates with the high number of impurities that have co-eluted with E. coli Dam 

(figure 2.12). However, the ion exchange and gel filtration columns allow the protein 

to elute over a much smaller volume with higher purity and higher concentration 

(figure 2.13a and 2.13b). 

 

Figure 2.12: Elution profile of nickel affinity column (figure 2.8).A broad protein 

elution peak with 10 mL fractions collected. 
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Figure 2.13: a) Elution profile of ion exchange column (figure 2.10). b) Elution 

profile of gel filtration column (figure 2.11). a) A sharp protein elution peak with 10 

mL fractions collected. b) A sharp protein elution peak with 5 mL fractions collected. 

 

The 1% protein impurity (estimated by densitometry using Syngene Genetools) of 

molecular weight 23 kDa is still present after the three-step purification protocol, 

possibly a result of E. coli Dam degradation with the second degradation product too 

small to visualise on the 15% SDS-PAGE of figure 2.11 (approximately 10 kDa). The 

typical protein quantities and purities have been summarised in table 2.2 showing a 

sufficiently high enough yield of pure concentrated protein. The investigation into 

consistently expressing a high level of E. coli Dam will facilitate the future preparation 

of protein for crystallisation trials.  

 

Table 2.2: E. coli Dam purifications. Four examples are shown with associated yields 

and purity. The % column indicates the apparent percentage purity of the sample by 

densitometry analysis of the SDS-PAGE gel using Syngene Genetools. 

 

Cell Batch 

Number 

Total 

Protein 

Target protein 

after nickel 

affinity 

Target protein 

after ion-exchange 

Target protein 

after gel 

filtration 

mg mg % mg % mg % 

AI15 4286 92 43 33 89 
40 99 

AI15/16 4519 135 64 56 97 

AI13/16 4177 62 56 32 84 
91 96 

AI18 3503 230 53 160 86 
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2.2.3 Reproducibility of E. coli Dam crystallisation  

Establishing a protocol to reproducibly obtain high quality protein crystals is vital for a 

study aimed at rationalising structure-activity relationships (SAR), using a combination 

of X-ray crystallography and biochemical screening. Cheng et al. have reported two E. 

coli Dam structures, one in the binary form with just SAH and the other as a ternary 

complex with DNA and SAH110,113. The established conditions of Cheng are summarised 

in table 2.3 and were investigated for initial crystallisation screening. 

Table 2.3: Conditions used to crystallise E. coli Dam in two different complexes. 

 

Screening around these conditions was completed in the 96-well format using the 

CrystalQuick crystallisation plate and lid which can hold a total of five drops per 

condition enabling five different complexes to be explored. When visualised under the 

microscope, a range of precipitation, aggregation and crystals had formed with the 

most significant crystal growth observed under the following conditions: 

- 100 mM MES, pH 6.6-7.2, 50 mM MgCl
2
, 1.2-2.0 M Li

2
SO

4
/(NH

4
)

2
SO

4
 

 

The first crystals that I observed were hexagonally shaped and approximately 50 µm in 

the longest dimension, of which isomorphous crystals of a similar size had previously 

been reported to scatter X-rays to a resolution of 3 Å (figure 2.14a)113. The size of the 

crystal is one of the limiting factors for the diffraction resolution limit of a particular 

crystal form194-196. Theoretically, an increase in crystal size will increase the number of 

unit cells in the lattice and ideally allow data to be collected to a higher resolution. 

Therefore, rounds of focussed condition screening were instigated which gradually 

improved the size of the crystal by finely balancing the precipitant concentrations 

between the reservoir and the drop. This delicate balance of concentrations in the drop 

and well is vital during the crystallisation process as too steep a gradient can increase 

the speed of vapour diffusion to a point where precipitation or aggregation 

predominate, whilst a too shallow gradient may not force the movement of water at all.  

 

The addition of a cryoprotectant to the drop solution is another important parameter 

in the crystallisation process. It can be advantageous to crystallise the protein in the 

presence of a cryoprotectant such as glycerol, so that the crystal can be immediately 

cryo-cooled without further manipulation (such as transferring into cryoprotectant) that 

Publication Buffer Precipitant Additives 

Dam:DNA:SAH 

complex110 

100 mM MES/HEPES pH 6.6-7.4 5-15% PEG400 100 mM KCl 

10 mM MgCl
2
 

Dam:SAH  

complex113 

100 mM MES/HEPES pH 6.8-7.2 1.2-1.6 M  

Li
2
SO

4
/(NH

4
)

2
SO

4
 

50 mM MgSO
4
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can cause damage to the crystal197,198. The recommended reagents suitable for 

cryoprotection are polyethylene glycols (PEGs) and ethylene glycol, which displace 

water molecules and form an amorphous glass when cryo-cooled, preventing the 

formation of ice crystals that can damage the protein crystals197,199. Alternatively, 

glycerol is a very efficient cryoprotectant200 which can be incorporated during the 

screening of crystallisation conditions but, in the case of E. coli Dam, it significantly 

reduced crystal growth. Therefore, the glycerol concentrations in the drop and 

reservoir were investigated to determine an optimal compromise between the crystal 

size and cryoprotection (table 2.4). 

 

 Buffer Precipitant Glycerol Size/µm 

Initial Drop 100 mM MES pH 6.6 900 mM (NH
4
)

2
SO

4
  10% 50 

Initial Reservoir 100 mM MES pH 6.6 1800 mM (NH
4
)

2
SO

4
 10%  

Final Drop 100 mM MES pH 7.0 525 mM (NH
4
)

2
SO

4
 

50 mM MgCl
2
 

9% 250-300 

Final Reservoir 100 mM MES pH 7.0 1600 mM (NH
4
)

2
SO

4
 14-18%  

Table 2.4: Screening conditions before and after optimisation. The size refers to the 

overall crystal diameter for the hexagonal crystal morphology. The drop solution refers 

to a solution made separately to the reservoir solution which allowed for direct 

optimisation of the solution added to the protein. 

 

The significant increase in crystal size was reflected during data collection at Diamond 

Light source when the resolution limit reached 2.4 Å (figure 2.14b). The extra 

information provided by this increase in resolution about the active site of the protein 

can illustrate inhibitor binding modes and the ease of crystal reproducibility has the 

potential to allow co-crystallisation using a number of inhibitors and producing 

isomorphous crystals under the same crystallisation conditions. 
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Figure 2.14: a) Crystals prior to optimisation. b) Crystals after optimisation. a) The 

first crystals of E. coli Dam in complex with SAH. b) E. coli Dam in complex with SAH 

following condition optimisation (images taken using a Nikon Eclipse LV100 linked to 

Digital Sight DS-Fi1 Camera at 10x magnification and polarising lens). 

 

2.2.4 Purification optimisation of P. horikoshii Dam 

The stability of the protein may have an effect on the probability of obtaining 

diffraction quality crystals and therefore Dam from a hyperthermophilic organism was 

also investigated. The plasmid pMMS528431201, constructed by Dr. M. Maynard-Smith 

(University of Southampton, UK) under the control of arabinose induction in a pBAD-

vector was used to express Dam from Pyrococcus horikoshii (P. horikoshii), an 

organism that survives within deep ocean hydrothermal vents resulting in 

hyperthermophilic properties202. 

 

The initial attempts at purifying a sample of protein for crystallisation studies made 

use of the approach used for E. coli Dam. However, following the ion exchange 

column, the target protein was significantly less pure than at the same stage of the E. 

coli Dam purification protocol (40,227 Da, figure 2.15, compare to figure 2.11).  

a b 

258.65 µm 

67.52 µm 

229.66 µm 

62.59 µm 

68.33 µm 



Jenny Harmer  Chapter Two 

 54   

 

Figure 2.15: 15% SDS-PAGE of ion exchange purification of P. horikoshii Dam 1 

(fractions 4-16). M = molecular weight marker, 1 = before column, 2 = flowthrough, 3 

= wash, 4-10 = fractions 9-15. 

 

For other proteins derived from hyperthermophiles, the introduction of a heating step 

during the cell lysis has been reported to remove a number of unwanted E. coli 

proteins via precipitation203,204. During the heating step, the E. coli proteins precipitate 

but the thermophilic enzyme can remain in solution whilst a centrifugation step 

removes the cell debris and precipitated E. coli proteins. This additional step during 

the lysis immediately improved the purification of P. horikoshii Dam from metal affinity 

column through to the gel filtration column, yielding protein of significantly higher 

purity as judged by SDS-PAGE analysis (figures 2.16-18).  
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Figure 2.16: 15% SDS-PAGE of nickel affinity purification of P. horikoshii Dam 2. M 

= molecular weight marker, 1 = supernatant before heating step, 2 = insoluble after 

heating step, 3 = supernatant after heating step, 4 = flowthrough, 5 = wash, 6 - 12 = 

fractions 6-12. 

 

Figure 2.17: 15% SDS-PAGE of ion exchange purification of P. horikoshii Dam 2 

(fractions 7-11). M = molecular weight marker, 1 = before column, 2 = flowthrough, 3 

= wash, 4-12 = fractions 7-15. 

 

 M      1      2     3       4       5       6     7      8      9      10    11     12   

17 kDa 

42 kDa 

66 kDa 

14 kDa 

30 kDa 

72 kDa 

M       1      2     3       4     5     6      7     8      9      10    11    12   

17 kDa 

42 kDa 

66 kDa 

14 kDa 

30 kDa 

72 kDa 

  

  

  

  

  

  

  

  

40 kDa 

40 kDa 



Jenny Harmer  Chapter Two 

 56   

 

Figure 2.18: 15% SDS-PAGE of gel filtration purification of P. horikoshii Dam 3 + 4. 

M = molecular weight marker, 1 = before column, 2-13 = alternate fractions 18-40. 

 

The three stage purification protocol optimised for P. horikoshii Dam reveals two 

potential degradation products with molecular weights of approximately 15 and 25 

kDa (figure 2.16). This closely parallels the situation with E. coli Dam where potential 

degradation products are the only impurities that can be observed on the SDS-PAGE 

gel. The purification studies with P. horikoshii Dam are summarised in table 2.5 and 

reveal a variety of purity levels with cell batch number P1 being the only purification 

without the heating stage, highlighting the requirement for this additional step. The 

yield of target protein obtained from each preparation is high enough for preliminary 

crystallisation trials on this thermophilic protein, ideally increasing the chances for 

successful crystal growth. 

Table 2.5: P. horikoshii Dam purifications. Four examples are shown with associated 

yields and purity. 

Cell 

Batch 

Number 

Total 

Protein 

Target protein 

after nickel 

affinity 

Target protein 

after ion-exchange 

Target protein 

after gel filtration 

mg mg % mg % mg % 

P1 4400 118 59 78 63 53 72 

P2 960 97 65 70 72 - - 

P3 1250 82 79 70 68 
152 95 

P4 1070 108 74 100 77 
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2.3 Summary and Conclusions 

Initially, the soluble expression level of E. coli Dam was insufficient for crystallisation 

studies which require consistently large amounts of protein (ideally tens of milligrams). 

Autoinduction proved the superior technique for expressing this toxic protein by 

allowing the self-regulation of expression when the cell growth had reached its optimal 

stage. The high levels of expression helped with the development of optimised 

purification techniques, which were hindered by the unpredictability of the protein 

during the purification stages where stability was unknown.  The addition of a histidine 

tag allowed metal affinity chromatography to initially remove the majority of unwanted 

proteins but subsequent purification experiments required an optimised buffer which 

took protein-protein interactions into consideration as well as pH and salt levels. The 

optimised expression and purification protocols yielded batches of 100 mg of E. coli 

Dam from approximately 40 g of cell paste. This E. coli Dam was sufficiently pure to 

allow it to be used to consistently grow crystals suitable for X-ray diffraction.  

 

As an alternative for overcoming the protein stability issue, P. horikoshii Dam was 

investigated as its stability was likely to result in a relatively straightforward 

purification. The gene is under the control of the pBAD vector which yields sufficient 

protein during expression for the purification optimisation studies. This process was 

facilitated by the hyperthermophilic properties of the protein enabling the introduction 

of a heating step which has permitted the development of a purification scheme 

leading to highly purified P. horikoshii Dam. 
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3. Directed Inhibitor Design Using the 

Transition State of Methylation 
 

3.1 Introduction 

The crystallisation conditions for the E. coli Dam and SAH binary complex were 

extensively optimised for size and quality to enable isomorphous co-crystallisation of 

SAM analogues. The design of the SAM analogues was based on the proposed reaction 

mechanism: after the binding of both substrates, the adenine base is flipped-out of the 

double helix and into the active site cavity of Dam, placing the N6 nitrogen in close 

proximity to the sulfonium ion of SAM205. The core structure of the analogues retains 

the methionine and adenosine moieties but they are linked via a nitrogen instead of a 

sulfur (figure 3.1), which is able to serve two functions. Firstly, at neutral pH, it is 

protonated which mimics the charge of the SAM sulfonium ion. Secondly, it can be 

further functionalised by a third substituent, designed to fill the space that the adenine 

base must occupy during the methylation, thus inhibiting the reaction by blocking the 

active site and potentially gaining potency by maximising the number of interactions. 

 

Figure 3.1: Design of the bi-substrate SAM analogues. The structure mimics the 

transition state of the methylation reaction where the adenine is flipped out of the 

DNA duplex. 

 

A library of synthetic analogues that vary the third substituent on the nitrogen (figure 

3.1, purple) could be used to identify interactions that are important for the level of 

potency. In addition to varying the nature of the aromatic substituent, it would also be 

possible to vary the length of the linker, which may be important in achieving the 

correct orientation within the active site. Both of these aspects of inhibitor design can 

be optimised using X-ray crystallography to observe the binding modes, which can 

inform the design of improved analogues. The modified inhibitors can then be 

subjected to further cycles of potency or binding constant measurements, 
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crystallographic analysis and synthesis of structurally modified inhibitors. In addition, 

structural analysis can confirm whether the mode of binding remains as expected.  

 

In the case of Dam, the co-crystals of the protein and SAM analogues were grown and 

the resolution limits of diffraction were determined using synchrotron radiation. The 

crystals were cryogenically frozen for transport to the synchrotron and maintained at 

100 K under the cryostream during the experiments. The protein crystals were then 

exposed to X-rays. Formally, the term X-rays covers electromagnetic radiation with 

wavelengths in the range of 0.1 Å to 100 Å but, for the studies described herein, a 

wavelength of 0.92453 Å was used. These X-rays are at a wavelength suitable for 

resolving structures with atoms spaced (typically for C-C bonds) about 1.5 Å apart206.  

 

The third generation synchrotrons currently in use consist of a main storage ring in the 

shape of a polygon which have straight sections angled together via bending 

magnets207. The electrons are generated in an electron gun central to the ring and are 

then steered around the ring by the magnets under vacuum at nearly the speed of 

light207,208. As the electrons pass through each magnet, energy is lost in the form of 

radiated photons which are channelled into the experimental workstations known as 

beamlines206,209. Additional arrays of magnets called insertion devices are placed in the 

straight sections of the storage ring which cause the electrons to follow a wiggling 

path, allowing the production of more intense tuneable light depending upon the 

wavelength required at each beamline208,210.  

 

Figure 3.2: Diamond Light Source and its internal design. The synchrotron is in 

Oxfordshire, with a total of 32 beamlines expected to be fully operational by 2017211.  

 

The light produced at the beamline passes through a monochromator, typically a 

single crystal of silicon, germanium or carbon which can select for a single wavelength 

as required207,212. The synchrotron radiation diffracted by the protein crystal is 

quantified using a charge-coupled device (CCD) detector or a Pilatus detector213,214 
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(figure 3.3). The CCD detector consists of a phosphor screen which converts the 

diffracted X-rays to visible light which then passes through a fibre-optic taper reducing 

the image to a size suitable for the CCD chip that is typically 1-5 cm in size215. The CCD 

chip records the resulting light image as an electric charge image and digitally 

converts it into the useful diffraction pattern using a number of geometric and 

intensity corrections98,213 (figure 3.4). The Pilatus detector is a series of silicon pixel 

detectors whereby the X-rays are converted into an electrical signal, which is counted 

directly by a series of cells within a circuit bonded to the silicon, eliminating the need 

for the phosphor screen (used in section 5.2.3). 

 

Figure 3.3: Layout of a typical CCD Detector. The synchrotron light must be scaled 

down to observe the full image on the CCD chip which is only a fraction of the image 

plate size. Modern CCDs can detect as little as eight electrons per pixel. 

 

The spots of the diffraction pattern represent the observed reflections and their 

corresponding intensities and can be used to calculate the electron density throughout 

the unit cell. The unit cell dimensions imply the simplest and smallest volume which 

can be repeated by lattice translations to form the entire crystal and are described by 

the lengths along the three principle axis directions (a, b and c) and their associated 

angles (α, β and γ)206. The variation of the lengths and angles give rise to seven crystal 

systems which, in combination with the four lattice types of centring (P, C, F and I), 

produce 14 Bravais lattices206. Within each unit cell there may be further symmetry 

using rotation, translation, mirror/glide planes or screw axis functions which allow 230 

possible combinations of symmetry elements and all unit cells of a crystal must 

conform to one of these combinations, called a space group206. However, as protein 

crystals only comprise one optical isomer, there are only 65 space groups possible for 



Jenny Harmer  Chapter Three 

 62   

a chiral molecule of this type because the other space groups all contain mirror 

planes206. 

 

In order to calculate the unit cell and spacegroup of the crystal, a series of diffraction 

patterns are collected by rotating the crystal to ensure all the possible reflections have 

been recorded. For crystals in the P3
1
21 spacegroup (such as the Dam:SAM analogue 

complex), this can be achieved by collecting approximately 90º of data. The intensities 

are then converted into a model of electron density through a number of mathematical 

functions in order to build the three dimensional representation of the structure 

(described in section 3.2.2). 

 

Figure 3.4: Example of an X-ray diffraction pattern. Pattern observed from a protein 

crystal of E. coli Dam in complex with SAH at a resolution of 2.8 Å. 
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3.2 Results and Discussion 

 

3.2.1 Optimisation of crystallisation conditions for specific SAM analogues 

A range of SAM-analogues had been synthesised by Dr. G. Hobley (University of 

Southampton, UK) to probe the bi-subtrate nature of the active site of Dam. From the 

library, four SAM analogues were selected for co-crystallisation due to their range of 

inhibitory potencies towards Y. pestis Dam when studied in vitro (determined by Dr. J. 

McKelvie, (University of Southampton, UK) figure 3.5). During crystallisation, the 

inhibitor concentration was maintained at a 1:1 ratio with protein, with the protein 

concentration reaching a maximum of approximately 0.5 mM. The conditions that 

reproducibly crystallised E. coli Dam in complex with SAH were used as a starting point 

for the focussed screening needed for the SAM analogues.  

 

Figure 3.5: SAM analogues used for structural analysis. The additional groups are 

highlighted in purple with their associated IC
50

 values. 

 

A series of screens were carried out to improve the size of the crystal depending on 

the inhibitor being crystallised. This included exploring the use of different additives 

and cryoprotectants whilst also varying the concentration of substrate, precipitant and 

additive. The variation in reservoir glycerol concentration appears to have a significant 

effect on the size of the crystal with an approximate correlation between IC
50

 value and 

concentration of glycerol (table 3.1). This observed correlation is perhaps due to the 

increase in lipophilicity and decrease in aqueous solubility of the inhibitors. The 

crystals were grown using a ratio of protein:drop of 3:1 μL rather than the typical 2:2 
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μL. This experiment design was used because the protein concentration would reach 

approximately 15 mgml-1 before precipitating and therefore the high protein ratio was 

used to maximise the amount of protein available during the crystallisation process. 

Also, the experimental set-up differed from the standard protocol by making a 

separate solution (drop, table 3.1) to add to the protein rather than using the reservoir 

solution. This allowed precise tuning of the precipitant and cryoprotectant 

concentrations to enable the maximum crystal growth. The largest crystals were 

transferred to sample loops and immediately cooled in liquid nitrogen. They could 

then be stored prior to transport to the synchrotron for diffraction studies (figure 3.6). 

 

 Buffer Precipitant Glycerol Loop 

Size/mm 

Drop 100 mM MES 

pH 7.0 

525 mM (NH
4
)

2
SO

4
  

50 mM MgCl
2
 

9%  

GH5342/37 (500 μM) 100 mM MES 

pH 7.0 

1600 mM 

(NH
4
)

2
SO

4
 

16% 0.2-0.3 

GH5342/46 (500 μM) 100 mM MES 

pH 7.0 

1600 mM 

(NH
4
)

2
SO

4
 

16% 0.2-0.3 

GH5554/52 (500 μM) 100 mM MES 

pH 7.0 

1600 mM 

(NH
4
)

2
SO

4
 

18% 0.3-0.4 

GH5554/78/72 (500 μM) 100 mM MES 

pH 7.0 

1600 mM 

(NH
4
)

2
SO

4
 

22% 0.2-0.3 

Table 3.1: Crystallisation conditions required for the SAM analogues. The drop row 

corresponds to the solution added to the protein (approximately 500 μM) to prepare 

the drop to suspend above the necessary reservoir solutions for each compound. 
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Figure 3.6: The Dam:inhibitor co-crystals used for data collection at Diamond Light 

Source. Suspended in mother liquor solution within a nylon loop and maintained at 

100 K, from the top left going clockwise – GH5342/37, GH5342/46, GH5554/52 and 

GH5554/78/72. 

 

3.2.2  Data collection using synchrotron radiation and subsequent processing 

The crystals were exposed to radiation whilst being maintained at 100 K on beamline 

I04-1 (table 3.2), a monochromatic macromolecular crystallography beamline at 

Diamond Light Source. This beamline has been optimised for high-throughput data 

collection with a fully automated sample changer robot, automated crystal alignment, 

data collection and processing. The X-ray diffraction data was collected using a 

Marmosaic 300 mm CCD detector with a typical exposure time of 1 s with 100 images 

collected for a full data set. 
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 Substituent Crystal size/µm Resolution Limit/Å 

GH5342/37 Hydrogen 200 2.50 

GH5342/46 Methyl 200 2.54 

GH5554/52 Indole 350 2.71 

GH5554/78/72 Benzothiophene 300 2.66 

Table 3.2: Results of data collection at Diamond Light Source. 

 

The PDB entry 2ORE of E. coli Dam bound to SAH enabled the molecular replacement 

strategy to be used because the new crystal structures were crystallised using the 

same protein sequence of E. coli Dam for that of 2ORE. This model PDB structure was 

used during the automatic data processing carried out at Diamond which employs a 

sequence of programs to transform the information from the images into an output 

file suitable for building a model and subsequent refinement. 

 

The collected images must first be auto-indexed which is vital in determining the unit 

cell dimensions and space group of the crystal. The automatic data processing pipeline 

begins using X-ray Detector Software (XDS) which carries out functions such as 

calculating the detector gain, searching for strong reflections and indexing them into 

the known cell followed by integrating all reflections216. The integration of each 

reflection outputs the relative intensities calculated from the diffraction pattern. The 

intensities are then used within the programs Pointless and Scala to determine the 

space group and scale together multiple individual observations of particular 

reflections, merging to determine an average intensity217,218. The processing by Scala 

includes the use of Truncate, which estimates the amplitudes of the reflections from 

the intensities, the associated error and the distribution of intensities in the resolution 

shells219. The R-merge is also calculated as a measure of the intensity deviation among 

the same reflections (equation 3.1), which is dependent upon whether the correct 

space group is chosen220. These programs output a data intensity file (.mtz) suitable for 

further processing. 

𝑅𝑅-𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =   
   𝐼𝐼

i
−    𝐼𝐼

i

   𝐼𝐼
i

 

Equation 3.1: The R-merge 

Where I
i
 = ith intensity measurement of reflection h, 〈I

i
〉 = average intensity from 

multiple observations. 

 

The three-dimensional structure is determined by utilising the reflections as three-

dimensional waves which have resulted from the scattering induced by the electron 

density of the unit cell. The superposition of these waves is known as the structure 

factor (equation 3.2).  
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𝑭𝑭
hkl
= 𝐹𝐹

hkl
𝑒𝑒 hkl

      
 

Equation 3.2: The structure factors, F
hkl

 

Where |F
hkl

|
 
= amplitude of the wave, α

hkl
 = phase of the wave. 

 

The electron density map can then be calculated when the electron density in real 

space is related to the measured reflections in reciprocal space after taking the unit 

cell volume into consideration (equation 3.3). 

𝜌𝜌 𝑥𝑥,𝑦𝑦, 𝑧𝑧 =
1
𝑉𝑉         𝑭𝑭

hkl  
  𝑒𝑒        

Equation 3.3: The electron density, ρ(x, y, z) 

Where V
 
= unit cell volume, F

hkl
 = structure factor, (hx+ky+lz) = the wave whose 

frequency is h in the x direction, k in the y direction and l in the z direction.  

 

As described previously, the amplitudes of the reflections are estimated from the 

diffraction data but the phases cannot be directly determined. This so-called “phase 

problem” must be solved to permit the calculation of electron density221,222. The lack of 

phases can be overcome by using molecular replacement, which utilises the phases 

from a previously solved crystal structure to guide the placement of the unknown new 

molecule into the unit cell223. Phaser was used with an automated molecular 

replacement strategy that combines anisotropy correction, cell content analysis, fast 

rotation and translation functions, and refinement and phasing. The rotation and 

translation functions are used to determine the correct orientation and position of the 

model which is assessed using the statistical residual index factor (R-factor)223. The R-

factor is a measure of the agreement between the calculated structure factor 

amplitudes from the model and the observed amplitudes from the diffraction patterns 

(equation 3.4)224. 

𝑅𝑅 =   
𝐹𝐹 − 𝐹𝐹

𝐹𝐹
 

Equation 3.4: The R-factor, RR 

Where |Fcalc|  = calculated structure factors, |Fobs| = observed structure factors. 

 

3.2.3 Structure refinement and observations  

The initial phases obtained from molecular replacement enabled an approximate 

electron density map to be calculated, which showed the distribution of electron 

density throughout the unit cell225. Comparison of this map with the initial model (PDB - 

2ORE) highlighted differences between the observed map and the atomic coordinates 

and required manual refinement of individual residues to improve the fit. In general, 

this process can be repeated iteratively through several cycles of refinement which are 
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monitored by the R-factor, with a value of below 0.2 representing a well-defined 

protein structure226,227. The free R-factor (R-free) is also monitored during refinement as 

a quality control process when assessing the agreement between the calculated and 

observed structure factors. The R-free is also calculated using equation 3.4 but only 

uses a small set of randomly chosen intensities (~5-10%) that are not included in the 

refinement227,228. 

 

The protein coordinates and associated electron density were visualised using the 

program WinCoot in which the model was manipulated to ensure a better fit of the 

density229. To begin with, the side chains of the backbone were manually mutated and 

refined followed by a refinement cycle using the program Phenix.refine230. The data 

went through subsequent rounds of refinement which included fixing rotamers, 

introducing water molecules as well as building ligands into the positive density of the 

2Fo-Fc map. The novel ligands were optimised using the program PRODRG which 

generated the relevant dictionaries and pdb files that were compatible with WinCoot231. 

Overall, the refinement statistics dramatically improved after refinement allowing 

further investigation of the ligand binding site and mode of inhibition. 
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 GH5342/37 

Hydrogen 

GH5342/46 

Methyl 

GH5554/52 

Ethylindole 

GH5554/78/72 

Ethylbenzylthiophene 

Space group P3
1
21 P3

1
21 P3

1
21 P3

1
21 

Unit cell dimensions/Å a = b = 161.1 a = b = 161.0 a = b = 161.4 a = b = 161.3 

 c = 95.3 c = 96.1 c = 95.2 c = 95.1 

Unit cell dimensions/º α = β = 90 α = β = 90 α = β = 90 α = β = 90 

 γ = 120 γ = 120 γ = 120 γ = 120 

Resolution range/Å 2.50-38.69 

(2.50-2.56) 

2.54-35.87  

(2.54-2.6) 

2.71-35.9   

(2.71-2.78) 

2.66-37.13 (2.66-2.73) 

No. of reflections 308950 

(22802) 

295512 

(21734) 

240316 

(17843) 

252977 (18906) 

No. of unique reflections 49725 (3633) 47602 (3489) 38865 (2842) 41029 (3020) 

Average (I)/σ(I) 17.9 (2.5) 18.1 (2.2) 21.0 (2.4) 14.6 (2.0) 

Completeness/% 99.9 (99.9) 99.9 (100) 99.7 (99.9) 99.9 (100) 

R-merge 0.075 (0.740) 0.077 (0.781) 0.066 (0.733) 0.083 (0.893) 

Average B-factor 44.2 44.5 54.9 58.1 

No. of atoms: 

Protein 

Ligand 

Water 

 

5856 

78 

131 

 

6039 

81 

18 

 

6039 

111 

30 

 

6039 

111 

4 

R.m.s deviations: 

Bond lengths (Å) 

Bond angles (º) 

    

0.023 

1.848 

0.0228 

1.923 

0.0211 

1.910 

0.0229 

2.051 

Ramachandran: 

Favoured/% 

Outliers/% 

 

94.0 

1.1 

 

94.1 

0.7 

 

91.9 

1.7 

 

92.8 

1.0 

Current R-factor 0.2009 0.1997 0.1989 0.1991 

Current R-free 0.2369 0.2377 0.2459 0.2313 

Table 3.3: Refined data sets with bracketed numbers relating to the highest 

resolution shell. Where average (I)/σ(I) = the average of the intensity divided by its 

average standard deviation. 

 

The four data sets were refined until the R-factor remain constant with further 

refinement resulting in no improvement. The overall structures of the protein fitted the 

associated electron density, whilst also showing a high degree of similarity to the 

original E. coli Dam structure used for molecular replacement (figure 3.7). The 

resolution limit of the PDB 2ORE structure was 3.0 Å using crystals that were 50 µm in 

the longest dimension but the optimisation of the E. coli Dam crystals to 300 µm in 

sizeenabled data sets to be collected up to a resolution limit of 2.5 Å. This 

improvement in the resolution limit allowed a greater degree of confidence in 

resolving the details of the inhibitor binding mode, allowing for further structural 

developments to improve the potency of inhibitors. 

 

Within the active site, the four SAM analogues are orientated in a similar manner as 

SAH with the core amino acid and adenosyl moieties overlapping (figure 3.7). The 



Jenny Harmer  Chapter Three 

 70   

cavity of the active site is substantially occupied by the adenine and ribose 

components of SAH which are held in a rigid conformation by a number of hydrogen 

bonds. However, the methionine moiety appears to be located in an area that allows a 

degree of flexibility, which could be an area for potential modification to improve the 

binding interactions. 

 

Figure 3.7: Active sites of model PDB 2ORE (cyan) and E. coli Dam in complex with 

inhibitor GH5342/37 (hydrogen substituent at N, pale orange) overlaid. The 

surface of the protein shows SAH and the SAM analogue displaying a good fit in the 

active site with key residues highlighted (visualised using PyMOL119). 

 

On further investigation of the four co-crystallised SAM analogues and SAH, an area of 

undefined electron density surrounds a segment of the peptide backbone in close 

proximity to the active site. The electron density can only be well resolved when the X-

rays are diffracted by electrons that are localised in each unit cell of the crystal. A 

fluctuating position in different unit cells results in density that reflects the averaged 

positions which often leads to a weak signal making refinement more challenging or 

even impossible. The density defining the hexapeptide (9KWAGGK14) is very weak, 

indicating a high degree of mobility in the protein backbone (figure 3.8).  

 

W10 

D54 

D181 
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Figure 3.8: The active site of E. coli Dam in complex with SAM analogue 

GH5342/46. The area highlighted in orange is a region of undefined electron density 

in close proximity to the SAM and DNA binding site (2Fo-Fc, contoured at 1.4 σ, 

visualised using PyMOL119).  

 

The flexibility of residues 9 to 15 was confirmed by comparing the atomic temperature 

factor, known as the B-factor, of the five models. The B-factor indicates the dynamic 

mobility of the atom caused by temperature-dependent vibration and can be used to 

identify errors in the model building. During the model building, the loop was removed 

from and the density was calculated to identify the location of the backbone. This 

revealed a shift in the protein backbone when in the presence of the additional moiety 

which is reflected in the high B-factors for the benzothiophene and indole complexes 

(figure 3.9). This is most apparent for the residues K9 to A11 and could be an area for 

potential inhibitor development that can interact and stabilise the chain, especially if 

its role is pivotal in the mechanism of DNA methylation.  

    

K14 

W10 
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Figure 3.9: B-factors of the five co-crystallised Dam:inhibitor complexes. The indole 

and benzothiophene inhibitors (blue and yellow) have significantly higher B-factors 

between W10 and G12 when cmpared to those of SAH, the hydrogen SAM-analogue 

and the methyl SAM-analogue.  

 

The crystal structure of E. coli Dam in complex with SAH closely parallels the molecular 

replacement model 2ORE. The three chains of the asymmetric unit show the hydrogen 

bonds of the highly conserved D54 residue with both the ribose 2’ and 3’ hydroxyl 

groups are apparent (figure 3.10a), which is a feature typical to nearly all class I DNA 

MTases115. The close proximity of the 3’ hydroxyl group to the residue W10 allowing 

for potential hydrogen bonding has been identified previously using UV cross-

linking232. The methionine of SAH also appears to be held in position by the formation 

of a salt bridge between the amino group of SAH and the carboxyl group of D181.  

 



Jenny Harmer  Chapter Three 

 73   

 

Figure 3.10: a) The active site interactions of E. coli Dam in complex with SAH 

(chain F). b) The electron density of the active site of E. coli Dam in complex with 

SAH (chain F). a) The methylation product SAH is coordinated via a number of 

hydrogen bonds to key residues. b) The electron density associated with SAH indicates 

good agreement between atomic positions and density (2Fo-Fc map calculated without 

ligand in the active site, contoured at 1.0 σ, visualised using PyMOL119). 

 

The difference electron density map calculated before modelling the ligand shows 

distinct areas for the electron density into which the ligand was built, with the 

adenosyl portion being very well defined (figure 3.10b). However, the methionine in 

the first monomeric subunit adopts a different orientation to the other two subunits 

(figure 3.11). There is a lack of electron density within each subunit that corresponds 

to the alternative orientation of the methionine as reported in 2ORE which implies a 

very low occupancy. This result identified a potential modification that could help 

achieve higher ligand potency: replacing the 2-aminobutanoyl moiety with another 

functional group that can form stronger interactions with the active site cavity could 

force a single more stable conformation.  
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Figure 3.11: The calculated electron density maps surrounding SAH in chains D 

(LHS) and E (RHS). The methionine moiety of SAH appears to adopt two conformations 

which does not appear to be caused by any significant protein change (2Fo-Fc map 

calculated without ligand in the active site, contoured at 1.0 σ, visualised using 

PyMOL119).  

 

The SAM analogues GH5342/37 and GH5342/46 (hydrogen and methyl) have relatively 

high IC
50

 values in comparison to SAH and the compounds GH5554/52 and 

GH5554/78/72 (indole and benzothiophene). This is surprising as the interactions of 

the inhibitor are very similar to that of SAH (figure 3.10 and 3.12), with the main 

difference being the replacement of the sulfur with nitrogen. A possible reason for the 

improved potency when the sulfur atom is present could be the size of the central 

atom (distance C-S-C = 3.55 Å, distance C-N-C = 2.87 Å). The larger atomic size could 

allow further flexibility in the orientations and small adjustments in the position of the 

methionine and adenosyl moieties to enable optimal binding interactions and 

increased potency. Another unexpected feature of these co-crystallised SAM analogues 

is the decrease in potency when a methyl group is the third substituent. The crystal 

structure indicates the methyl group is pointing towards the peptide backbone of 

residue F35. This residue has been identified as an important component of the SAM-

binding domain, because the phenyl ring of the residue forms face-to-edge van der 

Waals contacts with the adenine ring of SAH113. This third substituent could be forcing 

the amino acid and adenosyl components into slightly less favourable locations which 

is reflected in the higher IC
50 

value. 
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Figure 3.12: The active site interactions of E. coli Dam in complex with GH5342/37 

(chain F hydrogen, LHS) and GH5342/46 (chain F methyl, RHS). The SAM analogue 

inhibitors are coordinated by the same hydrogen bonds with an additional interaction 

for the methyl group to F35 (visualised using PyMOL119).  

 

The crystal structures of E. coli Dam in complex with the two SAM analogues with 

aromatic substituents (compounds GH5554/52 and GH5554/78/72) reveal the same 

hydrogen bonding between the ribose hydroxyl groups and D54 as well as adenine 

interacting with the side chain of S164 (figure 3.13). The methionine moiety is also 

hydrogen bonded to the side chain of D181 in both structures, a feature present in the 

previous structures described herein. This could be an area for potential development 

of modified inhibitors, whereby increasing the interactions in this pocket enables a 

compound to irreversibly bind to the protein and hence, block further methylation.  

 

The indole and benzothiophene moieties introduced to mimic the adenine base flipped 

into the active site appear to be located in the area of poorly defined electron density 

mentioned previously. The W10 residue is highlighted in both structures because in 

the SAH structure, this had formed a hydrogen bond with the 3’ ribose hydroxyl group. 

However, the tryptophan has been displaced by the inhibitor aromatic group and been 

forced into another orientation (figure 3.13). 
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Figure 3.13: The active site interactions of E. coli Dam in complex with GH5554/52 

(chain F indole, blue, LHS) and GH5554/78/72 (chain F benzothiophene, yellow, 

RHS). The core of the SAM analogue inhibitors is coordinated by the same hydrogen 

bonds but the intrusion of the aromatic moiety has caused the backbone to shift to 

allow space for the additional group (visualised using PyMOL119). 

 

The electron density associated with this displacement is not fully defined, especially 

around the linker, which implies the occupancy of these atomic positions is relatively 

low or that there is more than one conformation for the ethylaryl group (figure 3.14). 

The flexibility of the N-terminal loop may also contribute to this area of low density. 

The limitations in the information from the currently available experimental data can 

potentially be overcome to enable the full refinement of this important area of the 

enzyme:inhibitor complex. The weakness of the density may result from partial 

occupancy of the ligand and improved crystals might be grown in a higher 

concentration of inhibitor to ensure all active sites are occupied, helping to tie the 

flexible loop to one conformation. The size of the crystal could also be increased to 

enable a higher resolution limit for data collection. The increased level of detail that 

can be obtained from a sub-2.0 Å data set would allow more confident characterisation 

of the inhibitor and may be able to resolve multiple conformations, if present. 
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Figure 3.14: The electron density maps surrounding GH5554/52 (blue, LHS) and 

GH5554/78/72 (yellow, RHS) in chain F. The density was calculated by modelling the 

inhibitor into the correct orientation within the active site. There is relatively strong 

electron density for the linker to the indole moiety whereas there is no electron density 

corresponding to the linker for the benzothiophene group. The flexible loop region is 

highlighted in orange (2Fo-Fc map calculated without ligand in the active site, 

contoured at 1.0 σ, visualised using PyMOL119).  

 

The overlaid structures of the methyl SAM analogue (compound GH5342/46) and the 

indole SAM analogue (compound GH5554/52) clearly display the key conformational 

change of the W10 residue being displaced from its original position (figure 3.15). The 

interactions of this residue have been studied previously using the natural 

fluorescence of tryptophan when in close contact to the cofactor SAM113. The 

rearrangement of this sidechain is potentially the reason for the potency of the 

compounds. The crystal structure of these two complexes suggests that this 

rearrangement of the backbone occurs but investigation is required with further 

analogues to identify exactly how the interactions of the additional moieties are 

forcing the adoption of this alternative conformation. 
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Figure 3.15: The active site of E. coli Dam in complex with SAM analogue 

GH5554/52 and GH5342/46. The methyl SAM analogue (cyan) structure involves W10 

(cyan) being in its typical position for the binary complex, but the indole SAM analogue 

(blue) has displaced the W10 (blue) out of position (visualised using PyMOL119). 

 

Further kinetic analysis of the properties of substituted SAM analogues by Dr. J. 

McKelvie, compared the inhibition constants of the in vitro Dam assay to that of the 

human cytosine MTase Dnmt1. The SAM analogues previously explored by Reich and 

Mashoon had exhibited no preference over either enzyme even though they were 

acting on different bases98,151. However, the addition of the aromatic group within the 

library used for crystallisation revealed an improved selectivity ratio (table 3.4).  

 

 IC
50

/µM  

 Y. pestis Dam Human Dnmt1 Selectivity Ratio 

SAH 11.9 ± 4.8 0.94 ± 0.07 0.1 

GH5554/52 28.9  ± 8.9 132 ± 9.36 4.6 

Table 3.4: Kinetic analysis of inhibition and selectivity. 

The selective nature of these SAM analogues could be caused by the shift in the 

flexible region which leads to the W10 displacement. The structural alignments of the 

W10 

W10 
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Dnmt1 and E. coli Dam active sites reveal different areas of contact with the substrates 

which implies the SAM analogue would not form the same contacts for the cytosine 

MTase. However, the crystal structure of human Dnmt1 in complex with sinefungin 

(PDB – 3SWR) provides an insight into the active site where the SAM analogues are 

likely to bind. The overlaid structures of the human Dnmt1:sinefungin complex with 

the Dam:SAH complex reveals W1170 of Dnmt1 is in close proximity to W10 of Dam 

(figure 3.16). It is assumed that compound GH5554/52 (indole) would also bind in the 

same manner as SAH and sinefungin. However, in the region that the ethylindole group 

would need to occupy, the surrounding residues of E1168, D1571, R1574, Q1575 and 

N1578 form a polar pocket with a number of water molecules bound (figure 3.17). This 

results in a highly unsuitable binding region for a hydrophobic aryl group and the 

possible reason for lack of potency of the inhibitor against Dnmt1. 

 

Figure 3.16: The overlaid structures of E. coli Dam in complex with SAH and 

human Dnmt1 in complex with sinefungin. The W10 of Dam (cyan) is relatively close 

to that of W1170 belonging to Dnmt1 (orange, visualised using PyMOL119). 
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Figure 3.17: The polar pocket of human Dnmt1 in complex with sinefungin and 

assumed position of GH5554/52. The highlighted residues of Dnmt1 (orange) 

forming the polar pocket filled with two water molecules (red) unsuitable for binding of 

the indole moiety of SAM analogue GH5554/52 (cyan, visualised using PyMOL119). 
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3.3 Summary and Conclusions 

The kinetic characterisation of the SAM analogues revealed activity against Dam which 

was confirmed to be competitive with the SAM-binding pocket as expected165. However, 

the exact orientation and mode of action of these inhibitors was unknown and 

structural analysis was required.  

 

The concept of SAM analogues as Dam inhibitors had previously been explored in 

detail but in doing so, selectivity for this enzyme was usually lost. However, in 

attempting to target both the SAM-binding pocket and the area typically occupied by 

the base, a modest degree of selective inhibition has been regained, even though the 

base pocket has not been filled. The crystal structure has identified a potential 

mechanism for the selectivity as a result of the flexible region found in GATC-target 

specific DNA MTases which has not been observed in Dnmt1. The relocation of a key 

residue, involved in SAM or inhibitor binding, caused by the additional aromatic 

functionality could also play a pivotal role in designing further inhibitors which can 

disrupt more side chains in the undefined loop region and increase the potency.   

 

The relative ease of reproducibly co-crystallising E. coli Dam in complex with the SAM 

analogue inhibitors provides an opportunity for further sub-libraries to be synthesised 

and crystallised to complement the kinetic analysis. The active site of the protein can 

be explored in further detail by elaborating the inhibitor into areas that are currently 

unoccupied whilst targeting improved (potentially selective) binding to the adenine 

pocket as well as the flexible loop region233,234.  However, this must be carried out in 

conjunction with selectivity analysis to ensure the preference against Dam is 

maintained. 
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4. Fragment-Based Inhibitor Screening and 

Development 
 

4.1 Introduction 

The methods of inhibitor discovery through HTS and substrate-structure-based design 

have been explored in the Roach group with some success. An alternative pathway 

utilises compounds with very low complexity and size but high ligand efficiency that 

can be screened for activity against the target. As described in section 1.2.2, the weak 

binding nature of these compounds makes the detection of such inhibitors more 

challenging. As with all potential inhibitors, they must be confirmed and counter-

screened to remove promiscuous hits and ensure inhibition is selective towards the 

target. To further facilitate the characterisation of the compounds, structural analysis 

should be attempted by X-ray crystallography or NMR spectroscopy to confirm the 

binding modes. The assignment of different areas of binding for a number of 

fragments can then direct the synthesis of linking, merging and growing the fragments 

to develop the individual structures into one of improved potency.  

 

The fragment library must be screened to identify a subset of compounds that behave 

as potential inhibitors. The counter screening will verify these hits as well as reduce 

the number of hits overall, resulting in a number of compounds suitable for further 

characterisation. The structural analysis of the protein:inhibitor complex for the 

fragment-based approach is greatly facilitated by the ability to express and purify 

sufficient amounts of soluble protein. It is further aided by the use of a high-

throughput automated set-up to enable a large range of conditions and inhibitors to 

be investigated simultaneously for co-crystallisation and soaking experiments. The full 

characterisation of the inhibitors can then be used to synthetically link a variety of 

fragments in the correct orientations to maintain the occupancy of the active site and 

maximise the number of potential interactions. This entire process must then be 

repeated to monitor the activity of the new generation of inhibitors to determine 

whether the modifications have improved the potency (figure 4.1).   
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Figure 4.1: Fragment-based screening pathway. The process is repeated to ultimately 

improve the potency of the individually weak fragments whilst increasing the drug-like 

properties of the compound. 

 

The fragment-based approach was applied to Dam by using fluorescence-based activity 

assays to identify, counter-screen and evaluate the potency of any hits, as described 

below. The in vitro assays were used to screen the R03 Maybridge Fragment library of 

1,000 compounds to characterise any potential inhibitors. 
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4.1.1 In vitro Dam activity assay 

A validated real-time molecular break light in vitro assay has been developed in the 

Roach group235 to measure Dam activity and its behaviour in the presence of a library 

compound (figure 4.2).  

Fluor GATC
CTAGDabcyl

Me
Fluor GATC

CTAGDabcyl

Me

Me

Dam

SAM
DpnI

AG
Me

TC

Fluor GA
Me

Dabcyl CT

λEX 486 nm

Quenched
Fluorescence

λEX 486 nm

λEM 520 nm

 

Figure 4.2: In vitro molecular real-time break light Dam activity assay. The 

hemimethylated hairpin oligonucleotide is a substrate for Dam resulting in a fully 

methylated GATC site. This fully methylated GATC sequence is a substrate for the 

restriction enzyme DpnI, which cleaves the DNA enabling an increase in fluorescence 

as the fluorophore (fluorescein) and quencher (dabcyl) separate.  

 

The rate of methylation is calculated using the increasing fluorescence signal as the 

reaction proceeds. The assay conditions have been optimised to ensure a low 

background signal, enabling the activity-dependent fluorescence to be easily 

distinguished from the background noise of the assay using positive and negative 

control assays (figure 4.3a). The validity of the assay has been tested using different 

concentrations of a known inhibitor (SAH), which prevents the methylation of DNA and 

hence decreases the DpnI mediated restriction, resulting in a reduced fluorescence 

signal (figure 4.3b). The high-throughput format of this assay has significant 

advantages over other Dam activity assays because the measurements are continuous, 

allowing detailed kinetic characterisation. However, there are limitations such as the 

nature of a coupled enzymatic assay and the possibility of false positives arising 

because of the inherent fluorescence of potential inhibitor compounds236.  
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Figure 4.3: Validated in vitro activity assay. a) The control assays showing an 

increase in fluorescence over time for the positive control (standard assay) whilst the 

negative control (no SAM) remains at a background level. b) The addition of varying 

concentrations of a known inhibitor (SAH) is reflected in the fluorescence signal (with 

permission from reference165). 

 

4.1.2 In vitro DpnI counterscreening assay 

The first round of screening identifies compounds that exhibit more than 50% 

inhibition at 1 mM, which then must be confirmed by repeating the screen. The 

specificity of the inhibitor for Dam over DpnI is unknown at this point and must be 

determined to ensure the selectivity for the target enzyme. The compounds are 

counter-screened against DpnI by using an assay that closely parallels the Dam activity 

assay (figure 4.4). The activity of DpnI is assayed using the fully methylated 

oligonucleotide as a substrate which will be subject to cleavage if the compound does 

not inhibit the enzyme.   
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Figure 4.4: In vitro molecular real-time break light DpnI activity assay. The fully 

methylated GATC sites within the hairpin oligonucleotide is a substrate for DpnI 

cleavage resulting in the separation of fluorophore (fluorescein) and quencher (dabcyl) 

and a subsequent increase in fluorescence.  

 

4.1.3 Potency measurement of confirmed hits 

The confirmed hits found to be selective for Dam are then further characterised to 

determine the IC
50

 value (concentration at which 50% inhibition is observed), mode of 

inhibition and potential selectivity over the human cytosine MTase Dnmt1. The IC
50

 

values of the inhibitors against Dam and DpnI were determined by measuring the 

effect of the compound on the enzyme over a range of concentrations. The IC
50

 values 

give a more detailed estimation of the concentration at which the compound will 
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effectively inhibit the target. This information also facilitates the identification of an 

ideal compound concentration to be used for crystallisation to ensure the active site is 

saturated.  However, the typical low-affinity nature of the compounds within a 

fragment library limits further kinetic analysis until they have been biophysically 

characterised and synthetically linked to improve such properties. 
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4.2 Results and Discussion 

 

4.2.1 In vitro Dam activity screen against R03 Maybridge fragment library                          

The 1,000 compound fragment library was screened in duplicate using the 

fluorescence-based Dam activity assay. The compound screening concentration of 1 

mM was chosen due to the relatively weak nature of binding anticipated from 

compounds of low complexity. This concentration has been used in other fragment-

based studies that utilise a HTS assay237,238. The methods for HTS of a library have been 

optimised to use a 384-well plate. This gives an assay volume of only 20 µL and 

minimises the reagents required for the assay. However, only 80 compounds could be 

screened during each experiment to ensure initial rate data of the reaction is not 

missed immediately after the initiation of the first assays on the plate. Each 80 

compound section was bordered by 8 positive and 8 negative control assays 

positioned alternately, allowing for an average positive and negative activity 

measurement for both sides of the screening area.  

 

The screening window for a typical Dam activity assay was optimised to enable the 

classification of hits as compounds that fall outside three standard deviations from the 

positive average control in each screen239 (figure 4.5). The quality of the assay data is 

determined by the statistical measure known as the Z-factor239, which is a value 

between 0 and 1. When above 0.5, the screening data is classed as acceptable for 

further analysis but a Z-factor below 0.49 indicates the screen must be repeated. 
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Figure 4.5: Initial rate vs. compound number for an 80-compound screen showing 

compound average and +/- 3 standard deviations. [1 nM Dam, 2 nM DpnI, 8 nM 

hemimethylated oligonucleotide 1, 20 µM SAM, 1 mM library compound, 5% DMSO, 80 

mM NaCl, 8 mM MgCl
2
, 0.1 mg mL-1 BSA, 20 mM Tris, 1 mM DTT, pH 7.9] Total assay 

volume 20 µL, performed in 384-well plate at 30 °C (positive controls (blue) – no library 

compound, negative controls (red) – no library compound or SAM). 

 

The results of the library screening (table 4.1) show a high percentage hit rate that 

may result from the relatively high compound concentration chosen for screening, 

subsequently identifying a high number of false positives. The percentage is high 

relative to the hit rate observed in published fragment screening data240. Card et al. 

reported an initial hit rate of 1.6% out of a 20,000 compound library screening against 

cyclic nucleotide phosphodiesterases240. However, this low limit could be a result of the 

compounds being screened at 200 µM with a 30% inhibition limit as opposed to the 1 

mM screening concentration and 50% limit used for screening against Dam. The high 

hit rate for Dam could be as a result of multiple compounds with the same core 

structure or binding feature. These can be grouped together to identify a small 

subsection of key pharmacophores that can be combined during the design of more 

potent inhibitors. Another possible reason for the high hit rate is the interaction with 

other assay components, such as potential aggregation of the compound when under 

assay conditions interfering with the fluorescence of the reaction.  
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Table 4.1: Results of fragment library screening in duplicate. 

 

Out of the 1,000 compounds screened in duplicate, 31 compounds were classed as 

confirmed hits (active in duplicate assays) and 14 were unconfirmed hits (active in one 

of two assays). The typical hit rate for fragment library screening is reported to be 

approximately 2%, which is similar to the hit rate from this library following the 

counter screen (described in section 4.2.2) to eliminate non-selective inhibitors240-242.  

 

4.2.2 Counter screening of potential hits 

The counter screening of the 45 compounds against DpnI was used to identify false 

positives that targeted the coupling enzyme DpnI. The number of hits eliminated from 

further analysis due to their effect on DpnI provides a more realistic hit percentage for 

a typical fragment library240-242 (table 4.2).  

Table 4.2: Results of fragment library counter screening. 

 

The structures of the confirmed selective hits following the counter screen mostly 

consisted of bi-aryl compounds but no more identifiable trends were observed (figure 

4.6).  

Screen Parameter Value 

Number of compounds screened 1,000 

Number of potential hits 45 

Percentage hit rate 4.5% 

Screen Parameter Value 

Number of compounds screened 1,000 

Number of potential hits (after duplicate) 45 

Number of confirmed hits (after counter screen against DpnI) 16 

Percentage hit rate after counter screen 1.6% 
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Figure 4.6: Chemical structures of the 16 confirmed hits. The fragments were 

confirmed hits following the Dam activity screen and DpnI counter screen. 

 

4.2.3 Potency characterisation of hits 

The series of experiments were carried out in duplicate against Dam and DpnI and the 

final IC
50

 values were calculated by plotting the fractional activity (equation 4.1) against 

compound concentration and fitting it to a 4-parameter logistic sigmoid curve 

(equation 4.2). The apparent IC
50

 indicates the concentration of compound at which 

50% of the enzyme is inhibited. However, the high screening concentration used 

requires a large range of compound concentrations up to 10 mM, which could be a 

limiting factor when designing the experiment due to the solubility of the compounds. 

A concentration of 10 mM can be achieved when dissolved in 100% DMSO but the 

subsequent dilution into the assay mix reduces the DMSO concentration to 5%, which 

could cause the compound to precipitate and provide a misleading measurement.  

𝐹𝐹𝐹𝐹 =   
𝑣𝑣i
𝑣𝑣o

 

Equation 4.1: Fractional activity, FA 

Where v
i
 = inhibited rate, v

o
 = uninhibited rate. 
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𝐹𝐹𝐹𝐹 = 𝐹𝐹𝐹𝐹
min
+   
(𝐹𝐹𝐹𝐹

max
− 𝐹𝐹𝐹𝐹

min
)

1+    [𝐼𝐼]
𝐼𝐼𝐼𝐼

50

 

Equation 4.2: IC
50

 determination 

Where FA
min

 = minimum fractional activity, FA
max

 = maximum fractional activity, [I] = 

inhibitor concentration, IC
50

 = concentration of inhibitor at a fractional activity of 0.5, h 

= hill coefficient. 

 

The summary of apparent IC
50

 values revealed the compounds suitable for further 

characterisation (table 4.3). Preliminary crystallisation trials were carried out on all of 

the fragments to determine the likelihood of producing crystals suitable for structural 

analysis. Ideally, the compounds should have a good selectivity ratio, with a low IC
50

 

value against Dam but a high IC
50

 value against DpnI (figure 4.7). If there was a good 

selectivity ratio between the two enzymes, then it was reasonable to suggest that the 

compound significantly inhibits Dam but does not have an effect on the secondary 

enzyme. However, the selectivity of such low complexity compounds is not completely 

essential because it can be inherited or lost during the later stages of development 

and compound modification.  
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Table 4.3: Average IC
50

 values with associated error of Dam versus DpnI. 2The SD 

values described as NC refer to errors that could not be calculated due to outliers. 

 

 

Figure 4.7: Example IC
50

 plots highlighting selectivity differences between Dam 

(black filled circles) and DpnI (white open circles). a) Fragment 48 showing a 

correlation between Dam and DpnI activity as compound concentration increases. b) 

Fragment 25 showing differences in Dam and DpnI activity as compound concentration 

increases. 

 

  Dam DpnI   

Inhibitor No. Average IC
50

/µM SD/µM Average IC
50

/µM SD/µM Selectivity 

Ratio 

1 9065.2 3696.1 >15 NC 1.6 

3 6659.2 2409.6 13506.9 4101.7 2.0 

4 5184.8 311.9 15689.8 6259.0 3.0 

5 3184.7 439.4 21451.2 9428.7 6.7 

8 2286.2 549.4 4959.9 622.8 2.2 

9 15077.2 6616.4 12694.1 NC 0.8 

13 2245.0 126.8 9187.0 1204.3 4.2 

24 1889.9 40.1 10993.5 NC 5.8 

25 74.2 4.2 1441.4 NC 18.9 

27 2128.9 NC >15 NC 7.1 

29 10421.5 428.3 >15 NC 1.4 

30 409.8 4.0 >15 NC 37.5 

31 5818.7 1153.0 >15 NC 2.6 

32 3501.6 298.5 >15 NC 4.3 

34 12099.3 2571.5 11452.4 NC 1.0 

48 1177.6 1296.9 2213.0 73.0 1.8 
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4.2.4 Structural analysis of hits 

The initial crystallisation screens for the E. coli Dam:fragment complexes focussed on 

the same conditions required for the complex of E. coli Dam and SAH. Out of the 16 

compounds, 9 complexes produced crystals isomorphous with the SAH complex 

crystals (table 4.4), but the crystallisation conditions required significant optimisation. 

Due to the low complexity and relatively low IC
50

 values of the fragments, it was 

anticipated that large crystals (which provide higher resolution data) would be required 

to unequivocally assign the electron density of the inhibitor.  

Table 4.4: Crystallised fragments tested at Diamond Light Source.  

 

The results from these experiments were disappointing (table 4.4 and figure 4.8), as 

unassigned active site electron density that could be confidently interpreted was only 

observed for fragment 27. The crystal structures of the fragments were checked for 

any unassigned electron density throughout the protein structure to ensure that the 

fragments were not binding elsewhere, but only water molecules could be found. The 

isomorphous crystals of the SAH and fragment complexes suggest the compounds are 

interacting within the same pocket as SAH to initiate the crystallisation. However, it has 

been reported that low binding constants may require a higher compound 

concentration to improve the inhibitor occupancy throughout the crystal lattice 

enabling the electron density to be observed243. The high compound concentration 

required may never be reached because the presence of DMSO, required to dissolve 

the compound up to high concentrations, has had a detrimental effect on the growth 

of the hexagonal crystals. Therefore, during the crystallisation screening, the fractional 

saturation (equation 4.3) of the protein as well as the compound solubility should be 

taken into consideration to ensure the ligand is fully bound to the protein. 

Inhibitor Crystal Size/µm Resolution 

Limit/Å 

Electron Density for Inhibitor? 

Fragment 1 70 3.01 No 

Fragment 3 100 2.62 No 

Fragment 5 100 2.81 No 

Fragment 8 140 2.64 No 

Fragment 13 130 2.59 No 

Fragment 25 100 2.64 No 

Fragment 27 220 2.53 Yes 

Fragment 29 130 2.55 No 

Fragment 30 90 2.71 No 
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Figure 4.8: The electron density within the active site of chain F in the E. coli 

Dam:fragment 30 complex. The structure has been overlaid with model PDB entry 

2ORE which contains SAH (pale orange, with methionine in both conformations) in the 

active site to highlight the lack of electron density that can be assigned to fragment 30 

(2Fo-Fc, contoured at 1.0 σ, visualised using PyMOL119). 

𝑌𝑌 =
[𝐿𝐿]

𝐾𝐾
d
+ [𝐿𝐿] 

Equation 4.3: Fractional Saturation 

Where L = ligand, K
d
 = dissociation constant. 

 

The data set collected of the E. coli Dam:fragment 27 complex revealed an unassigned 

area of positive electron density which is typically occupied by the adenosyl moiety of 

SAH. Although this compound has a high IC
50

 value of approximately 2 mM, the crystal 

diffracted X-rays to the highest resolution limit, permitting further refinement which 

revealed the inhibitor density (table 4.5). 
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Table 4.5: Refined data sets with bracketed numbers relating to the highest 

resolution shell. 

 

The fragment could be modelled into the observed electron density within the active 

site with a decrease in R-factor following the modelling of the fragment into the three 

monomeric sub-units. There appears to be one key residue for interactions with the 

bound fragment in the active site. The carboxylate anion of the fragment appears to 

form hydrogen bonds to the side chain of S164 and the adjacent nitrogen of the 

backbone amide bond (figure 4.9). However, there are potential hydrophobic 

interactions from the nearby isoleucine and phenylalanine depicted above and below 

the fragment. 

 Fragment 27 

Space group P3
1
21 

Unit cell dimensions/Å a = b = 160.9 

 c = 95.2 

Unit cell dimensions/º α = β = 90 

 γ = 120 

Resolution range/Å 2.53-40.95 (2.53-2.59) 

No. of reflections 169575 (12821) 

No. of unique reflections 42015 (3198) 

Average (I)/σ(I) 15.3 (2.1) 

Completeness/% 88.2 (90.9) 

R-merge 0.055 (0.804) 

Average B-factor 50.7 

No. of atoms: 

Protein 

Ligand 

Water 

 

6039 

36 

174 

R.m.s deviations: 

Bond lengths (Å) 

Bond angles (º) 

 

0.0238 

1.926 

Ramachandran: 

Favoured/% 

Outliers/% 

 

94.2 

1.1 

Current R-factor 0.1949 

Current R-free 0.2348 
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Figure 4.9: The active site of E. coli Dam in complex with fragment 27. The 

fragment 27 (carbon atoms - cyan) has been identified in the active site of the protein 

with the associated electron density highlighted in blue (2Fo-Fc, contoured at 1.0 σ, 

visualised using PyMOL119).  

 

As mentioned previously, S164 is hydrogen bonded to the fragment; however, this key 

residue appears to vary in location between the three chains of the asymmetric unit 

(figure 4.10). The presence of the inhibitor electron density in the active site of the 

protein most likely results from the two hydrogen bonds being strong enough to 

stabilise the protein:inhibitor complex. Therefore, the design of the next generation of 

modified inhibitors should include a carboxylic acid. The first synthesis could utilise a 

SAM analogue which has a carboxylic acid attached to the adenine moiety to explore 

the possibility of improved binding with the potential for an increase in potency. 

S164 
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Figure 4.10: The three monomeric subunits of E. coli Dam in complex with 

fragment 27 overlaid. The orientation of the key binding side chain (S164) appears to 

vary between the three monomers with distances between 3.2 (chain A, green and 

chain C, pink) and 3.6 Å (chain B, cyan, visualised using PyMOL119). 

 

The overlaid active sites of E. coli Dam in complex with fragment 27 and the methyl 

SAM analogue (compound 5342/46) revealed the fragment occupies approximately the 

same location as the adenine moiety of the SAM analogue (figure 4.11). The surface 

indicates substantial volumes for the fragment to be extended and linked to other 

compounds that already exhibit enzyme inhibition. The synthesis of such sub-libraries 

should inherently improve the potency of inhibition, whilst the identification of 

successful crystallisation conditions for this fragment allows for reproducibly large 

crystals that will greatly assist the structural analysis of modified (higher potency) 

inhibitors that will typically retain the core scaffold of the original compound, allowing 

for co-crystallisation of further complexes. 

S164 
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Figure 4.11: Active sites of E. coli Dam in complex with inhibitor GH5342/46 (pale 

orange) and fragment 27 (cyan) overlaid and the calculated surface of the protein 

(cyan). The representation of the structures shows the fragment occupying a similar 

volume as the adenine of the SAM analogue (visualised using PyMOL119). 

 

This work achieved only limited success in co-crystallising fragments. One potential 

reason for this may be the absence of the DNA target and experiments described in 

the next chapter provide the first steps towards achieving a ternary Dam:SAH:DNA 

complex, which might provide the basis for obtaining Dam:DNA:fragment crystals. 

 

  

S164 
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4.3 Summary and Conclusions 

The fragment-based drug design approach has been applied to a wide range of drug 

discovery projects, in part because of the lack of discovering novel drug-like 

compounds from conventional screening methods239,244. The nature of the compounds 

can lead to the exploration of a vast chemical space, especially when considering the 

number of fragment combinations that can be synthetically combined from a 1,000 

compound library245-248. Provided a good target can be identified, this methodology may 

provide the opportunity for new antibiotics to be developed that are not modified 

versions of already well known scaffolds that are particularly susceptible to antibiotic 

resistance. 

	  

A limitation of the fragment-based approach is developing an accurate assay that has 

very low detection limits for the determination of inhibition constants249. The 

complexity and size of the fragments results in very low affinities which can lead to 

false negatives and positives if the assay is not tailored for such binding studies238,250. 

However, the low affinity constants of the hit compound does not necessarily imply the 

binding is of no practical value245. The importance of overcoming the rigid body 

entropic barrier to protein binding has been discussed and it is not influenced by the 

molecular weight251,252. Therefore, in general, the interactions of the fragment with the 

protein must be significantly strong to overcome the barrier. In the case of Dam, this 

indicates that fragment 27 is relatively efficient through its interactions with the 

protein even though it is not highly potent as an inhibitor. 

 

Ideally, the in vitro assay should be used in conjunction with high-throughput 

biophysical methods that can confirm the mode of binding and orientation253,254. 

However, the bottleneck of protein crystallisation discussed previously and the high 

concentrations of protein required for NMR-based studies reduce the possibility of 

combining these methods. Giving due consideration to these factors, E. coli Dam was 

only crystallised with compounds that had demonstrated selective inhibition for Dam. 

This process ensured that promiscuous binders had been eliminated.  

 

The successful co-crystallisation of fragment 27 bound to E. coli Dam proves that key 

interactions in the active site can be identified even when the studied compound is of 

very low complexity. The crystallisation of at least two more fragment structures would 

ideally be required to identify the building blocks of a potent inhibitor that can be 

combined through merging or linking255,256. The lack of electron density corresponding 

to the other inhibitors during the co-crystallisation could potentially be overcome by 

soaking of the compound during the crystal growth stage257. The excess of the 

compound should soak into the crystal so that the inhibitor occupancy increases 
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resulting in an active site with corresponding electron density. Alternatively, the 

protein could be crystallised in complex with the fragments using de novo 

crystallisation conditions. A number of sparse matrix condition screens can be tested 

for crystal growth using a high-throughput screening approach which should help to 

identify the binding modes of fragments which may target the SAH or DNA binding 

regions.  

 

If the protein and fragment complexes cannot be crystallised, studies such as 

competitive binding experiments or NMR-based studies may provide an alternative 

approach to understanding the interactions of fragments with Dam. The optimisation 

of the expression and purification of E. coli Dam to yield high concentrations of pure 

protein allows the use of saturation transfer difference-NMR (STD-NMR) 

spectroscopy258. This method determines the area of the inhibitor responsible for 

protein binding by focussing on the ligand spectrum and its behaviour towards the 

spin diffusion from the protein259,260. If the ligand is interacting with the protein, its 

signals will be attenuated when subtracted from the reference spectrum, resulting in a 

spectrum containing only signals of the binding ligand259. This method can be used in a 

high-throughput manner for competitive binding experiments by adding a number of 

fragments simultaneously which will subsequently yield differing signals according to 

their binding modes258. Alternatively, fluorescence-based assays can be used if the 

compound is fluorescent, with potential for monitoring the displacement of labelled 

SAM or DNA upon further addition of inhibitor as the reaction proceeds. However, both 

of these methods fail to provide the three dimensional structural information of the 

binding mode within the active site. The evolution of the fragment into a potent lead 

through linking requires the correct orientations of the compounds whilst exploiting 

all of the potential binding affinity from the active site. 
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5. Alternative Strategies for Crystallisation of 

Dam:Ligand Complexes 
 

5.1 Introduction 

The routes to inhibitor discovery discussed in chapters three and four have yielded 

potential hits that require further development and optimisation. There are alternative 

approaches to structural analysis that may prove informative and help with 

understanding the mode of action of particular inhibitors. Ideally, data from these 

structural studies should be combined with biochemical kinetic analysis and in 

culture/in vivo testing during the later stages of drug development. 

 

Three possible approaches were explored as part of an effort to improve the structural 

information available on Dam:inhibitor complexes: 

1. Co-crystallisation of Dam with hits from in silico screening experiments 

2. Crystallisation of Dam from different organisms 

3. Co-crystallisation of Dam with DNA and/or inhibitors 

 

The binary complex of E. coli Dam bound to SAH has been well characterised in the 

literature and confirmed by structural analysis, as reported in chapter three. However, 

this information is more suited to SAM-competitive inhibitors, which tend to only 

interact with the SAM-binding pocket. Inhibitors identified as competitive with DNA or 

those with low binding constants may require DNA to successfully co-crystallise in a 

cooperative manner. The structure of the Dam:DNA:inhibitor complex would ideally 

reveal the exact binding modes of these inhibitors and may also help clarify the 

binding modes of inhibitors that target the SAM-binding pocket.  

 

The ternary complex including DNA and SAH has previously been crystallised and 

solved to a resolution limit of 1.9	  Å	  (PDB - 2G1P, figure 5.1)110. This complex 

crystallised in a different form to the binary complex, with the presence of the DNA 

improving the protein stability and potentially causing a conformational change that 

allowed the higher resolution to be reached261. The reproduction of the ternary 

complex crystals could provide a suitable system to study problematic inhibitor hits 

such as the fragments, which are difficult to co-crystallise with Dam, a problem that 

hinders their use in the development of more potent inhibitors. Despite repeated 

attempts, efforts to reproduce crystals of the tertiary (Dam:DNA:SAH) crystals reported 

by Horton et al. proved unsuccessful110. Therefore, sparse matrix condition screens 

were used to identify novel crystallisation conditions for the tertiary complex. Provided 
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crystals from these screens diffracted to a suitable resolution, they could be used to 

investigate the interactions of inhibitors – including the previously unobserved 

inhibitor to DNA interactions. 

 

Figure 5.1: The structure of E. coli Dam in complex with DNA and SAH (PDB - 

2G1P). The ternary complex reveals the flipped out adenine (blue) is in close proximity 

to the flexible region (orange) but not in a correct orientation to interact with SAH 

(cyan,110 visualised using PyMol119). 

 

The previously described bottleneck of inhibitor co-crystallisation could potentially 

also be overcome by crystallising Dam from other organisms. Ideally, Y. pestis Dam 

could be expressed and purified in sufficient quantities for crystallisation trials, as this 

enzyme is used in inhibitor screening experiments using the fluorescence-based in 

vitro activity assay235. However, the catalytic activity of Dam from this source is 

unstable with a very fast rate of decay even in the presence of substrates (first order 

rate constant for inactivation, K
inact

 = 0.128-0.214 min-1, determined by Dr. J. McKelvie). 

The source of this instability has not been determined, but attempts at heterologous 

overexpression in E. coli resulted in even less Y. pestis Dam being isolated upon 

purification than the E. coli enzyme. The challenge of crystallising relatively unstable 

proteins such as Dam could be significantly reduced by expressing the enzyme from a 

thermophilic source, if one is available262. As discussed in chapter two, the optimised 

expression and purification systems for P. horikoshii Dam had been developed by 

Maynard-Smith et al236, who had made use of its thermophilic properties and improved 
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stability. Co-crystallisation of proteins with their substrates or other ligands has often 

proved successful and the stability of the P. horikoshii enzyme, whilst interacting with 

ligands such as inhibitors during the crystallisation process, might improve the 

probability of growing diffracting crystals261,263,264.  

 

The sequence alignment of Y. pestis, E. coli and P. horikoshii Dam reveals highly 

conserved active site residues (figure 5.2). This high degree of sequence similarity 

could be advantageous when inhibitors of Y. pestis Dam are crystallised in complex 

with either P. horikoshii or E. coli Dam as the key residues involved in binding the 

inhibitor will be homologous. Therefore, the mode of inhibitor binding should be very 

similar for Dam isolated from three different organisms.  

 

Figure 5.2: Sequence alignments of E. coli, P. horikoshii and Y. pestis Dam. The 

protein sequence alignment (accession codes P0AEE8, Q7CFW3 and O58765) indicates 

highly conserved regions, especially in the SAM-binding motifs (207DPPY210) and the 

flexible hexapeptide region (9KWAGGK14) described in chapter three (using 

Multalin265). 

 

The discovery and development of inhibitors can also be facilitated by using 

computational modelling to predict binding modes of inhibitors when the model 

protein has been solved266-268. The method of in silico screening is typically used as an 

alternative to HTS which reduces the need for expensive laboratory time and 

consumables269-271. However, it must be used in conjunction with biochemical and 

biophysical methods to confirm the potential inhibitors and eliminate false positives. 

This technique was employed using E. coli Dam as the model PDB to dock over 
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300,000 compounds from the University of Cincinnati library in collaboration with Dr. 

Michael Bodkin at Lilly. The docking studies reduced the library to 3,400 compounds 

that could be modelled as binding to Dam in a thermodynamically favourable 

conformation. The success of this computational experiment was then tested by 

evaluating their inhibitory properties using the in vitro activity assay by Dr. J. McKelvie. 

This screening resulted in ten compounds that justified further characterisation using 

X-ray crystallography and the potential for in culture antibacterial activity165.  
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5.2 Results and Discussion 

5.2.1 Crystal structure of in silico/in culture hit for further development 

The 3,400 compounds screened in vitro from the University of Cincinnati library 

resulted in ten compounds displaying inhibitory properties165 (figure 5.3). These 

compounds required further kinetic and structural characterisation to identify 

examples with a high degree of selectivity for Dam and to understand their 

conformation when bound. The compounds were screened for potential crystal growth 

using the optimised crystallisation conditions used for E. coli Dam in complex with 

SAH. The glycerol concentration in the reservoir was previously observed to affect the 

crystal size during the SAM analogue optimisation and was therefore considered 

following the initial successful crystallisation. 

 

Figure 5.3: Structures of the hits from the University of Cincinnati library 

(screening done by Dr. J. McKelvie165). The crystallisation of these compounds was 

attempted even with the large range of IC
50

 values.  

 

Although all of the compounds allowed crystal growth when in complex with E. coli 

Dam, most crystals were too small for further optimisation under these conditions and 
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therefore the complexes yielding larger crystals whilst retaining a relatively low IC
50

 

value were selected for more refined optimisation. There were only three compounds 

that yielded large enough crystals under these conditions for potential X-ray diffraction 

studies (table 5.1). 

Table 5.1: Summary of crystallisation results for the University of Cincinnati hits. 

 

The data processing of the crystal grown in the presence of compound UC5, which has 

a relatively low IC
50

 value, revealed no electron density corresponding to the inhibitor 

(figure 5.4a). This could be a result of the small crystal size which yielded a low 

resolution data set being collected. The electron density for inhibitor UC7 was also not 

readily identifiable in the active site (figure 5.4b). This was somewhat surprising due to 

the better resolution limit achieved. However, it may be that inhibitor UC7 requires the 

DNA substrate to be present for binding to occur – this would result in inhibition 

during activity assays, but not yield co-crystals in a simple Dam:inhibitor screen. This 

suggests that further crystallisation trials to achieve a ternary complex 

(Dam:DNA:inhibitor complex) may be more successful. The full data set collected for E. 

coli Dam in complex with UC9 which yielded the largest crystals revealed potential 

electron density in the active site (figure 5.4c). The unassigned density is situated in 

the same area that is typically occupied by the adenine moiety of SAH.  

 

 

 

 

 

 

 

 

 

Compound Crystal Size/µm Resolution Limit/Å Electron Density for Inhibitor? 

UC1 <50 - - 

UC2 <50 - - 

UC2.2 <50 - - 

UC3 <50 - - 

UC4 <50 - - 

UC5 90 3.36 No 

UC6 <50 - - 

UC7 100 2.66 No 

UC8 <50 - - 

UC9 180 2.68 Yes 
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Figure 5.4: A comparison of the SAM adenosyl binding pocket using the weighted 

difference map of Fo-Fc (calculated with no ligand within active site) of the three 

E. coli Dam complexes with UC5 (pink), UC7 (orange) and UC9 (blue). The active 

sites of E. coli Dam in complex with UC5 (pink, top left) and UC7 (orange, top right) 

reveal very little electron density, especially when the structure of UC9 (bottom right, a 

much smaller compound than UC5 and UC7) has been overlaid. The active site of E. 

coli Dam in complex with UC9 (blue, bottom left) reveals a large area of electron 

density of similar size to that of the ligand (contoured at 2.0 σ, visualised using 

PyMol119). 

 

Although the fragment-like inhibitor of UC9 exhibits very low potency in vitro using 

the fluorescence-based assay, the bacterial cell culture testing carried out by Dr M.I. 

Richards (Dstl, Porton Down) using Yersinia pseudotuberculosis revealed a reduction in 

methylation. The conflicting evidence for inhibition suggests the in culture activity 

could be caused by non-specific action upon the cell. However, the presence of 

inhibitor electron density within the active site of the crystal structure implies there is 

NN

N
N

H2N

NH2

UC9
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specific binding which could be interfering with the methylation reaction. Therefore, 

this compound can be further characterised and provides a starting point for 

modifications to develop a sub-library suitable for a structure-activity relationship to be 

instigated.  

 

5.2.2 Initial crystallisation of P. horikoshii Dam 

The crystal structure of P. horikoshii Dam has not yet been determined and the extra 

52 amino acid C-terminal tail of Dam from this organism may significantly change the 

conditions required for crystallisation. Initially, four commercial crystallisation screens 

were investigated for crystal nucleation and growth of the binary and ternary 

complexes of P. horikoshii Dam.  

 

The Molecular Dimensions Structure 1 and 2 screen272,273 yielded relatively well formed 

crystals under the conditions of 100 mM sodium acetate pH 4.6 and 1.6 M NaCl. 

Therefore, optimisation around this condition was carried out which increased the 

crystal size from 50 µm to a minimum of approximately 200 µm in the longest 

dimension. The optimised conditions included the use of glycerol for cryoprotection 

and a ratio of protein to drop solution at 3:1 µL (usually 2:2 µL), which substantially 

improved crystal size (figure 5.5). 

 

Figure 5.5: a) Crystal of P. horikoshii Dam in complex with DNA and SAH. b) X-ray 

diffraction pattern of the P. horikoshii Dam crystal. a) The data set was collected 

using this parallelogram-shaped crystal suspended in a 0.4-0.5 mm loop. b) The data 

set collected only reached a resolution limit of approximately 4 Å.  

 

The X-ray diffraction pattern obtained from this crystal reached a resolution limit of 4 

Å which is not quite sufficient to allow the solution of a publishable structure, but can 

give an indication of the spacegroup of P3 with a mosaicity level of 0.6. The distance 

between the spots is very small at such low resolution, which implies the unit cell of 

this protein is large and therefore requires optimisation to improve the crystal quality. 

a b 
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Alternatively, another crystal form should be investigated to ensure the crystal 

structure can be solved with a smaller unit cell. 

 

5.2.3 E. coli Dam in the ternary complex 

The binary structures of E. coli Dam in complex with SAH and SAM analogue inhibitors 

have revealed a conformational change in a key area surrounding the active site. The 

crystal structure of the enzyme without substrates in comparison to the binary and 

tertiary complexes would identify whether a rearrangement of these key residues is 

required to allow substrate binding and subsequent DNA methylation. Therefore, the 

design of a compound that can interact with the apo enzyme and inhibit any potential 

conformational changes required for methylation could be an alternative approach.  

 

As described previously, the crystal structure of the ternary complex which includes 

both DNA and SAH may show the potential for cooperative binding of inhibitors, such 

as the fragments which have not yet yielded successful crystal structures. Horton et al. 

have reported the crystal structure of E. coli Dam bound to SAH and DNA to a 

resolution limit of 1.9 Å (PDB - 2G1P)110. This complex used the precipitant PEG400 but 

the same buffer and pH as the binary crystal structure. These conditions were varied to 

investigate potential crystal growth using the 96-well screening format and 24-well 

focussed screens. However, only precipitation was observed and therefore the search 

was broadened to obtain ternary complex crystals using commercially available sparse 

matrix screens. The four screens yielded twelve successful crystallisation conditions, 

which then had to be reproduced and tested for X-ray diffraction (table 5.2). 
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Commercial Screen Buffer Precipitant Additive 

Molecular Dimensions 

Structure 1 and 2 

100 mM sodium acetate pH 4.6 30% PEG4000 200 mM ammonium 

acetate 

 10% PEG1000 10% PEG8000 

Molecular Dimensions 

JCSG-Plus 

100 mM sodium acetate pH 4.6 8% PEG4000  

100 mM phosphate/citrate pH 4.2 20% PEG8000 200 mM sodium 

chloride 

Hampton Research 

Crystal 1 and 2 

100 mM sodium cacodylate trihydrate pH 

6.5 

30% PEG8000 200 mM sodium acetate 

trihydrate 

100 mM sodium acetate trihydrate pH 4.6 8% PEG4000  

 20% PEG8000 50 mM potassium 

phosphate monobasic 

 30% PEG1500  

Hampton Research 

PEGXr 

100 mM sodium acetate trihydrate pH 4.5 30% PEG300  

100 mM sodium acetate trihydrate pH 4.5 30% PEG1500  

100 mM sodium acetate trihydrate pH 4.5 10% 

PEG10000 

 

100 mM sodium acetate trihydrate pH 4.5 26% PEG 

monomethyl 

ether 550 

6% 2-propanol 

Table 5.2: Successful crystallisation conditions using commercial screens. 

 

The reproduction of crystals in the 24-well format was not readily achieved and 

therefore, all crystals of substantial size (> 50 µm) from the 96-well screening plates 

were frozen for storage and testing at Diamond Light Source on the microfocus 

beamline I24 (wavelength of 0.9778 Å using a Pilatus detector) with all but two crystals 

not suitable for full data collection. The rod-shaped crystals used for the data 

collection were approximately 300 µm in the longest dimension and reached a 

resolution limit of 2.6 Å (figure 5.6). 

 

Figure 5.6: Crystal of E. coli Dam in complex with DNA and SAH. The rod-shaped 

crystal suspended in a 0.3-0.4 mm loop was used to collect a full data set.  
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The ternary complex could not be solved by molecular replacement using the model 

PDB of 2ORE due to the presence of the DNA which results in a P2
1
2

1
2

1
 space group 

being assigned. This change in space group results in two protein molecules and two 

DNA duplexes present in the asymmetric unit compared with the three Dam protein 

monomers of the 2ORE unit cell. The PDB entry 2G1P which contains two protein 

molecules and one DNA duplex was used as an alternative model, which is indexed 

with the space group P2
1
 and therefore used for the molecular replacement to solve 

the structure110.  

Table 5.3: Refined data sets with bracketed numbers relating to the highest 

resolution shell.  

 

The refinement of the collected data has revealed two protein monomers as well two 

DNA duplexes present in the asymmetric unit which dramatically improved the R-factor 

(table 5.3). In PDB entry 2G1P, the two subunits appear to enclose the DNA, which 

 E. coli Dam + DNA + SAH 

Space group P2
1
2

1
2

1
 

Unit cell dimensions/Å a = 70.1 

 b = 73.5 

 c = 174.8 

Unit cell dimensions/º α = β = γ = 90 

Resolution range/Å 2.61-54.68 (2.61-2.67) 

No. of reflections 206744 (14574) 

No. of unique reflections 28400 (2037) 

Average (I)/σ(I) 15.5 (2.9) 

Completeness/% 99.9 (99.9) 

R-merge 0.122 (1.036) 

Average B-factor 42.4 

No of atoms: 

Protein 

Ligand 

Water 

 

4016 

1036 

79 

R.m.s deviations: 

Bond lengths (Å) 

Bond angles (º) 

 

0.0097 

1.484 

Ramachandran: 

Favoured/% 

Outliers/% 

 

88.6 

2.7 

Current R-factor 0.2242 

Current R-free 0.2694 
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could imply a dimeric active complex110. However, the structure reported herein reveals 

the second subunit is located in a different space and orientation relative to the DNA 

previously identified in 2G1P (figure 5.7a and b). 

 

Figure 5.7: a) Overall structure of 2G1P. b) Ternary structure collected at Diamond 

Light Source and solved in-house. a) The two Dam monomers (blue and green) 

appear to enclose the DNA duplex (red). b) The two Dam monomers are in different 

orientations to that of 2G1P with an additional DNA duplex present in the crystal 

structure (2Fo-Fc map, contoured at 2.0 σ, visualised using PyMOL119). However, the 

blue DNA duplex appears to be in the Z-conformation, a characteristic not previously 

observed in crystal structures of methyltransferase:DNA complexes.  

 

a 

b 
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The variation in location of protein subunits could be linked to the conformation that 

the protein adopts when no substrates are present, as it appears that only one of the 

DNA duplexes is positioned in an area where methyl transfer can occur (figure 5.8). 

The distance of 8 Å could be feasible for the rearrangement of the flexible 

hexapeptide (9KWAGGK14) to allow binding of the flipped out base to the enzyme 

active site. The additional subunit could be situated in close proximity to the first 

subunit as a method of stabilising the protein:DNA complex (increasing the binding 

affinity). 

Figure 5.8: The active site of E. coli Dam in complex with DNA and SAH. A DNA 

strand is situated close enough to the protein for adenine (A1 - pink) to flip-out of the 

double helix into a region of potential methyl transfer near SAH, but the flipping of the 

DNA base requires a rearrangement of the flexible hexapeptide loop (orange, 

visualised using PyMOL119). 

 

The adenine base A1 that is relatively close to the active site of the enzyme is not 

flipped out of the duplex in the model. However, the structure shows the highest 

occupancy conformation and does not convey the dynamic protein and DNA 

movements that can occur. Specifically, the kinetics of adenine A1 flipping may mean 

it cannot be observed crystallographically, but the base can rapidly flip between the 

observed conformation and the conformation required for methylation121,274. In future 

studies, the optimisation of crystal size and resulting improvement in achievable 

resolution limit should enable further characterisation of the protein:DNA complex 

with the introduction of fragment inhibitors to facilitate the mode of binding studies. 

A1 
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5.3 Summary and Conclusions 

The determination of the crystallisation conditions for the ternary complex of E. coli 

Dam bound to DNA and SAH is a significant step towards co-crystallising a number of 

other inhibitors. The lack of electron density within the active site for most of the 

compounds identified as inhibitors could be a result of trying to crystallise the 

complex in the absence of the second substrate (DNA). The inclusion of DNA when 

investigating the protein reveals an improved stability which should subsequently 

increase the chances of an occupied active site, especially when SAH is substituted 

with an identified inhibitor261,275,276. The DNA may also lead to a conformational change 

involving the undefined hexapeptide region of the protein. This flexible region is an 

area that significantly varies depending on the presence of substrates and 

inhibitors113,277,278. The additional information provided by the extra protein and DNA 

subunits of this crystal structure in comparison to the lower symmetry model 2G1P 

could reveal further binding modes of inhibitors, especially if they behave as allosteric 

inhibitors. 

 

The initial crystallisation of Dam from a hyperthermophilic source provides a starting 

point to obtain crystals that diffract well enough to determine a structure of 

publishable quality263,279. The sequence alignment of the protein described in section 

5.1 indicates a highly conserved active site, which could lead to a correlation between 

inhibitory properties for the protein from three different organisms. Therefore, the 

binding modes should be similar unless the inhibitors do not bind in the active site 

and other binding sites are identified. This can be followed by further investigation 

using the in culture and in vivo assays.  

 

The additional crystal structure of E. coli Dam in complex with UC9 is a significant 

starting point for an inhibitor which displays in culture activity without the necessary 

modifications typically required to synthesise a more drug-like molecule. The electron 

density associated with this inhibitor occupies the same site as the adenine moiety of 

SAH, which was expected due to its structural similarity to adenine. The next stage 

would be to investigate analogues of this compound which retain the core structure 

but incorporate various other moieties that can occupy more of the active site whilst 

ideally improving its inhibitory potency.
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6. Conclusions and Future Work 
 

6.1 Protein expression and purification 

The implementation of suitable expression and purification systems for E. coli and P. 

horikoshii Dam provided a significant foundation to allow the structural 

characterisation of the protein in complex with identified inhibitors. The consistently 

high yields of over 98% pure protein (as analysed by SDS-PAGE) provides sufficient 

quantities for crystallisation condition screening, typically in a high-throughput 

manner, avoiding a significant bottleneck in the process of binding mode 

characterisation280-282. The previous crystallisation of E. coli Dam in the binary and 

ternary complexes was used to guide the initial crystal screens which required further 

optimisation of the crystal size and cryoprotectant concentration110,113. This 

optimisation was carried out using the binary complex of E. coli Dam with SAH and the 

optimised conditions could then be utilised with little further optimisation for all the 

related inhibitors that competitively bind to the SAM-binding pocket. 

 

6.2 Structural analysis of transition state mimic inhibitors 

Once crystals of the Dam:SAH complex had been optimised, our objective was to 

extend this work to structurally characterise the binding mode of the putative 

transition state mimics (compounds GH5243/37, GH5342/46, GH5554/52 and 

GH5554/78/72, some with binding constants <20 µM). The co-crystallisation of these 

compounds required optimisation of additives and cryoprotectant but the resulting 

crystals were approximately isomorphous with the Dam:SAH crystals and allowed the 

structures to be solved by molecular replacement. The crystal structures of these SAM 

analogues revealed a conformational change in the protein backbone situated in close 

proximity to the SAM and DNA binding pockets. This area of relatively poorly 

undefined electron density (residues 9KWAGGK14) has been of significant interest in 

the inhibitor binding mode, which involves the displacement of a tryptophan residue 

by the aromatic substituent that had been incorporated into the SAM analogues 

(compounds GH5554/52 and GH5554/78/72). 

 

Although the design of SAM analogue inhibitors (figure 6.1) has previously been 

explored and significant inhibition has been observed, the compounds have not shown 

selectivity towards Dam98,151. This overall lack of preferential inhibition has deterred 

continuing efforts using this pathway for developing potential antibiotics. However, 

the bi-substrate nature of analogues GH5554/52 and GH5554/78/72, which include an 

aromatic substituent that was originally aimed as a mimic for the flipped-out adenine, 

have fortuitously gained inherent selectivity for Dam over the human cytosine MTase 
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Dnmt1. As discussed in section 3.2.3, the selectivity gain over Dnmt1 as a potential 

consequence of using a hydrophobic aryl group, which cannot sufficiently bind in the 

polar region of the active site lined by the residues E1168, D1571, R1574, Q1575 and 

N1578, must be retained during further rounds of structural modifications whilst 

improving the binding constants.  

 

Figure 6.1: The range of SAM analogues used for structural analysis. The additional 

groups are highlighted in purple with their associated IC
50

 values. 

 

The amino acid moiety of SAH has been modelled in two conformations in the reported 

binary complex of E. coli Dam and SAH113. The degree of flexibility of this region of 

SAH implies the interactions in this area of the pocket could be stronger to force one 

conformation to be adopted. This approach has been achieved as shown in the crystal 

structure of E. coli Dam in complex with the indole SAM analogue (compound 

GH5554/52), where the indole has forced the amino acid moiety into the upper region 

of the active site (figure 6.2). However, the calculated surface of the protein implies 

there is a substantial volume still to be filled in this pocket surrounding the amino acid 

moiety which might be exploited by increasing its steric bulk. A series of further 

modified SAM analogues that focus on this substituent could be investigated, for 

example the introduction of another aromatic group that can fill the region typically 

occupied by the adenine base (the target of the initial SAM analogues) whilst forming 

important π-stacking interactions (figure 6.4). Alternatively, the amino acid moiety of 

SAH can be modified to decrease its conformational flexibility or to improve potential 

interactions to residues, such as D181 (figure 6.3).  
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Figure 6.2: Highlighting the indole moiety in the active site of E. coli Dam in 

complex with GH5554/52. The calculated surface reveals an unoccupied region 

expanding away from the indole ring (circled in red, visualised using PyMOL119). 

 

Figure 6.3: Highlighting the amino acid moiety in the active site of E. coli Dam in 

complex with GH5554/52. The calculated surface reveals the amino acid group of the 

SAM analogue could be modified to fill the unoccupied region (behind the amino acid 

moiety of SAH, circled in red) and improve the interactions with D181 (red surface, 

visualised using PyMOL119). 

Unoccupied region 

D181 

Unoccupied region 
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The two other areas for potential modification of the SAM analogue inhibitors include 

the adenosyl portion and the bicyclic aromatic moiety, both of which could benefit 

from synthesising the quarternary central amine to mimic the positively charged 

sulfonium ion of SAM. The hydroxyl groups of the ribose could benefit from an 

additional carbon atom between the 5-membered ring and the oxygen to decrease the 

distance to the flexible loop region. The potential increase in interactions could further 

stabilise the hexapeptide (9KWAGGK14), which is shown to give rise to the inhibitors 

selectivity property. However, the additional groups could sterically hinder the binding 

of the compound into the active site which must be taken into consideration when 

designing the next round of inhibitors. The mimic of the flipped out base can also be 

modified in the search for improved potency. It has been observed that a two-carbon 

linker is optimal for positioning the aromatic moiety in the correct region for 

tryptophan displacement and so ideally this should be retained205. This displacement 

could be reinforced by further optimising the size and functionality of this group. It 

could also be improved by reducing the conformational flexibility (by inclusion of 

cyclic or unsaturated groups) of the additional moiety to ensure an optimal position 

within the active site to maximise the effect of inhibition (figure 6.4). 

 

Figure 6.4: Examples of further SAM analogues to assay and crystallise. Varying the 

substituents that occupy the pockets typically filled by SAM and the flipped out 

adenine could further optimise the complementarity of the inhibitor structure with the 

active site.     
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The modifications of the SAM analogues should enhance Dam inhibition whilst the 

selectivity over Dnmt1 is (at least) retained. Each modification must be made 

individually and the activity assessed to enable full characterisation of the optimal 

direction for compound development. If the potency improves, the structural analysis 

of the compound in complex with E. coli Dam should be carried out to confirm the 

mode of binding and highlight further areas of development. Therefore, both methods 

of in vitro activity screening and structural confirmation must be used in an iterative 

process guiding the structure-activity relationship required to reach a potential 

candidate for antimicrobial therapy. 

 

6.3 Fragment-based inhibitor discovery and structural 

analysis 

The identification of a number of inhibitors from the R03 fragment library that are 

selective for Dam over DpnI has provided an alternative starting point for the 

development of a potent inhibitor. The limitation of structural analysis of these 

compounds has proven to be a significant bottleneck with only one inhibitor with 

confirmed electron density within the active site. The most direct route for fragment-

based drug design is the utilisation of a number of fragments binding in different 

areas of the active site which all display inhibitory properties. The fragments can then 

be linked together synthetically, which requires optimisation of the linker length and 

flexibility, or grown and merged together to improve the potency of the compound. 

However, without the structural analysis to confirm different individual binding modes, 

the potential for development of the inhibitor is limited. 

 

The crystal structure of compound F27 enables the analysis of an analogue sub-library 

which could yield a more potent inhibitor. As the orientation of the fragment has been 

confirmed, the sub-library could include structures with substantial bulky groups 

attached to F27, extending in the direction of the unoccupied hydrophobic pocket. As 

the fragment is located in a small area which is typically filled by the adenine moiety of 

SAH, there is a significant volume of the binding pocket that is empty (figure 6.5). This 

method could also be implemented for the UC9 inhibitor which is of fragment size and 

complexity but does not exhibit strong potency when assayed in vitro. However, as 

mentioned previously, the kinetic analysis of the compounds must be carried out 

simultaneously with the crystallographic studies to ensure modifications are benefiting 

the binding interactions to the protein. 
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Figure 6.5: Active site of E. coli Dam in complex with fragment 27 (cyan). The 

addition of SAH (pale orange) in this structure as well as the calculated surface reveals 

a large area of the SAM binding pocket (interacting residue locations shown in red) 

which can be targeted with other fragments and then synthetically linked together to 

improve the potency (rotation of 90°, visualised using PyMOL119).   

 

The crystallisation of further fragments could potentially be facilitated by high-

throughput screening of sparse matrix screens, which are likely to yield different 

crystal morphologies due to the various protein:inhibitor complexes formed. 

Alternatively, kinetic analysis focussing on the binding characterisation and whether 

they are competitive with DNA or SAM could provide an initial insight into their mode 

of binding. However, displacement or competition based kinetic studies tend to 

require inhibitors with good affinity because the compound to be displaced typically 

binds in the micromolar range. Therefore, competition studies are less than ideal for 

identification of lower potency inhibitors such as the fragments, which are effective in 

the millimolar range. 

 

NMR spectroscopy can be used as an alternative for gaining a structural insight when 

analysis cannot be completed through X-ray crystallography. The technique of STD-

NMR can be used to confirm fragment binding to the protein, with the main advantage 

over crystallography being that it is usually solution-based. This method can be used 

as way of investigating the competitive nature of a series of compounds283,284. Once the 

optimal conditions of protein NMR have been determined, the spectrum of the protein 

in solution with a number of fragments is recorded as a reference. The protons of the 

macromolecule are then saturated, which is also transferred to any bound ligands 

resulting in an attenuated ligand signal.  This spectrum is subtracted from the 

reference spectrum, yielding the STD signal corresponding to any bound ligands285. 
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The structures selected for each round of NMR analysis should ideally not have 

spectrum peaks that overlap so that the different compounds can be distinguished 

whilst being assigned to specific sites on the protein.  

 

A method typically employed by industry is to screen compound libraries in a high-

throughput manner identifying inhibitors in an activity assay, but using successful co-

crystallisation to confirm binding286,287. The inhibitor identified in the crystal structure 

can then be fully kinetically characterised to determine its potency and mode of action. 

This method overcomes the initial crystallisation bottleneck because the initial 

crystallisation conditions have been determined. However, large amounts of protein 

and high concentrations of each screening compound is still often required for a full 

structural analysis of the protein:inhibitor complex. An automated pipetting system is 

particularly advantageous to facilitate the use of sparse matrix condition screens to 

provide the highest probability of successfully co-crystallising the protein:inhibitor 

complex, a prerequisite to solving the structure. 

 

6.4 Alternative routes to inhibitor discovery and binding 

mode confirmation 

The Dam:inhibitor co-crystal structures reported herein have all been lacking the DNA 

substrate. The presence of the DNA may result in conformational changes in the 

flexible active site region that facilitate the binding of inhibitors that could not be co-

crystallised with just Dam or resulted in poor electron density for the inhibitor. In 

particular, the crystallisation of E. coli Dam in complex with both DNA and SAH may 

permit isomorphous co-crystallisation of inhibitors in a ternary Dam:DNA:inhibitor 

complex. The SAM analogues and fragments have been selected for structural analysis 

because they have shown inhibition towards Y. pestis Dam when assayed in vitro235. 

The sequence similarity of Y. pestis and E. coli Dam suggests the inhibitory behaviour 

of the compounds should be very similar, which infers the mode of binding can be 

identified using the crystal structure of E. coli Dam. However, the experimental 

conditions of the fluorescence-based activity assay are very different to those used for 

crystallography, specifically the substrates present, concentrations and buffer 

composition. The inhibition caused by the compound could be influenced by the 

composition of the assay mix in comparison to the crystallisation conditions and 

therefore, the crystal structure of the enzyme:inhibitor complex may not directly 

reflect the mode of binding. 

 

The fragment-like compounds may only bind to the protein when in the presence of 

DNA due to their weak binding affinity. The addition of the DNA within the 

crystallisation conditions could secure the fragment in the active site, especially if 
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there is a conformational change of the protein involved when both substrates are 

present. Alternatively, novel crystallisation conditions might be discovered that allow 

the protein crystal to form when in the presence of DMSO, which is typically the 

optimal solvent for dissolving the inhibitors. Initially, the co-crystallisation conditions 

used for E. coli Dam and SAH were subjected to a final concentration of 5% DMSO in 

the crystallisation drop which replicates the concentration used in the activity assay.  

However, the growth of hexagonal protein crystals was inhibited and so the 

compounds were dissolved in the crystallisation drop buffer to minimise protein 

dilution upon addition. This procedure reduced the solubility range of the compounds 

and with IC
50

 values in the millimolar range, this could result in the low active site 

occupancy because the final inhibitor concentration would have been much lower than 

if dissolved in DMSO. 

 

The conditions for crystallising the ternary complex may facilitate the structural 

analysis of the range of inhibitors with a core stibonic acid feature (figure 6.6), 

identified by Dr. J. McKelvie (University of Southampton, UK) from the NCI/DTP 

library165. The sub-library of stibonic acid compounds yielded inhibitors with IC
50

 values 

as low as 10 nM but their co-crystallisation has not been achieved. Attempts were 

made to crystallise the inhibitor using the conditions identified for the binary complex 

as well as a range of sparse matrix conditions, typically in the presence of DNA and 

SAH. However, during the kinetic characterisation by Dr. J. McKelvie, the most potent 

inhibitor was found to be competitive with DNA. This is a rare feature for SAM-

dependent MTases and should be one that is fully exploited, especially as one 

compound has been shown to down-regulate expression of proteins involved in 

Yersinia spp. pathogenicity using microarray mRNA profiling288. 

 

Figure 6.6: Hit compound 13776 from the DTP library and examples from the sub-

library with associated IC
50

 values. A sub-library of the stibonic acid compound was 

sourced which retained the core stibonic acid feature and tested for co-crystallisation. 
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Conditions for the crystallisation of the complex of E. coli Dam with the stibonic acids 

can potentially be determined using high-throughput screening. The competitive 

nature of these inhibitors with the second substrate implies the crystallisation 

conditions will be somewhat different to that of the binary complex with just SAH. 

Therefore, the initial screens could include the conditions used for the ternary complex 

but replacing the DNA with the inhibitor. If this is unsuccessful, the crystals might be 

obtained using de novo screening which may be required because the active 

component of the inhibitor is yet to be confirmed165.  

 

A library of adenine analogues has been purchased as an alternative method to 

explore the active site, with co-crystallisation being the primary screen to identify 

protein:inhibitor complexes. The solved protein structures would identify the pocket at 

which the adenine analogue binds, which reveals other regions of the active site 

available for inhibitor binding. For example, if the adenine analogue did not bind 

within the pockets typically occupied by SAH, the complex could be supplemented with 

SAH during co-crystallisation. This would maximise any active site interactions and 

potentially improve the inhibitor binding. Once structurally confirmed as a potential 

inhibitor, the synthesised SAM analogue could be linked to the adenine analogue and 

the potency characterised to monitor the effect of the alteration. This fragment-

approach has been discussed previously but this method is guided by the nature of the 

analogues, which are based on adenine and therefore should bind in one region of the 

active site, if not more.  

 

The in-house synthesis of a fluorescent SAM analogue (figure 6.7) by Dr. G. Hobley is a 

further step towards characterising identified inhibitors or even as a method of high-

throughput screening to discover inhibitors through fluorescence polarisation. The 

fluorescently labelled compound is excited by polarised light, resulting in light 

emission as a function of fluorescence lifetime and rotational diffusion. The parallel 

and perpendicular planes of the excited light are then used to measure the 

fluorescence intensity. The intensity level is dependent on how fast the compound 

tumbles in solution, which is reliant on whether it is in a free state or bound complex 

with the enzyme. The addition of a competitive inhibitor will displace the compound 

and affect the polarisation of emitted light as the compound becomes free to rotate 

more quickly in solution. This probe for the SAM binding pocket can also be used for 

other SAM-dependent methyltransferases, especially as the IC
50

 value against Dam is 

77.6 ± 32.6 µM compared to that of the indole SAM analogue with an IC
50

 value of 12.3 

± 0.8 µM. However, this relatively small increase in IC
50

 value even with the addition of 

the fluorescent coumarin moiety suggests the competitive binding experiments will 

require inhibitors that display good binding features. Therefore, fragment-like 
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compounds with weak binding constants are unlikely to be able to displace the 

coumarin SAM analogue from the active site. 

 

Figure 6.7: Structure of the fluorescently labelled SAM analogue and example 

binding curve. The additional coumarin moiety does not affect the potency of the 

compound but should be displaced by increasing the compound concentration to 

enable the fraction of substrate bound to be calculated. 

 

The substrate displacement investigation can be used in conjunction with fluorescence 

anisotropy experiments, which have been initiated by Dr. J. McKelvie as a way of 

measuring protein stabilisation in the presence of substrates and screening 

compounds289,290. This technique has been primarily used to determine the effect of 

compound binding on the protein:DNA complex and its dissociation rate. However, the 

stability of the protein when isolated from the source organisms of Y. pestis, E. coli 

and P. horikoshii varies substantially, a feature which can be exploited using 

fluorescence anisotropy. The identified inhibitors can be assessed as to their effect on 

the protein, which will subsequently provide information of mode of binding that can 

be confirmed by structural analysis. 

 

6.5 Additional structural analysis to aid inhibitor 

understanding and development 

The crystal structure of the apo-protein would be an interesting development to 

explore the active site conformation when not interacting with a ligand. The area of 

undefined electron density, which typically surrounds the N-terminal hexapeptide, 

could potentially be located much closer to the active site to enclose and protect it 

from the environment when not bound to DNA. This protein structure could provide 

detail of any areas that are exposed when in its unbound form as a way of guiding 

inhibitor design that can target the native protein rather than just substrate pockets. 
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The study of the apo-protein can be guided by the differing stabilities when the length 

of the C-terminal is varied, with P. horikoshii Dam having the longest C-terminal tail 

resulting in the highest stability (figure 6.8). The N-terminal region has been shown to 

be highly involved in the activity of the enzyme whilst the C-terminal remains partially 

unresolved in the crystal structure of E. coli Dam. 

 

Figure 6.8: The sequence of E. coli Dam with highlighted areas of the αα -helices and 

β-sheets. The majority of the structure has been solved but there are two areas, 

between residues 188-198 and 247-260, of which the structural information has not 

yet been determined. 

 

The study of this region could be investigated by mutating residues to attempt to 

improve the protein stability and likelihood of successful crystallisation. These areas 

could be similar to that of the N-terminal flexible region in that they require substrates 

to fix the position of the backbone. However, these experiments initially require the 

protein to be crystallised independently to determine their original location and assess 

their role in the binding of DNA and SAM. This can also complement the co-

crystallisation of inhibitors which do not necessarily target the active site but interact 

with these regions of uncertainty. 
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7. Experimental 
 

7.1 Materials 

Chemicals  

SAM hydrochloride and SAH were purchased from Sigma Aldrich (Dorset, UK); DTT, 

IPTG, BSA and antibiotics were purchased from Melford Laboratories (Suffolk, UK); 

polyacrylamide-bis polyacrylamide (30% w/v, 37:5:1) and Bacto agar were purchased 

from Fisher Scientific (Leicestershire, UK); Bacto tryptone and yeast extract for culture 

media were purchased from Oxoid (Hampshire, UK); Chelating Fast Flow resins were 

purchased from GE Healthcare (Buckinghamshire, UK); Crystallisation screens and 

reagents were purchased from Hampton Research (California, USA) and Molecular 

Dimensions (Newmarket, Suffolk). 

 

All other chemicals were of the highest quality available and purchased from Sigma 

Aldrich or Fisher Scientific.  

 

The University of Cincinnati library was obtained from the University of Cincinnati; 

Compounds UC1-10 were re-sourced from Acros Organics (Fisher Scientific), Ambinter 

(Orléans, France), ChemBridge (San Diego, USA), Maybridge (Fisher Scientific) and 

Sigma Aldrich; the R03 fragment library was obtained from Maybridge (Fisher 

Scientific); the bi-substrate analogue library was synthesised by Dr G. Hobley at the 

University of Southampton; oligonucleotides were purchased from AtdBio 

(Southampton, UK). 

 

Consumables  

12-well clear sterile suspension plates with lids, 96-well crystallisation plates, 96-well 

half area black microplates and 384-well low volume black HiBase microplates were 

purchased from Greiner Bio-One (Gloucestershire, UK); 12-well Linbro-style 

crystallisation plates with lids and 22 mm round cover slips were purchased from 

Molecular Dimensions (Newmarket, Suffolk); Biomek P20 and P250 robotic tips were 

purchased from Beckman Coulter (Buckinghamshire, UK); sterile filters were purchased 

from Millipore (Hertfordshire, UK); Wizard Plus SV Minipreps Plasmid DNA Purification 

System was purchased from Promega (Hampshire, UK). 

 

Enzymes  

Restriction enzymes NcoI and XhoI were purchased from New England Biolabs; His-

tagged DpnI and Y. pestis Dam were prepared by Dr. J. McKelvie and kept in frozen 
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stocks at the University of Southampton; His-tagged P. horikoshii and E. coli Dam were 

prepared by J.E. Harmer and kept in frozen stocks at the University of Southampton. 

 

Plasmids  

Plasmid pMMS/5284/31 was prepared by Dr. M. Maynard-Smith and kept in frozen 

stocks at the University of Southampton; plasmid pJCM/5229/87 was prepared by Dr. 

J. McKelvie and kept in frozen stocks at the University of Southampton; plasmid 

pRL400 was prepared by Dr R. Leonardi and kept in frozen stocks at the University of 

Southampton; plasmid pJEH100 was prepared by J.E. Harmer and kept in frozen stocks 

at the University of Southampton.  
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7.2 Equipment 

 

Automated assay preparation  

Assays were prepared in 384 well plates using a Beckman Coulter Biomek 3000 

laboratory automation workstation at room temperature.  

 

Centrifugation  

Samples were centrifuged at 4 °C in a Sorval Evolution RC centrifuge fitted with an SLC-

6000 or an SLA-1500 rotor or a Heraeus Multifuge 1-R fitted with a Highconic rotor. 

Small volumes (< 1.5 mL) were centrifuged in a bench top microcentrifuge at room 

temperature.  

 

Computer software  

Crystallography analysis was carried out using WinCoot, CCP4 (Collaborative 

Computational Project No. 4), Phenix (Python-based Hierarchical Environment for 

Integrated Crystallography) and automated data analysis carried out at Diamond Light 

Source using Xia2; kinetic data analysis was carried out using Microsoft Excel and 

MathWorks MATLAB; Graphs were plotted using Systat SigmaPlot 11; protein structures 

were visualised with UCSF Chimera or PyMol; chemical structures were drawn with 

CambridgeSoft ChemDraw Ultra 12.  

 

Fluorescence spectroscopy  

Fluorescence measurements were recorded in a Tecan Safire2 or BMG POLARstar 

Omega microplate reader. The following measurement parameters were applied unless 

otherwise stated:  

 

Tecan Safire2 microplate reader – Z-Position of 12 000 µm, integration time of 20 µs, 0 

s between each movement and reading, no shaking between data collections.  

 

BMG POLARstar Omega microplate reader – Integration time of 20 µs, 0 s between each 

movement and reading, no shaking between data collections. 

 

Excitation and emission wavelengths, bandwidths, gain and temperature are stated for 

each experimental method.  

 
FPLC  
A GE Healthcare FPLC System maintained at 4 °C was used for all protein purifications. 
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pH Determination 

A Mettler Delta 340 pH meter in conjunction with a Mettler Toledo Inlab 413 

Combination Electrode was used for pH measurements. This equipment was calibrated 

at pH 4.0 – 7.0 or pH 7.0 – 10.0 before use and stored in 3 M potassium chloride. 

 

Incubations 

Bacterial plate cultures were grown in an Economy Incubator Size 2 (Gallenkamp) (37 

°C, overnight). Bacterial liquid cultures were incubated in an Innova 4400 Incubator 

Shaker (New Brunswick Scientific) (37 °C, 180 rpm). 

 

UV-Vis Spectroscopy 

UV spectra and absorbance data was measured using a Lamba 2 spectrophotometer 

(Perkin-Elmer). 
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7.3 General Methods 

Standard sterile techniques were used during all microbiological experiments. 

Sterilisation of growth media and heat stable solutions was achieved with a PriorClave 

autoclave (Priorclave Ltd) (121 °C, 25 min). Heat labile solutions (antibiotics) were 

sterilised by filtration through 0.22 µm filters (Millipore). 

 

Growth media were supplemented with antibiotics (dependent on specific cell strain 

antibiotic resistance) of the following concentrations: 

 Ampicillin - 100 µg mL-1 

 Chloramphenicol - 30 µg mL-1 

 Kanamycin - 34 µg mL-1  

 Kanamycin - 20 µg mL-1 for P-0.5G  

 Kanamycin - 100 µg mL-1 for ZYM-5052 

 

7.3.1 The rubidium chloride method for making competent cells 

2YT media (table 7.1, 100 mL) was inoculated with overnight cultures of E. coli (TOP10 

– analytical digests and DNA isolation, BL21(DE3) – protein expression studies) (1 mL). 

The resulting cultures were incubated with shaking (37 °C, 180 rpm) until an OD
600

 of 

~0.6 was reached. Cultures were then cooled on ice (<4 °C, 10 min) and then harvested 

by centrifugation (2 x 50 mL, 4 °C, 4000 rpm, 10 min). The supernatant was decanted 

and the centrifuge tubes inverted to remove excess liquid (4 °C, 1 min). Cell pellets 

were resuspended in TBFI (table 7.2, 10 mL, 4 °C). Centrifugation (2 x 10 mL, 4 °C, 

4000 rpm, 10 min) was then repeated to recover the cells, the supernatant was then 

removed and the centrifuge tubes again inverted to remove excess liquid (4 °C, 2 min). 

The resulting cell fractions were resuspended in TBFII (table 7.3, 1.5 mL, 4 °C). Aliquots 

(100 µL) were then flash frozen on dry ice and stored (-80 °C). 

 

Component Quantity 

Bacto-Tryptone 16 g 

Bacto-Yeast Extract 10 g 

NaCl 5 g 

Deionised Water To a final volume of 1 L 

Table 7.1: 2YT media. 
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Reagent Concentration Quantity 

Potassium Acetate 30 mM 0.588 g 

Rubidium Chloride 100 mM 2.42 g 

Calcium Chloride 10 mM 0.294 g 

Manganese Chloride 50 mM 2.0 g 

Glycerol 15% v/v 30 mL 

Sterile Water  To a final volume of 200 mL 

Table 7.2: TBFI solution pH 5.8. 

 

Reagent Concentration Quantity 

MOPS 10 mM 0.21 g 

Rubidium Chloride 10 mM 0.121 g 

Calcium Chloride 75 mM 1.1 g 

Glycerol 15% v/v 15 mL 

Sterile Water  To a final volume of 100 mL 

Table 7.3: TBFII solution pH 6.5. 

 

7.3.2 Transformation 

Frozen competent cells (-80 °C, TOP10 – analytical digests and DNA isolation, 

BL21(DE3) – protein expression studies) were thawed on ice (<4 °C, 10 min). Plasmid 

solution (1 µL, <4 °C) was then added with gentle mixing to an aliquot (100 µL, 4 °C) of 

thawed competent cells and the cells were kept on ice (<4 °C, 30 min). Cells were then 

heat shocked (42 °C, 40 s) before being returned to the ice (<4 °C, 2 min). SOC media 

(table 7.4, 250 µL, 37 °C) was added to the heat shocked cells which were then 

incubated with shaking (37 °C, 180 rpm, 1 hr). Antibiotic (dependant on the cell strain 

used) supplemented 2YT media plates were incubated at the same time (37 °C, 1 hr). 

The plates were then spread with transformed cell solution (100 µL) and incubated (37 

°C, overnight). Single colonies were picked and used to inoculate overnight cultures 

from which glycerol stocks were produced. Plates were then sealed and stored (4 °C). 

 

Component Quantity 

Bacto-tryptone 20 g 

Bacto-Yeast Extract 5 g 

NaCl 0.5 g 

Glucose (1 M) 20 mL 

MgCl
2
 (2 M) 5 mL 

Deionised Water To a final volume of 1 L 

Table 7.4: SOC Media solution. 
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7.3.3 Preparation of glycerol stocks 

Overnight culture of E. coli, prepared by inoculation of 2YT media with a single colony 

picked from an agar plate, was mixed with sterile glycerol (70%) in a 4:1 ratio and 

aliquots were stored at -80 °C until required. 

 

7.3.4 Isolation of plasmid DNA 

E. coli cells were harvested from overnight cultures by centrifugation (10 mL, 4 °C, 

4000 rpm, 10 min). Plasmid DNA was isolated using the Wizard® Plus SV Minipreps 

Plasmid DNA Purification System, as per manufacturer’s instructions. The isolated 

plasmid DNA was then eluted with sterile water (50 µL) and stored at -80 °C until 

required. 

 

7.3.5 Analytical Digests 

Isolated plasmid DNA (method 7.3.4) was digested by preparing the digestion solution 

(table 7.5) and incubation (37 °C, 1 hr). The DNA fragments were analysed by agarose 

gel electrophoresis (1%) with ethidium bromide staining. 

 

Component Quantity (µL) 

Plasmid DNA 5.0 

NEBuffer 2 (10 x) 1.0 

BSA (1 mg mL-1) 1.0 

Restriction Enzyme 0.5 

Sterile Water 2.5 

Table 7.5: Analytical digest solution. (N.B. The choice of buffer depends on the 

restriction enzymes used, as advised on the NEB website) 

 

7.3.6 Preparative Digestions 

Isolated plasmid DNA (method 7.3.4) was digested by preparing the digestion solution 

(table 7.6) and incubation (37 °C, 3 hrs). The DNA fragments were analysed by agarose 

gel electrophoresis (1%) with ethidium bromide staining and purified using a QIAquick 

gel extraction kit as per the manufacturer’s instructions. 

Component Quantity (µL) 

Plasmid DNA 25 

NEBuffer 2 (10 x) 5 

BSA (1 mg mL-1) 5 

NcoI 2 

XhoI 2 

Sterile Water 11 

Table 7.6: Large scale digest solution. 
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7.3.7 Ligation and Transformation 

Ligations (table 7.7) were incubated (16 °C, 1.5 hrs) and transformed into TOP10 

competent cells using the transformations method (method 7.3.2) but using all 10 µL 

of the ligation mixture. 

 

Component Quantity (µL) 

Digested Backbone 2 2 2 2 

Digested Insert 2 3 6 0 

Sterile Water 4 3 0 6 

T4 DNA Ligase Buffer 1 1 1 1 

T4 DNA Ligase 1 1 1 1 

Table 7.7: Ligation reaction mixtures. 

 

7.3.8 Determination of Protein Concentration by Bradford Assay 

Protein solution (20 µL) was added to a cuvette containing Bradford reagent (1 mL), the 

resulting solution was mixed and the absorbance at 595 nm recorded. This value was 

then compared to the absorbance at 595 nm of protein at a known concentration (20 

µL, 1 mg mL-1 BSA). Providing the absorbance value lies between 0 and 1 a linear 

relationship exists between protein concentration and absorbance. 

 

7.3.9 SDS-PAGE 

Gels (15%) were prepared by combining the components (table 7.8), followed by 

applying the gels to moulds, with the resolving gel (5 mL) being allowed to set before 

addition of the stacking gel (1 mL) and comb. 

Component Quantity (ml) 

Resolving Gel (10 mL) Stacking gel (4 mL) 

Deionised Water 2.3 2.7 

30% Acrylamide Mix 5 0.67 

Tris (1.5 M, pH 8.8)  2.5 - 

        (1 M, pH 6.8) - 0.5 

10% SDS 0.1 0.04 

10% Ammonium Persulfate 0.1 0.04 

TEMED 0.01 0.005 

Table 7.8: 15% SDS-PAGE resolving gel and 5% SDS-PAGE stacking gel. 

 

Samples were prepared by mixing 1:1 with 2x SDS-PAGE loading buffer (table 7.9) and 

denaturing (95 °C, 10 min). Samples (20 µL) were then loaded onto the gel and 

electrophoresis was carried out (200 V, in 1x SDS-PAGE running buffer, table 7.10). 
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Gels were stained with Coomassie brilliant blue (table 7.11) and destained (table 7.12, 

12-48 hrs) before imaging. 

 

Reagent Concentration Quantity 

Tris.HCl (pH 6.8, 0.2 M) 50 mM 2.5 mL 

DTT 0.1 mM 154 mg 

SDS 2% w/v 200 mg 

Bromophenol Blue 0.1% w/v 10 mg 

Glycerol 10% w/v 1 mL 

Deionised Water  To a final volume of 10 mL 

Table 7.9: 1x SDS-PAGE Loading Buffer.  

 

Reagent Concentration Quantity 

Tris Base 25 mM 3.02 g 

Glycine (pH 8.3) 250 mM 18.8 g 

SDS 0.1% w/v 1 g 

Deionised Water  To a final volume of 1 L 

Table 7.10: 1x Tris-Glycine Electrophoresis Buffer.  

 

Reagent Concentration Quantity 

Coomassie Brilliant Blue 25 mM 0.25 g 

Methanol 45% w/v 45 mL 

Glacial Acetic Acid 10% w/v 10 mL 

Deionised Water  To a final volume of 100 mL 

Table 7.11: Gel Stain. 

 

Reagent Concentration Quantity 

Methanol 5% w/v 50 mL 

Glacial Acetic Acid 7.5% w/v 75 mL 

Deionised Water  To a final volume of 1 L 

Table 7.12: Gel Destain. 

 

7.3.10 Small Scale IPTG Protein Expression Studies 

Overnight E. coli culture (1.0 mL) was used to inoculate 2YT media (100 mL) 

supplemented with antibiotic (dependant on cell strain). The culture was then 

incubated with shaking (37 °C, 180 rpm) and the OD
600

 values were obtained to monitor 

growth. Once an OD
600

 of 0.6 had been reached, cells were induced by the addition of 

IPTG (100 µL, 1 M). Cells were then incubated with shaking (20 °C, 180 rpm), with 

samples (1.0 mL) removed every hour for analysis. Cells from samples were 
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immediately harvested by centrifugation (13,200 rpm, 30 min) and the supernatant 

was discarded. Cell pellets were then analysed by SDS-PAGE (method 7.3.9) and protein 

concentration determined using Bradford assay (method 7.3.8).  

 

7.3.11 Large Scale IPTG Protein Expression 

Overnight E. coli culture (12.5 mL) was used to inoculate 2YT media (1250 mL) 

supplemented with antibiotic (dependant on cell strain). The culture was then 

incubated with shaking (37 °C, 180 rpm) and the OD
600

 values were obtained to monitor 

growth. Once an OD
600

 of 0.6 had been reached, cells were induced by the addition of 

IPTG (1.25 mL, 1 M). Cells were then incubated with shaking (20 °C, 180 rpm, 

overnight), with a sample (1.0 mL) removed every hour (when possible) for analysis. 

Cells were harvested from sample cultures (1250 mL) by centrifugation (8,000 rpm, 30 

min) and the supernatant was discarded. Cell pellets were then analysed by SDS-PAGE 

(method 7.3.9) and protein concentration determined using Bradford assay (method 

7.3.8) and the rest were transferred into a labelled plastic bag that was weighed and 

then stored at -80 °C.  

 

7.3.12 Small Scale Autoinduction Expression Studies  

Overnight E. coli culture in P-0.5G (table 7.13, 1.25 mL) was used to inoculate ZYM-

5052 media (125 mL) supplemented with antibiotic (dependant on cell strain). The 

culture was then incubated with shaking (37 °C, 180 rpm) and the OD
600

 values were 

obtained to monitor growth. Once an OD
600

 of 0.6 had been reached, samples (1.0 mL) 

were removed every hour for analysis. Cells from samples were immediately harvested 

by centrifugation (13,200 rpm, 30 min) and the supernatant was discarded. Cell pellets 

were then analysed by SDS-PAGE (method 7.3.9) and protein concentration determined 

using Bradford assay (method 7.3.8). 

Table 7.13: P-0.5G media. 

 

 

 

 

Component Volume added/ mL Final Concentration 

Double Deionised Water 93.6 - 

MgSO
4
 0.2 2 mM 

1000xTrace Metals 0.02 0.2 x 

40% Glucose 1.25 0.5 % 

20xP 5 1 x 

Kanamycin (20 mg mL-1) 0.125 20 µg mL-1 
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Table 7.14: ZYM-5052 media. 

 

Component Quantity 

Bacto-Tryptone 50 g 

Bacto-Yeast Extract 25 g 

Deionised Water To a final volume of 5 L 

Table 7.15: ZY media. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Component Volume added/ mL Final Concentration 

ZY 4789 - 

MgSO
4
 10 2 mM 

50 x 5052 100 1 x 

50 x M 100 1 x 

Kanamycin (100 mg mL-1) 1 20 µg mL-1 
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Table 7.16: Extra Components for autoinduction media. 

 

 

Formula Concentration/M Mass/g 

1000 x Trace Metals - 0.1 L    

FeCl
3
 – must be dissolved in 0.1 M HCl 0.05 0.805 

CaCl
2
 0.02 0.22 

MnCl
2
.4H

2
O 0.01 0.197 

ZnSO
4
.6H

2
O 0.01 0.287 

CoCl
2
.6H

2
O 0.002 0.0474 

CuCl
2
 0.002 0.034 

NiCl
2
 0.002 0.0258 

Na
2
MoO

4
 0.002 0.0412 

Na
2
SeO

3
 0.002 0.0346 

H
3
BO

3
 0.002 0.0124 

 Autoclave stock solutions except FeCl
3
    

20 x P - 0.1 L    

Na
2
HPO

4
 1 1.42 

KH
2
PO

4
 1 1.36 

(NH
4
)

2
SO

4
 0.5 0.66 

 Autoclave solution    

50 x M - 0.5 L    

Na
2
HPO

4
 1.25 0.8875 

KH
2
PO

4
 1.25 0.85 

NH
4
Cl 2.5 0.6688 

Na
2
SO

4
 0.25 0.1775 

Autoclave solution   

MgSO
4
 - 10 mL 1 1.20 

Sterile filter solution   

50x5052 – 0.2 L   

Glycerol 25% 50 

H
2
O  146 mL 

Glucose 2.5% 5 

a-lactose 10% 20 

Sterile filter solution   

40% Glucose – 0.1 L   

Glucose 40% 40 

H
2
O  74 mL 

Sterile filter solution   
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7.3.13 Large Scale Autoinduction Expression  

Overnight E. coli culture in P-0.5G (12.5 mL) was used to inoculate ZYM-5052 media 

(1250 mL) supplemented with antibiotic (dependant on cell strain). The culture was 

then incubated with shaking (37 °C, 180 rpm) and the OD
600

 values were obtained to 

monitor growth. Once an OD
600

 of 0.6 had been reached, cells were then incubated 

with shaking (20 °C, 180 rpm, overnight), with a sample (1.0 mL) removed every hour 

for analysis. Cells were harvested from sample cultures (1250 mL) by centrifugation 

(8,000 rpm, 30 min) and the supernatant was discarded. Cell pellets were then 

analysed by SDS-PAGE (method 7.3.9) and protein concentration determined using 

Bradford assay (method 7.3.8) and the rest were transferred into a labelled plastic bag 

that was weighed and then stored at -80 °C.  

 

Protocol for one week of autoinduction expression 

Day 1  - Transformation of pJEH100 into BL21(DE3). 

Day 2  - Overnights of P-0.5G non-inducing media (6 x 12.5 mL, 180 rpm, 37 °C). 

Day 3 - When the OD of P-0.5G overnights reaches 0.6, four of the overnights are 

transferred into 4 x 1.25 L of ZYM-5052 autoinducing media. When the ZYM-5052 

reaches an OD of 0.6, the temperature is dropped to 20 °C.  

 - Overnights of P-0.5G non-inducing media (6 x 12.5 mL, 180 rpm, 37 °C). 

Day 4 - Harvest 4 x 1.25 L of ZYM-5052 using centrifugation. 

 - When the OD of P-0.5G overnights reaches 0.6, four of the overnights are 

transferred into 4 x 1.25 L of ZYM-5052 autoinducing media. When the ZYM-5052 

reaches an OD of 0.6, the temperature is dropped to 20 °C.  

 - Overnights of P-0.5G non-inducing media (6 x 12.5 mL, 180 rpm, 37 °C) 

Day 5  - Harvest 4 x 1.25 L of ZYM-5052 using centrifugation. 

 - When the OD of P-0.5G overnights reaches 0.6, four of the overnights are 

transferred into 4 x 1.25 L of ZYM-5052 autoinducing media. When the ZYM-5052 

reaches an OD of 0.6, the temperature is dropped to 20 °C.  

Day 6 - Harvest 4 x 1.25 L of ZYM-5052 using centrifugation. 

 

7.3.14 Purification of His-tagged Protein Using Nickel Affinity Column 

Chromatography 

Frozen cell pellet was resuspended in ice cold cell lysis buffer (table 7.17, 3 x w/v cell 

pellet, <4 ºC, 10 min) supplemented with PMSF (1 mM) and a Roche protease inhibitor 

tablet (<4 ºC, 10 min). Lysozyme (5-15 mg) was then added and the resuspension 

mixture was stirred on ice (<4 ºC, 15 min). PMSF (1 mM) was then replenished and the 

solution was sonicated on ice (<4 ºC, 20 x 10 s with 10 s rest).  The lysate was then 

centrifuged (Sorval evolution, SLA-1500 rotor, 4 ºC, 14000 rpm, 30 min) to precipitate 

cell debris and the resulting supernatant was loaded (5 mL min-1) onto a Ni-NTA 
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sepharose column with a bed volume of 50 mL. The column was then washed (5 mL 

min-1) with buffer A (table 7.18, 400 mL). Elution of protein was achieved with a 0-100% 

gradient over 100 mL to buffer B (table 7.19). Aliquots (100 µL) of each fraction were 

withdrawn to allow analysis using Bradford Assay and SDS-PAGE was then used to 

identify eluted fractions containing protein. These fractions were then stored (-80 ºC). 

 

Reagent Concentration Quantity 

HEPES 50 mM 11.915 g 

NaCl 300 mM 17.53 g 

Imidazole 50 mM 3.40 g 

Glycerol 10% (w/v) 100 g 

β-mercaptoethanol 5 mM 350 µL (add just before needed) 

Triton X-100 0.05% (w/v) 0.5 g 

Deionised Water  To a final volume of 1 L  

Table 7.17: Cell Lysis Buffer pH 7.5. 

 

Reagent Concentration Quantity 

HEPES 50 mM 11.915 g 

NaCl 300 mM 17.53 g 

Imidazole 50 mM 3.40 g 

Glycerol 10% (w/v) 100 g 

β-mercaptoethanol 5 mM 350 µL (add just before needed) 

Deionised Water  To a final volume of 1 L 

Table 7.18: Buffer A - Low Imidazole Buffer pH 7.5. 

 

Reagent Concentration Quantity 

HEPES 50 mM 11.915 g 

NaCl 300 mM 17.53 g 

Imidazole 500 mM 34.0 g 

Glycerol 10% (w/v) 100 g 

β-mercaptoethanol 5 mM 350 µL (add just before needed) 

Deionised Water  To a final volume of 1 L  

Table 7.19: Buffer B - High Imidazole Buffer pH 7.5. 

 

7.3.15 Purification of Protein Using Ion Exchange Column Chromatography 

Fractions from the nickel affinity column chromatography that had a protein 

concentration of more than 0.2 mg mL-1 (determined by Bradford) were pooled and 

diluted two-fold using buffer C (table 7.20). The ion exchange column (filled with SP-

sepharose, a strong cation exchanger) had been equilibrating in buffer C at 4 °C. As 
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soon as the column was ready and the fractions had been pooled, it was applied to the 

column at 4 mL min-1. The column was then washed with 200 mL of buffer C. The 

protein was eluted from the column by carrying out a gradient of 0-100% buffer C to 

buffer D (table 7.21) over 200 mL. The fraction size for collection was 10 mL, of which 

samples were taken (100 µL) and stored for further analysis by SDS-PAGE gel. The 

fractions were stored at -80 °C until needed.  

 

Reagent Concentration Quantity 

HEPES 20 mM 4.766 g 

NaCl 300 mM 17.53 g 

Glycerol 10% (w/v) 100 g 

DTT 1 mM 0.1543 g 

EDTA 1 mM 0.372 g 

Deionised Water  To a final volume of 1 L 

Table 7.20: Buffer C - Low Salt Buffer pH 7.5. 

 

Reagent Concentration Quantity 

HEPES 20 mM 4.766 g 

NaCl 2 M 116.86 g 

Glycerol 10% (w/v) 100 g 

DTT 1 mM 0.1543 g 

EDTA 1 mM 0.372 g 

Deionised Water  To a final volume of 1 L  

Table 7.21: Buffer D - High Salt Buffer pH 7.5. 

 

7.3.16 Purification of Protein Using Gel Filtration Column Chromatography 

The size of the column was calculated to be ~700 mL and the flow rate of the column 

was set at 3 mL min-1 during wash/elution and 1 mL min-1 during protein loading. The 

column was equilibrated in buffer C (table 7.20, 800 mL) before the protein was 

loaded. Fractions containing protein from the ion exchange column were pooled and 

concentrated to ~3 mL. This was then loaded into the loop ready for it to be injected 

onto the column. When the column was fully equilibrated, the protein was injected (1 

mL min-1) and buffer C was continued to run through the column (3 mL min-1). The first 

200 mL was collected in 50 mL fractions (void-volume) and tested for protein. The next 

500 mL was collected in 10 mL fractions. Samples of each fraction were collected for 

Bradford Assay and analysis by SDS-PAGE and then frozen at -80 °C. The fractions that 

were the most concentrated and pure (determined by SDS-PAGE) were then pooled and 

concentrated to as high as possible before precipitation. The protein was then 

aliquotted (500 µL) and stored at -80 °C. 
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7.3.17 Real-Time Molecular Break-Light Dam Activity Assays for High-throughput 

Screening 

Assays were set up as described below in Greiner black polystyrene 384-well small 

volume microplates using a Biomek 3000 workstation. Buffer A2/G (table 7.22, 1 x), 

SAM (16 µM) and oligonucleotide 1 (6 nM) were added to each well, library compound 

(1 mM) and DMSO (5 %) were then added with mixing (4 x 5 µl) before and after 

addition. The assay plate was then equilibrated (30 °C, 10 min) in a Tecan Safire II 

microplate reader before initiation with ice-cold (4 °C) Dam (1 nM), oligonucleotide 1 (2 

nM) and DpnI (2 nM) with solutions mixed (2 x 10 µl) before and after addition. Control 

assays containing no library compound (positive) and no library compound or SAM 

(negative) were also prepared. Total assay volume was 20 µl and assays were run at 30 

°C, fluorescence changes were recorded using a Tecan Safire II microplate reader with 

10 readings per well (each measurement), 75 measurements in total and a gain setting 

of 170.  

Table 7.22: Buffer A2/G (pH 7.9) – Optimised Assay Buffer. 

 

Oligonucleotide 1: 

F-CCGGmATCCAGTTTTCTGGATCCGG-D 

 

Oligonucleotide 2: 

F-CCGGmATCCAGTTTTCTGGmATCCGG-D 

 

7.3.18 DpnI Activity Assays for Counter-screening 

Assays were set up as described below in Greiner black polystyrene 384-well small 

volume microplates using a Biomek 3000 workstation. Buffer A2/G (1 x) and 

oligonucleotide 2 (10 nM) were added to each well, library compound (1 mM) and 

DMSO (5 %) were then added with mixing (4 x 5 µL) before and after addition. The 

assay plate was then equilibrated (30 °C, 10 min) in a Tecan Safire II microplate reader 

before initiation with ice-cold (4 °C) DpnI with solutions mixed (2 x 10 µL) before and 

after addition. Control assays containing no library compound (positive) and no library 

compound or DpnI (negative) were also set-up. Total assay volume was 20 µL and 

Reagent Concentration 

Magnesium Chloride 8 mM 

Sodium Chloride 80 mM 

Tris 20 mM 

BSA 0.1 mg mL-1 

DTT 1 mM 

Glycerol 5% (w/v) 
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assays were run at 30 °C, fluorescence changes were recorded using a Tecan Safire II 

microplate reader with 10 readings per well (each measurement), 75 measurements in 

total and a gain setting of 170.  

 

7.3.19 IC
50

 Value Determination of Confirmed Hits 

The activity of the enzyme was measured as described in sections 7.3.17 and 7.3.18 

but using a range of compound concentrations as summarized in section 7.6.3. The 

fractional activity of each compound was calculated using equation 4.1 and a plot of 

fractional activity against inhibitor concentration was fitted to equation 4.2 to 

determine IC
50

 value. 

 



Jenny Harmer  Chapter Seven 

 146   

7.4 Experimental for Chapter Two 

 

7.4.1 Construction of pJEH100 plasmid 

The cloning of E. coli dam into a pET vector was carried out as described in sections 

7.3.4 to 7.3.7. 

 

7.4.2 Large Scale Autoinduction Expression of E. coli Dam Using pJEH100 

Large scale cell growths of E. coli BL21(DE3) harboring the plasmid pJEH100 were 

carried out as described in section 7.3.13. 

 

7.4.3 Large Scale Purification of E. coli Dam 

Large scale purifications of E. coli Dam were carried out as described in sections 7.3.14 

to 7.3.16 using a three-step purification protocol. 

 

7.4.4 E. coli Dam Crystallisation Studies 

The screening of crystallization conditions for E. coli Dam can be found on the 

electronic appendix (CD format, spreadsheet A1). 

 

7.4.5 Large Scale Expression of P. horikoshii Dam Using pMMS528431 

An overnight culture of pMMS528431 BL21 pLysS Rosetta 2 supplemented with 10 µg 

mL-1 chloramphenicol and 100 µg mL-1 ampicillin was used as a 1% innoculum for 5 L of 

2YT media supplemented with 100 µg mL-1 ampicillin. The culture was grown at 37 °C 

with orbital shaking at 180 rpm to an OD
600

 of 0.6 and expression induced by addition 

of a 20% arabinose solution to give a final concentration of 0.2% (w/v). The culture was 

maintained overnight at 16 °C with orbital shaking and harvested in the morning by 

centrifugation (Sorval evolution, SLC-6000 rotor, 6800 rpm, 4 °C). Cell paste was stored 

at -80 °C until required. 

 

7.4.6 Large Scale Purification of P. horikoshii Dam 

Large scale purifications of P. horikoshii Dam were carried out as described in sections 

7.3.14 to 7.3.16 using a three-step purification protocol with the addition of a heating 

step following the sonication (30 mins, 65 °C). The solution was then centrifuged to 

remove the cell debris and precipitated proteins and then applied to the column as per 

method 7.3.14. 
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7.5 Experimental for Chapter Three 

 

7.5.1 E. coli Dam in complex with SAM analogue Co-crystallisation Studies 

The screening of co-crystallization conditions for E. coli Dam can be found on the 

electronic appendix (CD format, spreadsheet A1). 
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7.6 Experimental for Chapter Four 

 

7.6.1 In vitro Dam activity screen against R03 Maybridge fragment library 

The screening of the 1,000 compound library (200 mM stocks in 100% DMSO) was 

carried out as described in section 7.3.17 and table 7.23. The library was divided into 

80 compound blocks which were simultaneously assayed with 8 positive and 8 

negative controls, allowing the activity of the compounds to be classified in relation to 

the positive controls. 

 

Component/Parameter Concentration/Value 

Gain Setting 170 

Temperature 30 °C 

Buffer A2/G 

DMSO 5% 

Library Compound 1 mM 

Substrates 10 nM Oligo 1 

20 µM SAM  

Enzymes 1 nM Y. pestis Dam 

2 nM DpnI  

Table 7.23: Components/parameters of Dam activity screen. 

 

7.6.2 Counter screening of potential hits 

Any potential hits from the Dam activity assay were counter-screened against DpnI as 

described in section 7.3.18 and table 7.24. 

 

Component/Parameter Concentration/Value 

Gain Setting 170 

Temperature 30 °C 

Buffer A2/G 

DMSO 5% 

Library Compound 1 mM 

Substrates 10 nM Oligo 2 

Enzymes 12.5 pM DpnI 

Table 7.24: Components/parameter of DpnI counter screen. 

 

7.6.3 Potency characterisation of hits 

The compounds that did not affect DpnI activity were tested for potency as described 

in section 7.3.19 and tables 7.25 and 7.26. 
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Component/Parameter Concentration/Value 

Gain Setting 190 

Temperature 30 °C 

Buffer A2/G 

DMSO 5% 

Library Compound 0-2000 µM 

Substrates 3.5 nM Oligo 1 

16 µM SAM  

Enzymes 0.3 nM Y. pestis Dam 

2 nM DpnI  

Table 7.25: Components/parameters for IC
50

 against Y. pestis Dam. 

 

Component/Parameter Concentration/Value 

Gain Setting 190 

Temperature 30 °C 

Buffer A2/G 

DMSO 5% 

Library Compound 0-2000 µM 

Substrates 14 nM Oligo 2 

Enzymes 12.5 pM DpnI 

Table 7.26: Components/parameters for IC
50

 against DpnI. 

 

7.6.4 Co-crystallisation of E. coli Dam with Fragment Hits 

The screening of co-crystallization conditions for E. coli Dam with the fragment hits 

can be found on the electronic appendix (CD format, spreadsheet A1). 
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7.7 Experimental for Chapter Five 

7.7.1 Co-crystallisation of E. coli Dam with U. Cinn Hits 

The screening of co-crystallization conditions for E. coli Dam with the U. Cinn hits can 

be found on the electronic appendix (CD format, spreadsheet A1). 

 

7.7.2 Co-crystallisation of P. horikoshii Dam 

The screening of co-crystallization conditions for P. horikoshii Dam can be found on 

the electronic appendix (CD format, spreadsheet, B1 for 96-well, B2 for 24-well 

protein:SAH and B3 for 24-well protein:SAH:DNA). 

 

7.7.3 Co-crystallisation of E. coli Dam with SAH and DNA 

The screening of co-crystallization conditions for E. coli Dam with SAH and DAN in the 

ternary complex can be found on the electronic appendix (CD format, spreadsheet C1 

for 96-well and C2 for 24-well). 
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